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Abstract

:

The influence of the reaction pathway of the sacrificial molecule oxidation to generate hydrogen is here investigated for lean and rich methanol reaction mixtures. Pt-TiO2 powders promoted or not with tin sulfide were used as catalysts. With the help of in situ infrared experiments under reaction conditions, methanol evolution was shown to take place by hole-related oxidation steps, with alkoxy and carbon-centered species as key radical species. The study analyzed quantitatively the fate and chemical use of the photons absorbed by the solids with the help of the quantum efficiency and the useful fraction of photons observables. Within this framework, the role of the sulfide component to promote photoactivity is interpreted, braiding chemical and photonic information.
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1. Introduction


Hydrogen is considered as an energy vector with importance for achieving a more sustainable future. The production of this molecule using light as the energy source and methanol/water mixtures is a hot topic within the catalysis field. In fact, photocatalytic generation of such an energy vector from bio-derived molecules as methanol corresponds to an environmentally benign and carbon-neutral process, deserving intensive research. Within the field of hydrogen photoproduction, the use of titania-based platinum-promoted catalysts appeared as one of the most interesting materials to promote the enhancement of activity and optimize performance [1,2,3,4].



For a photocatalytic reaction, a well-known measure of the efficiency is proposed by the IUPAC through the definition of the quantum efficiency parameter (   η q   ) [5]. This parameter, if correctly calculated, can provide a quantitative measure of the number of hydrogen molecules obtained per photon absorbed by the catalyst [6]. In brief, Equation (1) provides the mathematical formulation of the observable.


   η q   ( % )  =     〈 r 〉  A    〈  e a  〉   A    × 100  



(1)







In this equation and considering the liquid-phase hydrogen photoproduction from methanol/water mixtures, r is the photoproduction reaction rate and    e a    is the local volumetric rate of photon absorption. These two last observables correspond to average values (A subindex), which are calculated over the entire volume of the reactor and wavelength range of the illumination source [5]. In addition, a closely related and recently proposed parameter is the fraction of useful photons,    η u   , which is obtained using Equation (2) [7,8].


   η u  =     〈 r 〉  A    〈  e a  〉    A       S    



(2)







Equation (2) can be also expressed in percentage. The S factor is defined as Equation (3):


  S   =   ∑  i   n i     S i   



(3)







In Equation (3),  i  runs over all products of the reaction,    S i    is the fractional selectivity to product  i , and   1 /  n i    is the number of charge carrier species required to obtain 1 mole of the molecule utilized to express the reaction rate. The equation can handle two possible cases: a target molecule forming several products and/or a product obtained from different reaction intermediates (the latter being the case of hydrogen photogeneration). Equation (3) allows to account for the fate of the charge carrier species ending up in the generation of chemical products. Considering that one photon generates one hole–electron pair, comparison between Equations (1) and (2) indicates that the S factor allows to calculate the fraction of the absorbed photons utilized to run the chemical reaction. Therefore,    η u    is a chemically-sensitive parameter that provides additional input with respect to the quantum efficiency. In brief, it provides a true measurement of the photon use in any photo-catalytic reaction. Here, it has been formulated in relation to the quantum efficiency but can also be trivially formulated with respect to the photonic efficiency [6].



The S factor has been used previously for a significant number of gas and liquid-phase photo-catalytic reactions [7,8,9,10,11,12]. Nonetheless, for hydrogen production, we will use it here for the first time. Of course, to analyze the implications of the mechanism in the hydrogen production (and utilize Equation (3)) from a wide range of methanol/water mixtures, a first (obvious) point is to provide a chemical connection of the hydrogen production with the carbon-containing molecules obtained from methanol. This will allow to track the associated number of charge carrier species utilized per hydrogen molecule generated.



The corresponding chemical steps of the reaction mechanism here studied concern the methanol evolution by attack of radical species. Protons (and at the end hydrogen) are formed concomitantly to each oxidation step of the sacrificial molecule. As mentioned in numerous contributions and reviews, the mechanism is defined by the initial hole-related attack to the carbon-containing performance [1,2,3,13,14]. Normally, an alkoxy (methoxy)-type radical is proposed as the initial methanol-derived radical and evolves, by successive oxidation steps, to formaldehyde, formic acid, and carbon dioxide. Numerous publications also detected the formation of methyl formate from the interaction of the alkoxy-type radical and surface formate-type species as well as carbon monoxide coming from several decarbonylation processes of formaldehyde and/or carboxylate-type surface species [9,13,15]. In addition, in some works, ethylene glycol and the subsequent oxidation products (such as acetaldehyde and acetic acid) are observed [16,17]. Ethylene glycol is formed with participation of a carbon-centered radical instead of an alkoxy one. Obviously, this radical promotes the formation of carbon–carbon bond(s), and this has been exploited using sulfide-based photocatalysts [18,19]. The carbon-centered route can also generate carbon monoxide and dioxide products, using similar (decarbonylation, total oxidation) steps to the ones mentioned for alkoxy type radical. Finally, some additional products can be formed by the subsequent attack of electron-rich hydrogen-type species to some carbon-based adsorbed species leading to hydrocarbon species [1,15,20]. Of course, the last type of chemical steps competes with the use of electrons to generate the hydrogen molecule from protons formed concomitantly to the oxidized carbon-containing species. So, a crucial point to understand how the efficiency of the reaction is optimized is to rationalize and interpret the influence of the mechanism on the consumption of charge carrier species and, finally, on hydrogen production.



