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Exploring the effect of the reaction conditions on the mechanism of the photocatalytic reduction of CO2 in vapor phase over Pt/TiO2: An operando FTIR study

The utilization of photocatalysis for CO2 conversion into solar fuels holds significant promise for advancing clean energy solution; however, there are still many uncertainties regarding the surface mechanisms of the reaction, even for the most commonly studied TiO2-based photocatalytic systems. Of special relevance is the origin of photoconverted products and the role played by adventitious carbon species on the photocatalyst surface, whose nature and origin lacks an unambiguous identification up to date. In this study, we investigated the dynamic nature of vapor-phase photocatalytic CO2 reduction using a benchmark Pt/TiO2 photocatalyst.

To identify carbon species on the photocatalyst surface, we report a comprehensive analytical approach involving X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), and operando Fourier-transform infrared (FTIR) spectroscopy during the activation and photocatalytic reduction of CO2. Through this multi-technique approach, we were able to differentiate initial carbonaceous surface species and to identify active intermediates during reaction. Upon irradiation, carbon species in the form of carboxylates are involved in reactions with photocatalytically activated surface adsorbed water and can contribute to 40% of methane yields in the first minutes of irradiation, therefore hindering a reliable quantification of CO2 conversion levels. This was confirmed by exposure of the catalyst to light and water vapor during ten irradiation cycles, which significantly reduced the amount of methane and C-species on the catalyst surface. Transient activity was identified as the dominant factor driving methane production. Moreover, reactivation of the catalyst can be achieved through periodic irradiation conditions, leading to a remarkable 60% increase in methane production yields during 180 minutes of irradiation. These findings shed light on the mechanisms occurring on the photocatalyst's surface upon light / dark transition steps and demonstrate the potential for enhancing CO2 photoreduction performance through periodic irradiation strategies.

Introduction

Artificial photosynthesis has emerged as a promising approach for greenhouse gas alleviation and sustainable solar fuel production. [START_REF] Cheng | Emerging Strategies for CO 2 Photoreduction to CH 4 : From Experimental to Data-Driven Design[END_REF] This process is an ideal candidate for converting CO2, a greenhouse gas, to fuels or industrial feedstocks using solar energy as a primary driving force.

Typically, the primary products of CO2 reduction are C1 fuels, including carbon monoxide (CO), methane (CH4), formic acid (HCOOH) and methanol (CH3OH). [START_REF] Chang | CO 2 photo-reduction: insights into CO 2 activation and reaction on surfaces of photocatalysts[END_REF] Moreover, recent studies have also evidenced the formation of C2 products through C-C coupling mechanisms, such as ethane (C2H6), ethanol (C2H5OH), ethylene (C2H4) and acetic acid (CH3COOH). [START_REF] Albero | Photocatalytic CO 2 Reduction to C2+ Products[END_REF][START_REF] Lv | Self-doped TiO2 nanotubes with surface modification by ionic liquids for enhanced photoreduction of CO2 to acetic acid[END_REF][START_REF] Dankar | Operando FTIR study of the photocatalytic reduction of CO2 in the presence of water vapor over Pt/TiO2 : on the role of surface residual C-species[END_REF] Among the various semiconductors utilized as photocatalysts, titania (TiO2) is widely employed due to its numerous advantages, including its low cost, low toxicity, and robust catalytic activity in the UV range. [START_REF] Yang | Photocatalytic Reduction of Carbon Dioxide to Methane at the Pd-Supported TiO 2 Interface: Mechanistic Insights from Theoretical Studies[END_REF] However, limited photoresponse in the visible range (lightabsorption onset of bulk titania typically occurs around 380-400 nm), fast charge recombination, and catalytic deactivation are significant factors that contribute to its insufficient photocatalytic performance. [START_REF] Kreft | Recent advances on TiO2-based photocatalytic CO2 reduction[END_REF] Overcoming these limitations is crucial to enhance the efficiency and effectiveness of titania-based photocatalysts in CO2 conversion and pave the way for advancements in the field of artificial photosynthesis.

The photocatalytic reduction of CO2 is based on the use of electrons and holes through different key steps [START_REF] Li | Cocatalysts for Selective Photoreduction of CO2 into Solar Fuels[END_REF][START_REF] Issa Hamoud | In situ and Operando Spectroscopies in Photocatalysis: Powerful Techniques for a Better Understanding of the Performance and the Reaction Mechanism[END_REF] , namely: (i) photoexcitation of the photocatalyst and charge creation, (ii) separation and transportation of photogenerated charge carriers to the photocatalyst surface, (iii) reactant adsorption and activation, and (iv) redox reactions with CO2 and H2O reactants at the photocatalyst surface. Achieving enhanced photocatalytic performance necessitates, therefore, a careful optimization of these individual steps, which is intricately tied to the electronic structure of the photocatalyst and the specific surface properties of the material. Interaction modes of the reactants and accessibility towards surface sites play a key role in the process selectivity. [START_REF] Zhang | Visible Light Sensitized CO 2 Activation by the Tetraaza [Co II N 4 H(MeCN)] 2+ Complex Investigated by FT-IR Spectroscopy and DFT Calculations[END_REF] It has already been shown that through modulation of acidic-basic surface properties [START_REF] Li | Design and fabrication of semiconductor photocatalyst for photocatalytic reduction of CO2 to solar fuel[END_REF] and textural properties, [START_REF] Marszewski | Semiconductor-based photocatalytic CO 2 conversion[END_REF] it is possible to favor selective adsorption of targeted organic molecules to be photoconverted, and to enhance selectivity towards desired products.

However, it is important to note that species created through the different photocatalytic reactions (e -/h + , OH • , O2) at the surface of the semiconductor report very weak selectivity towards the transformation and decomposition of carbonated species of interest like CO2. In order to enhance photocatalytic performances, different synthetic strategies have been developed with the aim of modifying the textural, structural, and optoelectronic properties of the photocatalysts. [START_REF] Fresno | Mechanistic View of the Main Current Issues in Photocatalytic CO2 Reduction[END_REF] These approaches include band structure engineering, doping, sensitization, deposition of metal nanoparticles (NPs), and development of heterojunctions.

Loading suitable cocatalysts onto the photocatalyst could promote electron trapping and facilitate redox reactions of surface chemical species, leading to enhanced reaction rates. [START_REF] Ran | Cocatalysts in Semiconductor-based Photocatalytic CO2 Reduction: Achievements, Challenges, and Opportunities, Advanced materials[END_REF] Among various cocatalysts, Pt shows the highest work function (5.65 eV) and therefore lowest Fermi level and strongest electron-extracting capacity. Pt is reported to greatly enhance CO2 photoreduction by forming a Schottky barrier at the Pt-TiO2 interface, therefore providing higher charge separation efficiency, lower recombination rates and longer electron lifetime. [START_REF] Li | Cocatalysts for Selective Photoreduction of CO2 into Solar Fuels[END_REF][START_REF] Ran | Cocatalysts in Semiconductor-based Photocatalytic CO2 Reduction: Achievements, Challenges, and Opportunities, Advanced materials[END_REF] Hence, TiO2 incorporating Pt as a cocatalyst remains until today a benchmark photocatalyst in the UV range, and is the ideal reference material for investigating reaction schemes and their relationship to catalyst surface aging and rejuvenation.

The principles underlying photocatalytic CO2 reduction, the reactivity of different photoactive materials, and their compositional and structural modification have been the subject of several excellent reviews. [START_REF] Cheng | Emerging Strategies for CO 2 Photoreduction to CH 4 : From Experimental to Data-Driven Design[END_REF][START_REF] Yang | Photocatalytic Reduction of Carbon Dioxide to Methane at the Pd-Supported TiO 2 Interface: Mechanistic Insights from Theoretical Studies[END_REF][START_REF] Kreft | Recent advances on TiO2-based photocatalytic CO2 reduction[END_REF][START_REF] Li | Cocatalysts for Selective Photoreduction of CO2 into Solar Fuels[END_REF] However, despite increased interest in research on CO2 photocatalytic reduction and the increasing number of works dealing with this application, there is limited information on the mechanistic aspects of the reaction as well as on the impact of the experimental conditions on the overall performance. The assessment of photocatalytic performance is primarily based on the analysis conducted on the material before and/or after the photocatalytic reaction, (referred to as ex-situ or post-mortem analysis). However, in such cases, the determined surface properties do not accurately represent the conditions during the actual photoreaction under UV-visible irradiation. The co-catalyst state (including oxidation state and interactions/interfaces with the metal support) and semiconductor properties (such as the type and concentration of hydroxyl groups, surface species and reactant coverages) can undergo significant modifications under irradiation. Consequently, the diverse states of the catalysts being studied make it exceedingly challenging to achieve a precise interpretation of reaction pathways and to compare reported performances across different research groups. An additional complexity lies in the precise determination of the nature of starting species on the photocatalyst surface and thus the origin of carbon-containing products. Carbon-containing species, originating from synthesis procedures or storage conditions, may reside on the surface of the sample and potentially contribute to product formation, leading to an overestimation of product formation rates and overall yields of the reaction. Despite the well-documented involvement of carbon residues in photocatalytic activity, [START_REF] Dankar | Operando FTIR study of the photocatalytic reduction of CO2 in the presence of water vapor over Pt/TiO2 : on the role of surface residual C-species[END_REF][START_REF] Fresno | Mechanistic View of the Main Current Issues in Photocatalytic CO2 Reduction[END_REF] the unambiguous identification of impurities and their specific impact on photoactivity during the reaction remains a persistent challenge.

To determine elusive information on the CO2 photoreduction mechanisms and evolution of the photocatalyst surface under conditions representative of those at work (i.e., under exposure to reactants and under photo-irradiation), the utilization of in-situ measurements based on spectroscopic methods could provide significant value. In-situ IR measurements have been utilized in some previous works 151617 in order to get insight on the nature of the intermediates and possible reaction mechanisms (CO formation from HCOOH, [START_REF] Ulagappan | Mechanistic Study of CO 2 Photoreduction in Ti Silicalite Molecular Sieve by FT-IR Spectroscopy[END_REF] carbonates transformation into CO2 -, [18][START_REF] Wang | CO2 photoreduction with H2O vapor on highly dispersed CeO2/TiO2 catalysts[END_REF][START_REF] Rasko | Infrared Spectroscopic Study of the Photoinduced Activation of CO2 on TiO2 and Rh/TiO2 Catalysts[END_REF][START_REF] Neaţu | Gold-copper nanoalloys supported on TiO2 as photocatalysts for CO2 reduction by water[END_REF][START_REF] Long | Isolation of Cu Atoms in Pd Lattice: Forming Highly Selective Sites for Photocatalytic Conversion of CO2 to CH4[END_REF] COOH* formation as limiting step, [START_REF] Jiao | Partially Oxidized SnS2 Atomic Layers Achieving Efficient Visible-Light-Driven CO2 Reduction[END_REF] formaldehyde/paraformaldehyde formations, [START_REF] Mei | Influence of photodeposited gold nanoparticles on the photocatalytic activity of titanate species in the reduction of CO2 to hydrocarbons[END_REF] and presence of dimeric radicals M-C(═O)OCO2 -17 ). Typically, comparison between the photoactivity measurements (activity from photoreactor) and surface studies (insitu analysis) is necessary to elucidate the origins of catalytic activities and potential reactive surface intermediates. However, it is important to consider that non-identical experimental and operational conditions between the photoreactor and surface studies (such as differences in design, hydrodynamics, lamp irradiation specifications, reactant flow rates, photocatalyst loading, mass diffusion, irradiated surface area and catalyst shape) may result in the loss of relevant information and could potentially lead to misleading interpretations and incorrect conclusions.