Here, we attempt to accomplish such a task for both methanol-rich and lean mixtures, as, potentially, quite different results may be expected as a function of the methanol content of the reaction mixture. Thus, such a study will be of general application. In particular, we would calculate how the efficiency of the reaction, as measured by the quantum efficiency and, particularly, the useful fraction of photons, evolves as a function of the methanol/water mixture for two titania-based catalysts. The bare promoting effect of the platinum metal is selected as one of the studied catalysts. The additional presence of a sulfide-phase, attempting to promote specific routes for methanol radical species, is considered for a second system. The work shows that hydrogen photoproduction is optimized by an efficient balance of the different routes to activate the methanol molecule.




2. Results and Discussion


As described previously, our two systems are nearly identical in terms of BET surface area (in the 124–128 m2 g−1 range), anatase and platinum primary particle size (ca. 11.5 and 4.1 nm, respectively), and (anatase) band gap energy (3.2 eV) [21]. So, their comparison would allow extracting the effect of the additional semiconductor phase in the photocatalytic activity. In Figure 1 and Figure 2, we display the optical properties and the volumetric rate of photon absorption observables for, respectively, the T and T-S samples. Note that the origin (0, 0) of the volumetric rate of photon absorption plot is positioned at the lower left corner of the panel. This point corresponds to the (z, height coordinate) surface of the liquid closer to the light source and the (x, radial coordinate) center of the cylindrical reaction vessel (Figure 3).



For simplicity, Figure 1 and Figure 2 illustrate the results using the methanol lean and rich cases. Differences in optical properties mainly correspond to the different aggregation state (secondary particle size) of the solids [22,23,24]. As a main effect, we can highlight the decrease in the extinction coefficient observed as the methanol content of the mixture grows. The extinction coefficient has also a slightly different behavior with wavelength for the two samples under study. Such differences, particularly the first, lead to a (modestly) higher penetration depth along the “z” coordinate of the reaction vessel (see the bottom part of the figures). The samples display a g value above 0.95, indicating that in all cases, we have a dominating forward-scattering phenomenon. This could be characteristic of high surface area pure anatase samples [25], which here renders a rather uniform rate of photon absorption value along the perpendicular coordinate to the light main propagation path (x coordinate in the plots of Figure 1 and Figure 2).



In Table 1, we summarize all products detected in the experiments. The two samples provide the same products although with different selectivity. The alkoxy route generates carboxylate-types species, formic acid, and methyl formate. These are typical main products of Pt-TiO2 composites [9,17,25,26]. However, the less studied, carbon-centered radical route renders a larger number of products such as ethylene glycol, acetaldehyde, acetic acid, and also C3 products such as 2-methoxyacetaldehyde [27]. Carbon dioxide can be produced by any route; however, an analysis of adding increasing quantities of ethylene glycol to methanol/water mixtures indicates that it is dominantly produced though the alkoxy route. The reaction mechanism is investigated in detail using infrared spectroscopy.



Figure 4 and Figure 5 display the infrared results for the T sample and the 30/70 and 70/30 methanol/water mixtures, respectively. Figure 6 and Figure 7 summarize the same type of results for the T-S sample. The presence of methoxy species is pointed out by the C-O stretch frequency observed, in all cases, between 1030 and 1040 cm−1. A side (less intense) band at ca. 1090 cm−1 may indicate the presence of bridged methoxy species [28,29,30]. The methoxy species shows increasing intensity as the methanol content of the reaction mixture increases for the two samples under study. As observed in the absorption step of the experiment (dark conditions at Figure 4, Figure 5, Figure 6 and Figure 7), the surface contact of methanol with the catalysts generated carbon-containing adsorbed species concomitantly to displacement of water from the surface (negative band in our difference spectra at ca. 1625–1640 cm−1, which was accompanied with two broad positive bumps under illumination, one at each size of the negative signal ascribable to water desorption). So, a significant number of species appear in the catalyst(s) surface even at dark conditions. Specifically, bands at ca. 1500–1520, 1450, and 1410 cm−1 can be ascribed to bidentate and other (likely monodentate, indicated by the 1450 cm−1 band) carboxylates [8,30,31,32]. The intensity of the carboxylate-type species always grows under illumination. The mentioned carboxylate moieties appear to be the main products detected at the surface of the samples and their presence demonstrates the existence of an alkoxy-based path to generated hole-related oxidized carbon-containing species, as stated previously in several publications [8,33,34,35,36]. This path would be dominated here by the chemical step displayed in Equation (18) of Table 1, describing the formation of formic acid. We also detected CO species adsorbed on the noble metal particles at ca. 2025–2031 and (a weak shoulder at ca.) 2055 cm−1 [16,17,30]. As mentioned in the introduction section, CO is not detected as reaction product, which indicates, in first place, the existence of decarbonylation reactions to generate the chemical species and, also, the consumption of carbon monoxide through a water gas shift reaction, which further promotes the formation of hydrogen with the co-generation of carbon dioxide. The water gas shift efficiency to generate hydrogen depends critically on the Pt particle size and metal-support interface, as CO can act as a poison or not depending on the adsorption enthalpy, surface coverage, and degree of activation [9,26,35,37]. In our case, infrared CO signals display a marked dependence on the sample (sulfide inhibits to a significant extent the formation) and methanol content of the reaction mixture. Methyl formate is also detected as (liquid phase) product (Equation (19) in Table 1), but we cannot provide an unambiguous presence at the surface under reaction conditions using infrared due to the broad and ill-defined bands appearing at the carboxylate region. A reasonable similarity is observed in the overall shape of the IR spectra and thus between adsorbed species located at the surface of T and T-S samples, although obvious differences are observed in the carbonyl region. The last species is significantly suppressed in the presence of the sulfide. On the other hand, noticeable differences are detected for both samples as a function of the methanol content of the samples. These at least concern (i) the facility of methanol interaction with the catalyst(s) surface (and thus the methanol surface coverage under reaction conditions), (ii) the above-mentioned differences concerning CO signals, as well as (iii) those at the carboxylate region. Methanol interaction is always favored with the increasing concentration of the molecule in the reaction mixture while, apparently, the formation of carboxylate-type species is diminished as the methanol content grows.



As mentioned in the introduction section, Equation (1) (quantum efficiency,    η p   ) and Equation (2) (fraction of photon use,    η u   ) allow comparing the performance of the samples quantitatively from different perspectives. In Figure 8, we present these two observables and the reaction rate as a function of the methanol content of the mixture. From 30/70 to 70/30 methanol/water mixtures, the reaction rate shows a moderate increasing value for both samples. The quantum efficiency measures differences accurately. As can be seen in the corresponding plots, the T-S sample triples (on average) the performance of the T sample. As a function of the methanol content of the mixture, both samples show enhancing activity, with a more or less constant behavior for methanol-lean mixtures and an increasing trend for methanol-rich mixtures and starting at the 50/50 mixture. Going from methanol-lean to methanol-rich mixtures, the T sample increases by ca. 50%, but the T-S sample only does it by ca. 10%. So, on a relative basis, the two samples display evident differences. Considering the photon use (now expressed in percentage), we can observe than the magnitude is higher than in the case of the quantum efficiency. The higher values of the “photon use” come from S factors below unity. Nevertheless, the overall trend is similar to the quantum efficiency both in terms of the comparison between samples as well as the methanol content of the reaction mixture. Yet fine (identifiable and significant) details differentiate the behavior of the two efficiency observables, as previously discussed.



An additional frequency appearing at 1261–1266 cm−1 for all samples in the presence of methanol-rich mixtures (Figure 4, Figure 5, Figure 6 and Figure 7) can be ascribed to ethylene glycol [27]. This species is not observed or strongly suppressed for methanol-lean mixtures. To provide evidence of the assignment, Figure 9 shows an infrared study of the ethylene glycol/water mixture (ethylene glycol of ca. 1%) for the T-S sample. Similar results are obtained for the T sample (result not shown). Ethylene glycol is formed through a step summarized in Equation (20) of Table 1. As mentioned, this is the primary product of the carbon-centered radical species. Interestingly, we observe the formation of other carboxylate species (1410 and 1500 cm−1), which are also generated in the alkoxy radical route, indicating the relatively unspecific nature of the bands ascribed to carboxylate species. However, the intensity of the carboxylate-type species is significantly lower than the observed under methanol/water mixtures. From ethylene glycol, the successive oxidation steps of the molecule leads initially to acetaldehyde and acetic acid (Equations (21) and (22) of Table 1) generation. The 2-methoxyacetaldehyde is formed by absorbed methoxyl and acetyl-type species (Equation (23) of Table 1 describes the formation from methanol, the original reactant) [27,38].



The acetic acid product may likely be the main product responsible for the carboxylate absorbed species detected in the absence of methanol and thus may contribute to the infrared spectra reported over the methanol/water mixture. In any case, the significance of the carbon-centered route for titania-based materials is here clearly demonstrated using infrared spectroscopy. We finally note that competition of ethylene glycol with water is different than the one taking place with methanol. In the presence of methanol water, it is removed to a significant degree from the surface (leading to a negative band at ca. 1650–1670 cm−1), while in Figure 9, the mentioned band is positive, indicating that ethylene glycol is not displacing the water molecule (from the surface) as much as methanol. This is a consequence of the relatively low degree of interaction of the ethylene glycol with the surface of the materials (mainly titania). The competitive adsorption phenomena taking place under reaction is evidenced with infrared. This means than methanol is the most akin molecule to be absorbed, followed by water and ethylene glycol. Both methanol and ethylene glycol are able to capture holes under illumination and generate oxidized species with the concomitant generation of protons. The presence of the sulfide component makes clear effects in the chemistry, as summarized in the previous paragraph for the alkoxy-type radical and, additionally, favors the generation of ethylene glycol (please, pay attention to the different scales in Figure 4, Figure 5, Figure 6 and Figure 7). The influence of the complex reaction mechanism and different initial (methanol-derived) radical species derived from methanol on the catalytic performance of the solids is explored subsequently.