Moreover, while most reported infrared in-situ methodologies focus on Diffuse Reflectance Infrared Fourier Transform (DRIFT) mode for identification of surface intermediates, there are clear advantages to utilizing the transmission mode for a more precise determination of reactive species due to its higher detection capacity and reproducibility. While penetration depth of IR in powders / solids is about 0.1mm (TiO2 sample wafer transmits in the 1200 -4000 cm -1 mid-IR range), penetration depth of UV is shorter and depends on the light intensity and wavelength. [START_REF] Mikhaylov | Spectral dependence of UV light penetration into powder TiO2 anatase[END_REF] Therefore, the effective irradiation depth in UV-Vis is influenced by the sample's volume, particularly in a DRIFT configuration.

In this context, a continuous flow operando gas-phase photoreactor equipped with Fourier transform infrared spectroscopy surface analysis in transmission was developed [START_REF] Dankar | Operando FTIR study of the photocatalytic reduction of CO2 in the presence of water vapor over Pt/TiO2 : on the role of surface residual C-species[END_REF][START_REF] El-Roz | On the mechanism of methanol photooxidation to methylformate and carbon dioxide on TiO2: an operando-FTIR study[END_REF] to investigate the vapor-phase photocatalytic reduction of CO2. This methodology employs the simultaneous analysis of the products of the reaction as well as the catalytic surface, and it makes it possible to acquire a better understanding of the correlation between structure and performance of the catalysts. The combination of transmission IR spectroscopic analysis and real-time gas analysis using mass spectrometry enabled comprehensive monitoring of the catalyst surface and simultaneous detection of gaseous effluents, providing in-depth information on reaction dynamics and catalytic active sites in real-time. This experimental setup offered significantly improved temporal resolution compared to previous studies, leading to a more profound understanding of origin of catalytic activity and selectivity, influence of operating conditions, and reaction intermediates.

Herein, the photocatalytic reduction of CO2 using H2O as electron and proton donor is investigated on benchmark Pt/TiO2-PC500 catalyst under continuous flow conditions. The identification and involvement of surface carbon impurities on CO2 photocatalytic reduction reaction rates are investigated by a multi-approach analysis using XPS, TGA, and FTIR spectroscopy, and a methodology for quantification of contribution of carbon impurities is established. While most photocatalytic studies are conducted under standard continuous irradiation conditions, alternating dark/light cycles could provide new mechanistic insights around the underlying phenomena occurring on the photocatalyst surface. In this study, the implementation of cyclic irradiation was investigated on Pt/TiO2 using FTIR operando approach, revealing novel insights on the relationship between the molecular structure of the photocatalyst and its performance during photocatalytic reduction of CO2.

Experimental section

Materials and methods

Commercial TiO2 powder was procured from Tronox (Crystal ACTIV™, PC500 purity > 99 wt%). The selection of commercial TiO2 serves to establish a model photocatalytic system, thereby reducing experimental variability with existing literature. PC500 is composed of 100% crystalline anatase phase (XRD), with an average crystallite size measuring 7.5 ± 0.8 nm (Scherrer method), and BET surface area of 393 ± 16 m²•g -1 .

Pt/TiO2 Photodeposition of platinum was carried out over PC500. 1 wt% Pt was loaded on PC500 by adopting a photodeposition method, described in previous works [START_REF] Wenderich | Methods, Mechanism, and Applications of Photodeposition in Photocatalysis: A Review[END_REF] for deposition of welldefined and dispersed cocatalyst nanoparticles on semiconductor materials. In a typical synthesis, 5 g of TiO2 powder was dispersed in a mixture of distilled water (1000 mL) containing 89 mL ethanol as sacrificial electron donor. The appropriate amount of Pt precursor (chloroplatinic acid hexahydrate H2PtCl6.6H2O, Stream Chemicals Inc, (38-40 wt% Pt)) was added. The resulting mixture was irradiated by an Hg medium-pressure UV immersion lamp (Peschl UV-Consulting, TQ718 Z, 700 W) located in the center of a double walled tube for water-cooling. After illumination for 10 min, the resulting grey suspensions were recovered by centrifugation and washed at least three times with distilled water, then dried at 80 °C overnight.

Characterization of the fresh Pt/TiO2 reveals that the catalyst maintains its morphology (Figure S1A) and contains 0.9 ± 0.1 wt% Pt (determined by semi quantitative XRF), with an average TiO2 particle average crystallite size measuring 8.0 ± 0.8 nm (Scherrer method, Figure S2A), Pt particle size of 2.41 ± 0.61 nm (TEM, Figure S1C,D), an indirect band gap energy of 3.24 eV (UV-Visible spectroscopy, Figure S2B), and fully reduced platinum nanoparticles (XPS, Figure S3) following the adopted photodeposition procedure. TiO2-control A control synthesis was carried out, where the same photodeposition procedure applied for deposition of Pt on TiO2 was followed, but in the absence of Pt precursor.

Catalyst characterization

Transmission electron microscopy (TEM) was performed on a JEOL F200 Cold Field Emission gun device operating at 200 keV accelerating voltage. The samples were loaded through dry preparation onto a 300-mesh copper grid coated with a holey carbon film. Samples were observed in both bright-field TEM and HAADF/BF STEM modes. The operating conditions are further detailed in the SI (Figure S2). X-ray photoelectron spectroscopy (XPS) study was carried out on a KRATOS Axis Supra spectrometer, working with constant pass energy of 20 eV. The spectrometer main chamber, working at a pressure <5×10-8 Torr, is equipped with a hemispherical electron analyzer with a monochromatic Al Kα radiation (hν = 1486.6 eV) at 15 kV and 10 mA. The spot size on the sample was 700 μm × 300 μm, and the recorded photoelectron binding energies were referenced against the C 1s contamination line at 284.6 eV.

The thermogravimetric analysis was conducted on a SETSYS instrument (SETARAM) analyzer (30-800 °C, a heating rate of 10 °C.min -1 under 40 mL.min -1 flow of air).

In situ FTIR spectroscopy was performed on a ∼ 20 mg of the powder pressed in self-supported pellets (2 cm 2 area with around 60 µm of thickness) and placed in an IR cell equipped with KBr windows. IR spectra were recorded in at a resolution of 4 cm -1 for 64 scans, using a Bruker Vertex 70 IR spectrometer equipped with mercury cadmium telluride (MCT) detector. Prior to measurements, samples were activated at RT under vacuum overnight in order to eliminate water and the majority of physisorbed surface species.

In situ thermal treatment was carried out with simultaneous IR spectra acquisition in the surface and gas phase. The thermal treatment was performed under 15 ml.min -1 air flow at 5°C min -1 from RT to 400 °C.The infrared spectra were recorded on a Tensor 27 spectrometer, equipped with an MCT cryogenic detector and a LINKAM FTIR cell with ZnSe windows. 64 scans (recorded at 4 cm -1 resolution) were typically averaged for each spectrum.

Photocatalytic CO2 reduction tests

The evaluation of the photocatalytic activity was performed in a continuous flow stainless-steel fixed bed reactor. In a typical test, 200 mg of catalyst in powder form (30 mm diameter) was homogeneously deposited on an inert binder-free glass microfiber filter (55 mm, Avantor, VWR ® distribution), which is placed at the bottom of the reactor (Figure 1D). The reactor was maintained at a pressure of 1.3 bar and a temperature of 30 °C to avoid any recondensation of water. CO2 was continuously passed at 0.3 cm 3 .min -1 through a water bubbler set at 25 °C to obtain a gaseous mixture of CO2+H2O (volumetric fraction of H2O≈2.5%) that flowed into the photoreactor. A lamp Max303 Asahi (λ = 280-620 nm) was used as the light source, and the light intensity was measured by a radiometer equipped with CCD captor (Delta Ohm) in the range 315-400 nm as 80 W/m 2 . The photoreactor was operating in continuous flow mode, and the gaseous products in the effluent were continuously analyzed using a gas chromatograph.

Schemes of the reactor are present in Figure 1 (C andD).

IR Operando photoreactor

For the operando experiments, a "Sandwich" continuous bed reactor (Figure 1 A andB) was used to study the performance of Pt/TiO2 during the photocatalytic reduction of CO2 in gas phase, as illustrated in Figure 1, and fully described in our previous works. [START_REF] El-Roz | On the mechanism of methanol photooxidation to methylformate and carbon dioxide on TiO2: an operando-FTIR study[END_REF] Photocatalysts of Pt/TiO2 were pressed into self-supported wafers (Ø =16 mm, m ≈ 10.5 mg/cm 2 , thickness = 50-60 µm) and placed in the center of the photoreactor. Illumination was carried out using a 150 W Xe (Hamamatsu) lamp without any optical filter (range 200 -800 nm). It should be noted that the irradiated surface area of the pellet was about 1.6 cm 2 (∼20% of the total surface area (2 cm 2 ) was not irradiated due to the metallic holder shadow effect). FTIR spectra of the surface are collected with a ThermoNicolet NEXUS 670 FTIR equipped with an MCT detector with a spectral resolution of 4 cm -1 and averaging 64 scans. At the outlet of the reactor, the effluent gas composition was monitored by an online MS Pfeiffer Omnistar GSD 301 quadrupole mass spectrometer at m/z=15 for methane contribution due to the contribution of water on m/z=16.

Methane quantification was validated against gas chromatographic analysis using a CompactGC 4.0 . Complementary information can be acquired by the two techniques, where realtime information (resolution in the order of seconds) is acquired through mass spectrometry, whereas GC analysis enables confirmation of nature and quantity of gaseous products. The photocatalytic reduction of CO2 was studied at ambient temperature of 25 °C and at atmospheric pressure. Before starting the experiments, the reactor was first purged for 60 min using argon (20 cm 3 •min -1 ) to remove weakly physisorbed species on the surface of the catalyst.

CO2 was circulated in a water bubbler at 20° C at a total flow rate of 5 cm 3 •min -1 to achieve 2.4 vol.% water vapor content. Relative concentrations of the gaseous reactant mixture were flushed for 60 min before being sent to the cell, followed by introduction to the catalyst surface, where adsorption was performed under dark conditions for 60 to reach a steady state in the adsorption-desorption process. Analogously, photocatalytic experiments were carried out under (dry) argon (Ar), Ar+H2O, and CO2+H2O following the same reaction procedure.

The CO2+H2O photocatalytic reaction was investigated under different irradiation conditions:

(i) continuous irradiation, where reactant adsorption and stabilization occurred in dark for approximately 60 minutes, followed by continuous 180 min of irradiation (under reactant flow); and (ii) periodic irradiation, where CO2+H2O stabilization took place under dark for 60 min. This was succeeded by six cycles of irradiation under reactant flow, each lasting about 30 min, separated by intervals of dark conditions of duration of ~60 min. The overall irradiation period during 6 cycles is therefore equivalent to that of the continuous irradiation experiment (180 min).

Results and discussion

Photocatalytic reduction of CO2

In order to assess the overall catalytic performance of Pt/TiO2, photocatalytic CO2 reduction experiments were first conducted in a continuous gas phase photoreactor under conventional and comparable photocatalytic conditions as those employed in previous studies. [START_REF] Li | Cocatalysts for Selective Photoreduction of CO2 into Solar Fuels[END_REF][START_REF] Bardey | Plasmonic photocatalysis applied to solar fuels[END_REF][START_REF] Collado | The role of the surface acidic/basic centers and redox sites on TiO2 in the photocatalytic CO2 reduction[END_REF] As shown in Figure 2 , the main products obtained were CH4 and H2, with maximum formation rates of 4.3 and 14.7 μmol gcat -1 h -1 , respectively. The average photonic selectivity towards methane (corresponding to the quantity of photons (or electrons) used to form CH4) is 57% over an 810 min of reaction period. Additionally, trace amounts of C2H6 (0.2 μmol gcat -1 h -1 ) were also detected.