To interpret the mechanism influence in the efficiency observables, Figure 10 displays the comparison between the contributions of the carbon-centered and alkoxy radical-derived species to the quantum efficiency and fraction of photon use. The corresponding products are enumerated in Table 1, and the chemical “balance” equations presented in the table are used to approach the problem. From the infrared study, we learned the increasing significance of the carbon-centered radical path as the methanol content of the reaction mixture grows, irrespective of the sample. An initial perspective would hold that the higher methanol content would favor the increasing importance of reaction routes implying two methanol molecules from the initial steps. The quantum efficiency ratio (which is equal to the reaction rate ratio between carbon-centered and alkoxy radical-derived species, Table 1) is below 1 for the T sample and above 1 for the T-S sample, and it increases rather smoothly as a function of the methanol content in both cases. Increasing factors of the ratio (along with methanol content growth) of 1.67 to 1.40 were obtained for, respectively, the T and T-S sample. Considering jointly the magnitude (ratio above/below 1 for the two samples, see right axis of Figure 10) as well as the behavior of the quantum efficiency ratio with methanol (content of the reaction mixture), the set of data indicates that in all experimental conditions tested (from methanol-lean to rich reaction mixtures), the carbon-centered derived species are significantly more important in the presence of the sulfide for all experimental conditions tested. When comparing the usage of the absorbed photons by the different methanol-derived radicals as a function of the methanol content of the mixture, we observed significantly lower variations than in the corresponding quantum efficiency ratio. This clearly indicates that the variation previously described for the quantum efficiency is modulated (significantly counteracted) by the one of the selectivity factor as a function of the methanol content of the reaction mixtures. Going from methanol-lean to rich mixtures, the corresponding ratio (now, such ratio corresponds to the “carbon-centered rate” × “methoxy S factor” divided by the “methoxy rate” × “carbon-centered S factor”) goes from 1.13 to 1.00 (differences below 1% in the last case) for, respectively, the T and T-S samples. The T-S behavior is essentially constant for the photon usage but not for quantum efficiency. So, the photon usage and the quantum efficiency ratios provide different information when comparing samples (T vs. T-S) and their behavior as a function of the methanol content. Note that the result cannot be directly extracted from the number of charge carriers present in Table 1, and the chemical driving of the selectivity (as can be outlined in the infrared) is critical in order to express specific methanol-radical derived products. Summarizing, the here-described analytical scheme to interpret efficiency observables allows understanding the chemical bases of the catalytic use of photons in the production of hydrogen using methanol as a sacrificial molecule. In other words, the present study highlights the fact that in addition to the common morphological and optoelectronic properties of the solids typically considered in photocatalysis [39], the chemical properties of the materials should be considered in order to optimize hydrogen photoproduction and to extract information about the chemical use of photons by catalysts.




3. Materials and Methods


3.1. Catalysts Preparation


The titania-based support preparation was carried out following a sequential procedure. Titanium tetra-isopropoxide was added drop by drop to a reverse emulsion, with n-heptane as a non-polar component, water as a polar component, Triton X-100 (Aldrich, Wyoming, IL, USA) as surfactant, and hexanol as cosurfactant. Water/Ti and water/surfactant molar ratios were maintained constant for all samples, taking values of 110 and 18, respectively. The resulting liquid was stirred for 24 h, centrifuged, decanted, and rinsed with methanol. Then, the solid was dried at 110 °C for 12 h. After drying, the solids were calcined using a heating ramp (1 °C min−1) up to 450 °C, maintaining this temperature for 2 h. In subsequent steps, we include tin sulfide (SnSx) as the second semiconductor and Pt as co-catalyst in an order to optimize activity [21]. So, the co-catalyst was introduced by a deposition method over titania-based powders using a H2PtCl6 (Aldrich, Wyoming, IL, USA) in solution. First, the titania component was suspended in a deionized water solution for 30 min. After that, the proper quantity of H2PtCl6 was added to the solution and kept on stirring. Precipitation was carried out using NaBH4 (Aldrich, Wyoming, IL, USA) (Pt/NaBH4 molar ratio 1/5). Pt loading was adjusted to obtain throughout the samples a constant 0.4 mol% of Pt on metal basis [21]. After drying the solid at room temperature, the semiconductor was finally deposited on the powder using SnCl4 (Aldrich, Wyoming, IL, USA) and thioacetamide (TTA, Aldrich, 99%) and a hydrothermal method in a Teflon-lined stainless-steel autoclave at 160 °C for 16 h. The SnCl4/TTA molar ratio was constant and equal to 0.5, and a 0.5 mol% SnSx was utilized. After idle cooling of the autoclave to room temperature, the solid was washed with distilled water and dried at 100 °C.




3.2. Catalytic Measurements


The liquid-phase production of hydrogen was measured using a liquid-phase semi-continuous reactor depicted in Figure 3. The system allows a continuous-mode production of the energy vector through the use of a carrier gas stream. Catalyst suspensions (optimized at 0.5 mg mL−1) were tested from a complete series of water/methanol mixtures. The reactor was degassed with an Ar stream for 15 min. Subsequently, the Ar flow was settled down to 10 mL min−1 and stabilized before reaction. Ar is used as a carrier to displace reaction gases in a continuous mode from the reactor to the detection system. The solution inside a reactor was irradiated using a Hg-Xe lamp (500 W) and dichroic filters (LOT Quantum Design, Darmstadt, Germany) allowing exposure of the catalysts to the UV (280–420 nm). Reaction rates and efficiency observables were reported according to the IUPAC recommendations [5]. Analysis of reaction products was performed by means of GC-MS analysis (Agilent 7000D GC-MS Triple Quad, Colorado Springs, CO, USA) using a CP-Wax52 column (Agilent, Colorado Springs, CO, USA).




3.3. Efficiency Calculations: Volumetric Rate of Photon Absorption


The average volumetric rate of photon absorption (required in Equations (1) and (2)) can be obtained by solving the Radiative Transfer Equation (RTE) in the reaction system. The nomenclature utilized in this section is presented at the end of the manuscript.