The production of methane reached a maximum following 363 min of irradiation, followed by a decrease in the production rate for the remaining duration of the reaction, and a similar trend was observed for H2. These results are consistent with rates reported in the literature for similar operating conditions. [START_REF] Li | Cocatalysts for Selective Photoreduction of CO2 into Solar Fuels[END_REF][START_REF] Collado | The role of the surface acidic/basic centers and redox sites on TiO2 in the photocatalytic CO2 reduction[END_REF][START_REF] Dhakshinamoorthy | Photocatalytic CO2 reduction by TiO2 and related titanium containing solids[END_REF] The progressive decay in photocatalytic activity is significant and suggests (i) possible deactivation of the catalyst under UV-Vis irradiation or, (ii) nonregenerative consumption of active surface species. Moreover, the formation of ethane, even in small quantities, indicates the occurrence of a C-C coupling mechanism. 

Characterization of fresh catalyst

FTIR spectroscopic results of the investigated samples under vacuum are reported in Figure 3.

The spectra of the three samples report broad components in the 3800-3400 cm -1 hydroxyl regions and intense contribution at 1624 cm -1 , which are assigned to isolated hydroxyls and hydrogen bonding of physisorbed water with TiOH groups. At lower wavenumbers, in the 1600-1200 cm -1 region, Pt/TiO2 shows additional species than bare TiO2 and TiO2-10 mins, characterized by bands at 1532, 1445, 1416 and 1347 cm -1 .

According to the literature, most of these bands can be assigned to υas(COO) and υs(COO) of different surface carbonate/carboxylate species. However, despite this being a key region for identification of potential intermediates involved in CO2 photoreduction reaction (i.e., 1600-1200 cm -1 ), the precise band attribution in this region is challenging due to the overlapping spectral contributions. The existing literature exhibits a broad range of assignments for different types of species that share similar wavenumbers, leading to ambiguity in the interpretation of IR spectra in this region. [START_REF] Collado | The role of the surface acidic/basic centers and redox sites on TiO2 in the photocatalytic CO2 reduction[END_REF] In the present study, the presence of carbonaceous species (referred to as C-species) following Pt deposition offers valuable insights into their origin. The observed Interestingly, the TiO2-10 mins spectrum shows similar contributions as bare TiO2 and displays no C-species features in the 1600-1200 cm -1 region. This shows that surface C-species are probably stabilized on the surface of Pt/TiO2 due to the modified properties in the presence of Pt, which could be attributed to the redox enhancement properties of Pt.

To confirm FTIR observations regarding the nature and origin of observed carbon impurities, complementary ex situ X-ray photoelectron spectroscopy in the C 1s region was performed (Figure S4). XPS results show, in addition to the signal at 284.6 eV identified as aliphatic contamination carbon, two contributions at approximately +1.5 eV and +3.9 eV, that are associated with contributions of carbon in an oxygenated environment corresponding to (C-OH, C-O-C) and (O-C=O), respectively. By comparing the relative contribution of total carbon species towards the contribution at 288.5 eV corresponding to carboxylates (i.e., % O-C=O/Ctotal), it can be inferred that the Pt-loaded catalyst displays higher carbonaceous environment of the O-C=O type compared to photoreduced TiO2 alone (9.7 vs 8.1 % ± 0.3).

Therefore, XPS findings confirm that the coexistence of C-species in the form of carboxylates is promoted on the catalyst surface following the photodeposition of Pt on TiO2. Thermal gravimetric analysis (TGA) was performed for the as-synthesized Pt/TiO2 catalyst (Figure S5), which showed weight loss around 15.3 % below 300 °C, accompanied by a second weight loss of 1.5 % below 500 °C. The differential thermogravimetric (DTG) patterns confirmed that in the case of the Pt-loaded catalyst, the overall weight loss is due to two main contributions. The first one, below 100 °C, is due to water removal, while the second one, peaking at 300 °C, could be associated with the oxidation of organics or to the elimination of hydroxyl groups.

Complementary information about the thermal behavior of C-species can be achieved by carrying out in situ thermal treatment coupled with infrared spectroscopy. The results (Figure S6) reveal that in addition to the desorption of water (1624 cm -1 ), the depletion of characteristic bands of C-species located at 1600-1200 cm -1 occurs during thermal treatment from RT to 400 °C. The simultaneous detection of CO2 detected by IR in the gas phase cell at temperatures < of surface carboxylate species, since the thermal decomposition of carbonate-like species typically occurs at higher temperatures (> 800 °C). [START_REF] Collado | The role of the surface acidic/basic centers and redox sites on TiO2 in the photocatalytic CO2 reduction[END_REF] Hence, the Pt-loaded catalyst in its as-synthesized state contains carbonaceous species in the form of carbonates as well as carboxylates, as verified through comprehensive analysis using FTIR, XPS, and TGA techniques.

Effect of photoactivation pretreatment

Photoactivation was performed on Pt/TiO2 under argon at ambient conditions (in absence of CO2). As shown in Figure 4A (dashed line), irradiation under Ar of the as-prepared Pt/TiO2 catalyst led to the immediate production of methane, detected in the gas phase. Simultaneous IR analysis of surface (Figure 4B) shows the progressive decrease of the physisorbed water (∼ 1624 cm -1 ). Concurrently, a small and broad band emerged in the 2000-2060 cm -1 region (as indicated in the inset of Figure 4B) within the first minutes of irradiation, followed by a progressive decline. This band is indicative of the formation of chemisorbed carbonyl species on the Pt surface.

The generation of products, CH4(g) and CO(ads), prior to the introduction of reactants (i.e., H2O and CO2), can solely be attributed to the decomposition of carbon-residue compounds on the photocatalyst surface. This is confirmed by carrying out a blank test in the absence of the catalyst (i.e., empty reactor). The outcome revealed no conversion into products (CO or CH4), affirming that the products generated in the presence of Pt/TiO2 originate from the photodecomposition of residual organics on the photocatalyst's surface. Therefore, C-species that have been detected on the catalyst surface through ex situ FTIR and XPS (Figure 3 and Figure S4) are chemically reactive and capable of being readily converted into intermediates/products under irradiation as reported in our previous study. [START_REF] Dankar | Operando FTIR study of the photocatalytic reduction of CO2 in the presence of water vapor over Pt/TiO2 : on the role of surface residual C-species[END_REF] A thorough cleaning step should be implemented in order to diminish the contribution of Cspecies, prior to conducting photoactivity measurements. Previous studies [START_REF] Yang | Artificial photosynthesis over crystalline TiO2-based catalysts: fact or fiction?[END_REF][START_REF] Collado | The role of the surface acidic/basic centers and redox sites on TiO2 in the photocatalytic CO2 reduction[END_REF][START_REF] Collado | Effect of Au surface plasmon nanoparticles on the selective CO2 photoreduction to CH4[END_REF] in the field of photocatalysis have employed thermal treatment or calcination as pre-treatment methods to establish clean operating conditions. In this study, we investigated the effectiveness of thermal pretreatment under N2 or O2 atmosphere of Pt/TiO2 (Figure S7) to address the issue regarding carbon contamination. The results demonstrate that thermal treatment under both N2 and O2 atmospheres could successfully remove the majority of C-species from the photocatalyst surface. However, it is important to note that such treatments lead to sintering and/or oxidation of the Pt cocatalyst, as evidenced by consecutive CO probe chemisorption coupled with FTIR spectroscopy (see Figure S7).

Photoactivation pretreatment at room temperature (25 °C) presents a potential alternative for cleaning the photocatalyst and obtaining a carbon-free surface. In the current investigation (Figure 4), irradiation under dry Argon gas yielded transient production of CH4 and CO(ads).

However, after a few minutes of irradiation, methane and carbonyl evolution ceased, and the consumption of C-species reached a steady state on the surface of the photocatalyst, even though C-species features remained persistent (see dotted spectrum following 1h of irradiation in Figure S8 A). Therefore, a single and continuous irradiation under dry Argon flow is not sufficient to fully clean the photocatalyst surface. In another approach, we investigate the photoactivation under wet Ar stream to gain deeper insights into the factors influencing the consumption of C-species. The results, depicted in Figure 4C, demonstrated notable differences. Upon irradiation under wet Ar conditions, an immediate and more significant CH4 production was observed (Figure 4A, solid line), accompanied by the appearance of a peak at 2060 cm -1 assigned to the CO vibration adsorbed on surface Pt sites. Analysis of the surface state under these conditions shows that a higher rate of dissociation of COOx species was enabled in the presence of water vapor feed (Figure S8 B).

The superior activity observed at different water levels points to the role of water in promoting the conversion of surface C-residues. The continuous flow of H2O likely provides protons for CH4 formation, making it a more effective strategy for consuming residual C-species.

In a new experiment, photoactivation was attempted during successive cycles of irradiation under wet Ar stream. Additionally, given the absence of any observed changes in the surface state of the photocatalyst (as shown in Figure 4) following 30 minutes of irradiation, all the subsequent cyclic irradiation tests were carried out to have a 30-minute irradiation time.

Ten successive light on/off cycles, of 30 min each, were performed under wet Ar feed to evaluate the extent of C-species contribution over multiple cycles. The resulting operando spectra are displayed in Figure S9, and steady state spectra taken before and after each irradiation step are shown in Figure 5. During the second irradiation step, an immediate reoccurrence of methane production in the gas phase was observed, indicating the persistent role of C-species even after a prior photoactivation pretreatment in wet conditions. These findings highlight that a single irradiation step, as employed in previous studies [START_REF] Collado | The role of the surface acidic/basic centers and redox sites on TiO2 in the photocatalytic CO2 reduction[END_REF] , is insufficient to effectively cleanse the photocatalyst surface, despite the apparent decrease in methane previously observed in the gas phase. Instead, a steady state is reached without total surface species cleaning. 

Figure 1 .

 1 Figure 1. (A) Scheme of operando photoreactor IR transmission setup consisting of: (1) Adjusting nut for airtightness (modified for UV guide position), (2) IR beam, (3) UV-vis light guide, (4) Kalrez O-ring, (5) KBr windows, (6) spectrometer base plate, (7) IR cell support , (8) oven location, (9) sample wafer, (10) gas inlet, (11) external shell, (12) wafer holder, (13) thermocouple location, (14) air cooling outlet, (15) gas outlet, (16) air cooling inlet. (B) enlarged scheme of sample holder (12). (C) Scheme of photocatalytic reactor consisting of (1) optical fiber holder, (2) aluminized carbon fabric holder, (3) reactor attachment, (4 and 5) fixed heating shell, (6) linear guide stroke (D) enlarged scheme of the sample holder.

Figure 2 depicts

 2 the photocatalytic results obtained upon irradiation of the Pt/TiO2 catalyst during 810 min.

Figure 2 .

 2 Figure 2. Product evolution during photocatalytic reduction of CO2 with water under UV-Vis irradiation (λ = 280-620 nm) for 1%wt Pt/TiO2.

Figure 3 .

 3 Figure 3. FTIR spectra at room temperature under vacuum in the 3800-2800 cm -1 and 1900-1200 cm -1 region for Pt/TiO2, TiO2-control and bare TiO2.

  the occurrence of C-species is associated with the deposition procedure, which can be attributed to two possible mechanisms: (i) direct photooxidation of the ethanol employed as sacrificial agent during the photodeposition process, or (ii) indirect modification of the catalyst's surface properties resulting from Pt deposition. Additionally, the emergence of weak signals at 2960 and 2928 cm 1 in the Pt-loaded catalyst spectra indicates the presence of C-H stretching vibrations, signifying the presence of organic impurities in the form of carboxylates on the fresh catalyst surface.