Figure 3 displays the reactor. The RTE is presented in Equation (4). This assumes: (i) the emission radiation is negligible and (ii) steady-state condition (light emittance and chemical reaction) during the photocatalytic processes [22].


    d  I  λ ,  Ω _     (  x _  )    d s   = −  κ λ   I  λ ,  Ω _     (  x _  )  −  σ λ   I  λ ,  Ω _     (  x _  )  +    σ λ    4 π     ∫    Ω ′  = 4 π    p  (    Ω _  ′  →  Ω _   )   I  λ ,   Ω _  ′      d   Ω _  ′   



(4)







To solve Equation (4), a first step requires determining the optical properties of the photocatalysts suspensions. Specifically, the spectral absorption coefficient (   κ λ   ), the spectral scattering coefficient (   σ λ   ), and the scattering phase (  p  (    Ω _  ′  →  Ω _   )   ) are to be obtained. For TiO2-based catalysts, the Henyey and Greenstein phase function (Equation (5)) was customarily used to calculate the scattering phase function [22,23].


  p  (    Ω _  ′  →  Ω _   )  =   1 −  g λ 2       (  1 +  g λ 2  − 2  g λ    u 0   )    3 / 2      



(5)




where    g λ     is the so-called asymmetry factor and    u 0    is the director cosine between incoming and outgoing light.



The optical properties of the systems were collected with the help of a spectrophotometric cell. The corresponding RTE (which considers radiation absorption and scattering effects at the reaction medium) was solved using the discrete ordinate method (DOM). Before that, the extinction coefficients (   β *   ; sum of absorption and scattering coefficients) were (experimentally) obtained by applying a standard linear regression to the plots of    β λ    versus catalyst concentration,  C . To carry out such a task, the rectangular cell is represented as an infinite plane parallel medium with azimuthal symmetry. The corresponding one-dimensional, one-directional radiation transport model can be used to solve the RTE (Figure 11A).



Figure 11A encloses a schematic representation of the spectrophotometer cell and the corresponding RTE solution scheme. The latter considers that each propagation path (departing from each point of the cell) of the net light intensity can be defined by a one angular-related variable (  μ = cos  ( θ )   ), one-dimensional (x variable) representation. For each x point and starting from the corresponding boundary condition, the light intensity for positive or negative  μ  values was obtained by solving a unidimensional DOM representation of Equation (4) in combination with a nonlinear, multiparameter least-square regression procedure (MATLAB lsqnonlin, Algorithm: Trust-Region-Reflective Optimization). An iterative process is carried out until error for all intensity values are lower than 1%. The output of the fitting provides values for    ω λ    (the so-called albedo defined in Equation (6)) and    g λ    (Equation (5)) parameters. To this end, the calculation carried out the minimization of the differences between the model and the experimental data corresponding to diffuse transmittance and reflectance measurements at the spectrophotometric cell. The corresponding data set is obtained for a range of catalyst concentrations, C, and considering the wavelength range of the light source [40]. The process renders the volumetric scattering and absorption coefficients:


   σ λ  =  β λ  ∗  ω λ   



(6)






   κ λ  =  β λ  −  ω λ   



(7)







Once the optical properties of the catalyst(s) have been obtained, we proceed to evaluate the radiation field inside the photoreactor. The DOM tool was used to transform the integro-differential Equation (4) into a system of algebraic equations that can be solved numerically. Our reactor configuration demands the use of a cylindrical two-dimensional (  r − z   variables), two-directional (  θ − ϕ   variables) model of the photoreactor radiation field (Figure 11B,C). The net radiation intensity at each   r − z   point of the reactor is now represented using a discretized spatial mesh having two angular-related coordinates   μ = cos  ( θ )  ;   η = cos  ( ϕ )   . Figure 11C displays   μ ;   η   unitary, basal projection(s) in a quadrant (quadrant I) of the space around an   r − z   point calculated using the so-called S16 method [41]. For the two-dimensional representation of the space, the calculation of the intensity at each point of the reactor requires dividing the space into four quadrants as depicted in Figure 11D and the measurement of the incident light intensity at the boundary (liquid surface) using actinometry and potassium ferric oxalate [41]. Boundary intensity for UV illumination takes a value of 1.10 × 10−8 Einstein cm−2 s−1 sr−1. Using Duderstadt and Martin’s procedure [42] and numerical tools developed in previous contributions [41], the finite difference (DOM) was derived directly from the radiation balance for each mesh cell (Figure 11D). In this way, the central intensity at each cell (   I m  i , j    ) can be calculated from the previous ones starting from the appropriate boundary values (   I m  1 ± 1 / 2 , j    ;      I m  i , j ± 1 / 2    ) as well as one “auxiliary” one coming from the directional mesh (   I  m − 1 / 2   i , j    ) as:


      I m  i , j   =  |   µ m   |   (   A  i + 1 / 2 , j   −  A  i − 1 / 2 , j    )   D  − 1    I m  1 ± 1 / 2 , j   + 2  |   η m   |   B  i , j    D  − 1    I m  i , j ± 1 / 2   +  (   A  i + 1 / 2 , j   −  A  i − 1 / 2 , j    )         · (   ν  m + 1 / 2   +  ν  m − 1 / 2    )   D  − 1    W m  − 1    I  m − 1 / 2   i , j   +    σ λ    4 π      ∑   n = 1  M    I n  i , j    P  n m    W n   V  i , j    D  − 1       



(8)




where


  D =  |   µ m   |   (   A  i + 1 / 2 , j   −  A  i − 1 / 2 , j    )  + 2  |   η m   |   B  i , j   +  (   A  i + 1 / 2 , j   −  A  i − 1 / 2 , j    )  ·  (   ν  m + 1 / 2   +  ν  m − 1 / 2    )   W m  − 1   +  κ λ   V  i , j   +  σ λ   V  i , j    