Figure 4 .

 4 Figure 4. (A) Gas phase acquisition of methane recorded by mass spectrometer on m/z=15 upon UV-Vis irradiation of Pt/TiO2 for 1h under dry (dashed line) and wet (solid line) Ar and corresponding IR spectra of Pt/TiO2 surface upon UV-Vis irradiation under (B) dry Ar and (C) wet Ar conditions. In blue, IR spectrum of the surface before irradiation. Inset of B and C: Zoom on the vibrational region of CO adsorbed on Pt.

Figure 5 .

 5 Figure 5. (A) Gas phase acquisition of methane recorded by mass spectrometer on m/z=15 during 10 cycles of UV-Vis irradiation of Pt/TiO2 under wet Ar conditions. Dark periods are marked by shaded regions. Corresponding IR spectra at steady state after each cycle (B) under dark conditions and (C) under irradiation. (D) Integrated amount of C-species corresponding to peaks 1 and 2 after each irradiation step.

  

  

Figure 5A shows that during successive cycles of irradiation, the evolution of gaseous methane possesses a decreasing trend with respect to each preceding irradiation cycle, suggesting the progressive and irreversible removal and consumption of organic contaminants from the catalyst surface. After ten irradiation cycles, methane production in the gas phase is reduced to traces. Simultaneous analysis of the surface state of the catalyst before and after each irradiation step enabled by operando FTIR analysis in the 2000-1200 cm -1 region reveals progressive consumption of C-species ( Figure 5B,C). Moreover, integration of the main C-species band observed at 1532 cm -1 and 1445 cm -1 ( Figure 5D) reveals an exponential decay of both corresponding surface species. This indicates the similar reactivity of the compounds contributing at 1532 and 1445 cm -1 and their close evolution relation under irradiation. It should be noted that the band centered around 1636-1620 cm -1 is assigned to the water vibration.

In the next series of experiments, CO2 was introduced in the feed (CO2+H2O, 30 min irradiation cycles) on a fresh Pt/TiO2 catalyst surface during 5 cycles of irradiation, and the results were compared to those obtained during pretreatment with H2O (i.e., Ar+H2O, 30 min irradiation cycles). The relative amount of methane produced under respective conditions is displayed in Figure 6A (instantaneous MS signal displayed in Figure S10). Figure 6A shows that during the photocatalytic reaction in the presence of carbon dioxide, methane evolved at a much higher rate than in the activation step (under wet Ar). The significant higher production of methane in the presence of reactants confirms the actual role of CO2 conversion in the formation of products, and it confirms that surface impurities are not the only active species responsible for product formation during photocatalytic reduction of CO2. However, the involvement of carbonaceous impurities on the overall reaction yield should not be underestimated, and careful consideration should be given to the influence of C-species over reaction time. The contribution of carbon residues on the reaction yields (Figure 6D) can be obtained by calculating the relative difference between methane produced under CO2-free feed and CO2-baring feed (Figure 6A and Figure S10). The contribution of C-species reaches 41% of the overall yield of produced methane during the 1 st cycle and decreases until 6% in the 5 th cycle (Figure 6D), contributing up to 30 % of the overall yield of the reaction. The results provide clear evidence that carboncontaining compounds on the photocatalyst surface can lead to significant overestimation of the reaction yields, most noticeably in the first cycle. The evolving contribution of C-species with respect to reaction time must be carefully considered when assessing activity measurements in order to achieve a meaningful evaluation of catalytic performance and to fairly compare results reported by different groups.

Operando FTIR analysis of the photocatalyst surface during the 5 cycles of irradiation under wet Ar and under wet CO2 feed (Figure 6B andC) shows the evolution of chemical species and intermediates under respective conditions. Figure 6B shows that in the absence of reactants (wet Ar), carbon species in the 1600-1200 cm -1 are gradually depleted from the surface, which is in line with the gradual decrease in produced amount of methane observed in the gas phase under these conditions. On the contrary, in the presence of CO2 in the reactant feed (Figure 6C), carbon species appear to be reinitialized in the dark period and remain at a stable level between each dark/light step. This shows that the increased methane level in the presence of reactant flow is due the reinitialization of C-species, pointing to the role of COOx species in the 1600-1200 cm -1 region as active intermediates to the reaction. 

Dark/light cycles versus continuous irradiation

A systematic investigation was conducted to explore the influence of alternating dark/light cycles on the photocatalytic CO2 reduction reaction (i.e., under CO2+H2O reactant flow).

Irradiation was performed in a prolonged manner for 180 min under reactant flow, and the results were compared with dark/light irradiation cycles obtained during 6 periodic irradiations of ~30 min each, leading to a total irradiation period of 180 min as well. The amount of CH4 under continuous irradiation conditions and that under periodic irradiations are compared and plotted on Figure 7A andB, respectively, and the respective mapping of surface spectra are displayed in Figure 7C andD. Under continuous irradiation conditions, methane production reached a maximum in the first few minutes of irradiation (inset of Figure 7A), followed by a subsequent steep decay. The maximum amount of methane detected during five tests is shown in Figure S11. The decreasing activity observed in Figure 7A under reactant flow over the photocatalyst self-supported pellet is in good agreement with the profiles observed in the initial conducted photocatalytic tests performed for the photocatalyst in its powder form (Figure 2). Interestingly, our observations revealed that methane production reached a maximum amount that was reduced to trace amounts after approximately 30 minutes of irradiation. To ensure reproducibility and validate the observed phenomena in the operando photoreactor, an additional test was conducted on the photocatalytic unit under conditions adapted to closely resemble those used in the operando reactor. Specifically, 20 mg of catalyst in the form of a self-supported pellets and a reactant flow rate of 5 cm 3 .min -1 were employed. The detailed results are presented in Figure S12.