(9)






   A  i + 1 / 2 , j   = 2 π  r  i + 1 / 2   Δ  z j   



(10)






   B  i , j + 1 / 2   = 2 π  (     (   r  i + 1 / 2   +  r  i − 1 / 2    )   2   )  Δ  r i   



(11)






   V  i , j   = 2 π  (     (   r  i + 1 / 2   +  r  i − 1 / 2    )   2   )  Δ  z j  Δ  r i   



(12)







The calculation at each of the four quadrants starts from the corner of the spatial mesh in which two of the four boundary conditions are in place. For our reactor, the four boundary conditions are: (i) known inlet radiation for quadrants I and II at z = 0; (ii) null reflection in the inner reactor wall surfaces (see Figure 3 and Figure 11). The ascending m values are always utilized, selecting as m = 1 the angular direction more parallel to the r-z plane. For that,    I m  i , j − 1 / 2     is approximated to zero [9,43]. Using this and Equation (13), the recursive Equation (8) can be applied to the cell closer to the boundary conditions and so forth.


   ν  m + 1 / 2   −  ν  m − 1 / 2   = −  µ m   W m   



(13)







For each quadrant, the intensities defined at each spatial mesh cell follow Equations (14)–(16).


   I m  i , j   =    (   I m  i − 1 / 2 , j   +  I m  i + 1 / 2 , j    )   2   



(14)






   I m  i , j   =    (   I m  i , j − 1 / 2   +  I m  i , j + 1 / 2    )   2   



(15)







For the directional mesh:


   I m  i , j   =    (   I  m − 1 / 2   i , j   +  I  m + 1 / 2   i , j    )   2   



(16)







The linear intensity variation inside each spatial mesh cell (an approximation with increasing accuracy as the finite, delta r and z elements approach zero) is assumed in these equations. After the observable is obtained, the local volumetric rate of photon absorption (   e  a , v    ) was calculated at each   r − z   point of the reactor according to:


   e  a , v   =   ∫  λ    κ λ   (  x _  )  ·   ∫   Ω = 4 π     I  λ ,  Ω _     (  x _  )  d Ω d λ  



(17)







The optical properties and volumetric rate of photon absorption were calculated for catalyst suspensions using three reaction mixtures (methanol/water ratio of 30/70, 50/50, and 70/30).




3.4. In Situ Infrared Experiments


A Bruker Vertex 80 FTIR spectrometer (Bruker, Santa Barbara, CA, USA) with an MCT detector (OPUS/IR software, v6.3, Bruker, Santa Barbara, CA, USA) was used to obtain infrared spectra. The set-up uses a praying mantis DRIFTS accessory (Harrick Scientific, Pleasantville, NY, USA) and a reaction cell (HVC, Harrick Scientific). The reaction mixture was prepared by injecting the appropriate methanol/water mixture in a N2 flow before entering the DRIFTS cell. Parallel experiments were run with ethylene glycol. Inlet and outlet lines are heated at 130 °C. The DRIFTS spectra were collected in the range of 4000–600 cm−1 with a resolution of 1 cm−1, by averaging 10 scans over a total of ca 15 s. In DRIFTS experiments, in situ light excitation was carried out using the same illumination source that the one of the reaction system. Each catalyst without pre-treatment was subjected to a single, multi-step experiment. Such an experiment proceeds as: (i) adsorption of the reactive mixture under dark conditions and subsequent (ii) evolution under illumination conditions. Each step of the treatment is carried out up to the absence of spectral evolution (ca. 30–35 min).





4. Conclusions


For the whole range of methanol/water mixtures, the performance of platinum promoted titania-based materials is analyzed in terms of the reaction mechanism for hydrogen photoproduction and, particularly, in connection with the different initial radical species formed by hole-type radial species to methanol. The existence of two routes of activation of the methanol molecule, originated from alkoxy and (a less studied) carbon-centered radical species, is thoroughly investigated using in situ infrared spectroscopy. The catalytic effects in the absence/presence of an additional sulfide phase were interpreted with the help of the spectroscopic study and quantitatively analyzed using the quantum efficiency and fraction of photon use observables.



We provided evidence that the sulfide presence increases activity and, particularly, has a significant effect promoting the carbon-centered radical species and corresponding reaction products. Such catalytic effects are reflected to significantly higher values for the two efficiency observables here analyzed. Nonetheless, irrespective of the absence or presence of such a phase, the main trends presented by the quantum efficiency and photon usage as a function of the methanol content of the reaction mixture are broadly similar in the two samples. Yet, in the presence of the sulfide, photon usage shows a different trend than the quantum efficiency along with the increasing methanol content of the reaction mixture. So, in addition to increasing the values of the efficiency observables, the sulfide presence has also important consequences derived from the chemical selectivity factor, which in turn reflected on the chemical use of the absorbed photons. Thus, the new parameter allows including chemical effects in efficiency measurements and provides a quantitative estimation of them. In short, for all methanol-lean and rich mixtures, the study gives quantitative evidence than the sulfide phase not only enhances activity but also makes important effects in chemistry (favoring carbon-based radical formation) with direct influence in the “chemical use” of the photons absorbed by the solid.
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Nomenclature








	   x _   
	position vector (cm)



	x
	x coordinate (cm)



	y
	y coordinate (cm)



	z
	z coordinate (cm)



	  r  
	radial coordinate (cm)



	  I  
	specific radiation intensity (Einstein cm−3 s−1 sr−1)



	  g  
	asymmetry factor of the Henyey–Greentein’s phase function (dimensionless)



	    e  a , v     
	local volumetric rate of photon absorption (Einstein cm−3 s−1)