Remarkably, under these comparable conditions (Figure S12), the methane production profiles exhibited similar shapes in the photocatalytic unit as the operando reactor, with a narrower peak and a maximum methane yield of 76 ppm, consistent with the observations in the operando results (78 ppm, averaged amount of five tests (Figure S11)). Consequently, the findings from both experiments can be interpreted in a comparable and comparative manner. S2A), XPS (Figure S13) and TEM (Figure S14). The results reveal preservation of crystallite structure, as well as conservation of well-defined metallic Pt nanoparticles, therefore excluding the deactivation of the catalyst by oxidation or sintering. Moreover, Figure 6 allows us to exclude the latter possibility, indicating that initial surface impurities are not the sole active species participating in the reaction. Therefore, additional analysis of the catalyst surface will allow the identification of the underlying cause of transient activity observed under continuous UV-Vis irradiation.

When operating under light/dark cycles, methane levels decreased to traces after the first cycle of irradiation (inset of Figure 7B, t = 65 min), in line with continuous irradiation conditions (Figure 7A). However, under these conditions, UV-Vis irradiation after a dark period (t = 65-125 min) prompted a second production of methane. The re-ability of the catalyst to produce methane following exposure to dark period in ambient conditions confirms that the catalyst is not irreversibly deactivated after 30 min of continuous irradiation, and it points to the role of the dark period in regenerating the catalytic activity even under ambient conditions. The same behavior was observed during 6 cycles of irradiation, with methane production levels reappearing after each dark step. The total amount of methane obtained during 180 min of irradiation under light/dark cycles observed by online mass spectrometer analysis was 1.6 times higher than that obtained in a single continuous irradiation (Figure 7). Similar values are obtained by complementary GC analysis, with CH4 rates reaching 195 μmol gcat -1 h -1 compared to 108 μmol gcat -1 h -1 obtained under continuous irradiation conditions (Figure S15). These results underline the importance of irradiation conditions on the photocatalytic efficiency, with on/off cycles providing a promising approach to achieve higher yields of methane in CO2 photocatalytic reduction reaction.

Operando FTIR spectra reveal that under continuous irradiation conditions (Figure 7C), a rapid loss of the physisorbed water (centered between 1636 and 1620 cm -1 ) from the surface is observed. Meanwhile, signatures characteristic vibrational bands of the C-species appear to remain stable during the prolonged irradiation period (Figure 7C). Similarly, under on/off cycles of irradiation, initial irradiation drives the consumption of the water band during the 1 st irradiation cycle (0 -35 min). On the other hand, under these conditions, the following dark step leads to the reappearance of the characteristic band due to physisorbed water. By following the C-species region (1600-1200 cm -1 ), it appears that C-species are consumed/washed in the dark (t = 65-125 min) and reinitialized in the following irradiation step (125-155 min). The observed evolutions of surface species upon light irradiation, elucidated by FTIR surface analysis, match well with the transient methane evolution profiles observed in the gas phase.

Hence, the spectral evolution of the surface species clarifies the transient nature of photocatalytic activity, and it shows that the reduced activity observed during the continuous irradiation conditions is closely related to the reduced affinity of water under continuous UV-Vis irradiation (hypothesis (iii)) rather than due to the complete deactivation of the catalyst (hypothesis (i)). Therefore, working in alternation of dark/light cycles under could provide an effective approach to "clean" the photocatalyst surface from adventitious C-species under wet argon conditions, but also to attain higher photoconversion levels during CO2 photoreduction reaction. Although the production of methane is dominated by short-lived transient activity, reversible deactivation and re-activation of catalyst can be attained under cyclic irradiation conditions.

Conclusions

This study presents a comprehensive investigation into the intricate dynamics underlying CO2 photoconversion to methane in the presence of water vapor. The experimental findings provide valuable insights into the factors influencing photocatalytic activity on Pt/TiO2 catalyst, the role of residual carbon deposits and the significance of a thorough pre-characterization of the fresh catalyst surface before activity measurements.

Through the application of surface analysis techniques, including ex situ IR, TGA, and XPS, we successfully detect and validate the presence of carbon deposits under dark conditions, highlighting the critical influence of catalyst synthesis and history on photoactivity. Operando analysis reveals that the contribution of carbon deposits to methane conversion on this Pt/TiO2 catalyst reaches a peak of 40% during the initial round of irradiation (30min) and gradually decreases over time and/or irradiation cycles. Consequently, when comparing reported values in the literature, it is advisable to assess activity after longer irradiation periods to obtain a more accurate comparison of real photo-reactivity owing to the dilution of contaminants contribution. Furthermore, our operando study uncovers that transient activity dominates methane production, with maximum activity achieved in the initial minutes of irradiation, followed by rapid deactivation. Prolonged UV-visible irradiation leads to catalyst deactivation, attributed to the electrostatic modification of the photocatalyst surface and the loss of water affinity/surface coverage. Remarkably, the deactivation is reversible, and reactivation of transient activity can be achieved by treating the photocatalyst in the dark under ambient conditions, facilitating the reinitialization of water coverage on the catalyst surface. Implementing cycles of dark/light irradiation conditions proves to be an efficient approach, enhancing overall methane production and improving reaction yields by 60 % during 180 minutes of irradiation. Therefore, periodic irradiation emerges as a promising strategy to increase catalytic yields in CO2 photoreduction, with potential applications that could be extended to new photocatalytic reactions.

The findings presented in this study provide compelling evidence that the photocatalytic reduction of CO2 on Pt/TiO2-based materials is predominantly influenced by the affinity of surface reactive species, emphasizing the importance of considering surface chemistry in photocatalyst design strategies. To optimize overall performance, future efforts should prioritize not only material synthesis aspects, but also the comprehensive characterization and tailored modulation of surface chemistry induced by the photocatalyst during the reaction.