	  P  
	emission power (W)



	  V  
	volume (cm3)



	  W  
	weight (dimensionless)



	  p  
	phase function (dimensionless)



	S
	selectivity factor (dimensionless)



	Greek Letters
	



	  λ  
	wavelength (nm)



	    β *    
	specific extinction coefficient (cm2 g−1)



	    κ *    
	specific absorption coefficient (cm−1)



	    σ *    
	specific scattering coefficient (cm−1)



	  µ  
	direction cosine (dimensionless)



	  η  
	direction cosine (dimensionless)



	    η q    
	quantum efficiency



	    η u    
	useful photon fraction



	Ω
	solid angle (sr)



	Ω
	unit vector in the direction of radiation propagation



	  θ  
	spherical coordinate (rad)



	  φ  
	spherical coordinate (rad)



	  β  
	volumetric extinction coefficient (cm−1)



	  κ  
	volumetric absorption coefficient (cm−1)



	  σ  
	volumetric scattering coefficient (cm−1)



	  ν  
	effective area for angular fluxes (cm2)



	Subscripts
	



	  λ  
	denotes wavelength dependence



	m
	demotes m position in a mesh



	Special Symbols
	



	   * _   
	denotes vector



	   〈 ∗ 〉   
	average value over a defined space
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Figure 1. T sample optical properties and volumetric rate of photon absorption (Einstein cm−3 s−1) for lean and rich methanol mixtures. 
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Figure 2. T-S sample optical properties and volumetric rate of photon absorption (Einstein cm−3 s−1) for lean and rich methanol mixtures. 
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Figure 3. Experimental reactor utilized in the experiments. Elements: (1) Hg lamp, (2) water filter, (3) dichroic filter (280–400 nm), (4) methanol–water/catalyst suspension, (5) argon carrier inlet, (6) argon carrier and gas products outlet, and (7) neutral filter. Red dotted arrows indicate inlet and outlet cooling water. 
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Figure 4. Difference infrared spectra of the T sample using a 30/70 methanol/water reaction mixture under dark (bottom panel) and illumination (upper panel). 
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Figure 5. Difference infrared spectra of the T sample using a 70/30 methanol/water reaction mixture under dark (bottom panel) and illumination (upper panel). 
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Figure 6. Difference infrared spectra of the T-S sample using a 30/70 methanol/water reaction mixture under dark (bottom panel) and illumination (upper panel). 
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Figure 7. Difference infrared spectra of the T-S sample using a 70/30 methanol/water reaction mixture under dark (bottom panel) and illumination (upper panel). 
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Figure 8. Reaction rate and efficiency observables (quantum efficiency,    η q   , and photon usage,    η u    ) for the T and T-S samples as a function of the methanol content of the reaction mixture. 
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Figure 9. Difference infrared spectra of the T-S sample using an ethylene glycol/water mixture under dark (bottom panel) and illumination (upper panel). 
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Figure 10. Ratio of efficiency observables (quantum efficiency,    η q   , and photon usage,    η u    ) between the contribution of carbon-centered (C in the figure) and alkoxy (A in the figure)-derived reaction products. T and T-S samples are presented (see OX axis labels). 
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Figure 11. Spectrophotometric cell and one-dimensional, one-directional radiation model (A). Reactor vessel and two-dimensional, two-directional radiation model (B–D). The directional mess for quadrant I and the representation of the quadrants (at each spatial point) are presented in panels (C,D), respectively. 
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Table 1. Products generated in the reaction and corresponding balance equations. Products from alkoxy (in blue) and carbon-centered (in red) type radical species are presented in Equations (18)–(23), respectively. Carbon dioxide can be generated from all radical species. Equation number in parentheses.






Table 1. Products generated in the reaction and corresponding balance equations. Products from alkoxy (in blue) and carbon-centered (in red) type radical species are presented in Equations (18)–(23), respectively. Carbon dioxide can be generated from all radical species. Equation number in parentheses.





	
Molecule

	
Balance Equation






	
Formic acid 

	
CH3OH + H2O + 4h+ + 4e− → CH2O2 + 2 H2

	
(18)




	
Methyl formate

	
2 CH3OH + 4h+ + 4e− → C2H4O2 + 2 H2

	
(19)




	
Ethylene glycol

	
2 CH3OH + 2h+ + 2e− → C2H6O2 + H2

	
(20)




	
Acetaldehyde

	
2 CH3OH + 2h+ + 2e− → CH3CHO + H2O + H2

	
(21)




	
Acetic acid

	
2 CH3OH + 4h+ + 4e− → CH3COOH + 2 H2

	
(22)




	
2-methoxyacetaldehyde

	
3 CH3OH + 4h+ + 4e− → C3H6O2 + H2O + 2 H2

	
(23)




	
Carbon dioxide

	
CH3OH + H2O + 6h+ + 6e− → CO2 + 3 H2

	
(24)

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Kubelka-Munk

1600 1800
‘Wavenumber / cm?

2000

2200





media/file4.png
-0.8

-0.6

0.4

24'(:”0 el — ]
~ 20000- . 1-S30/70
o)) ._....A-"'"' “"\.
o~ — Te—a_ s
g 16m0 .-—.—.—".\.,‘ .—._,_._\.H_._-:
-~ 12000 -

V. e
" | —— [O¥
b' 8000 D
Q. —=—g
4000 ‘// \_._ X m—
0- .dd.' T T T
250 300 350 400
Wavelength / nm
=
o
~—
N

X/ cm

0.0

(o))
o™

B, o' x fem

I—o—p—p1a—o—p—n1—0l-p—0—w—n—id—n—
12500- T e
10000+
-’d.\\.—-l—.—.—._._
7500
5000
2500+ i S
. T-S 70/30
250 300 350 400
Wavelength /nm

z/cm

N WA

X/cm

0.8

0.6

0.4

0.2

0.0
-6
x 10

1.5

0.5






media/file18.png
Kubelka-Munk

1000

1200

Sl

1400

"

1600 1800 2000 2200
Wavenumber / cm-?!

0.04

0.03

0.02

0.01

-0.01





media/file3.jpg
ot T-S70/30 |

z/em

B
Wavelength / nm

&

z/cm

o
% % @ @

Wavelength /nm

-

4 <10
2

3 1.5

2 1

1 5

0 2

x/cm






media/file22.png
Ng (C/A)

2.4 -

| ° 0,44
2.1-
1.8 -
0,42
1.5+ o
1.2
. -0.40
0.9-
| b
0.6 -
. : . 0.38
T30/70 T 50/50 T70/30

Ny (C/A)





media/file20.jpg
g (C/A)

2.4

214

©

124

0.94

0.6

e

T30/70 T 50/50 170130

044

042

0.40

0.38

. (CIA)





media/file19.jpg
24

21

©

Ngq (C/A)

12

09

06

0.398

{-0.397

T-8 30170

T-S 50/50

1-5 70/30

0.39%

1, (C/A)





media/file7.jpg
Kubelka-Munk

S

1200

1400

1600 1800
Wavenumber / cm*

2000

0.04

002





media/file10.png
0.15

X

c

- 0.1
>
g 0.05
8

S 0
N

-0.05
1000 1200 1400 1600 1800 2000 2200

Wavenumber / cm1





media/file14.png
Kubelka-Munk

1261
1200

1410
1400

1600 1800
Wavenumber / cm?

2000

2200





media/file11.jpg
Kubelka-Munk

1200

1450

1400 1600 1800
Wavenumber / c

2000

2200

0.08
0.06
0.04
0.02

\—J-O 02





media/file6.png





media/file15.jpg
Efficiency / %

Rate CH,0H/ mmol g' h'

Rate CH,0H/ mmal g '

Effciency/ %

B 2

ﬂ_\?

ami

T30/70 T 50/50 T70/30

T-S30/70 T-S50/50 T-S70/30





nav.xhtml


  catalysts-12-00402


  
    		
      catalysts-12-00402
    


  




  





media/file16.png
T 70/30

T 50/50

T 30/70

W o v o © © ®™ o
0}2\ 5%_0651 T 4 B joww / HOHO ey

_o_nu

©

4 |

L 1
w0 <t

% / Aausidy3

™

T-S 30/70 T-S50/50 T-S70/30

L - - -
o o o

N —
Y B joww / HO®HO ey





media/file2.png
B* o* x*/cm?g

1.0

24'0w —s—w—85—8—8—3—0—8—us-8a—B—0—8—W—]
20000] oo, T 30/70
0—"._'_.“'0-—-\ o -
16000
. ‘\‘
A ——
1 R
2000 "
8000 .
\.‘\
at
4000 ,,e/’/ T
0- . . .
250 300 350 400

Wavelength / nm

0.8

g

-~ 150004 T 70/30

3000 - o

z/cm

- ._,_.—._.\
9000 -

6000 -

0 - T
250 300

-y oo o |

._,_.._.—Qq_._.__

Wavelength / nm






media/file23.jpg
One-dimensional (x), Two-dimensional (r-z),
one-directional (¢) model two-directional (6 - ¢) model

A B

—
Y B N P
-

! :

D o .
G [ |

e

ouadcantt | Quadrant )






media/file5.jpg





media/file24.png
One-dimensional (x),

one-directional (#) model

I |-

!

p(ﬁf-\|1>o
p=-1 p=1

Two-dimensional (r- z),
two-directional (€ - ¢ ) model

B

10 e
| e .
08 4 [ ] [ ] &
. « o o
i . ¢ & o 0
| e ¢ o o 0o
S04 o ¢ o e e s
02
. ¢ o s e e
o0+ -
0.0 02 04 06 08 1.0
u
Az
Quadrant | | Quadrant 1V
n=>0 n>o0
p>0 p<oO
Ouadrant Il | Quadrant Il
n<o n<o
'.I. > 0 “ < n

] Vv

Ar






media/file1.jpg
——

EQ

£

Wavelength / nm

z/cm






media/file12.png
Kubelka-Munk

1033
1000

1200

1410
1400

1600 1800
Wavenumber / cm?

2000

2200

0.08
0.06
0.04

10.02

8-0.02





media/file9.jpg
o.15
=
El 01
=
8 005
3
£ o
2

o0
1000 1200 1400 1600 1800 2000 2200

Wavenumber / cm





media/file0.png





media/file8.png
Kubelka-Munk

1200

I5’
g
’

“ 1700
1600 1800
Wavenumber / cm™

2000

2200






media/file17.jpg
Kubelka-Munk

1000

1200

1600 1800
Wavenumber / cm™t

2000

o
o
oot
|
Hoo

2200





media/file21.png
0.398

24 -

21 -

Nq (C/A)

="
09 -

06 -

-0.397

0.396

T-S 30/70

T-S 50/50

T-S 70/30

Ny (C/A)





