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Abstract

:

Nowadays, the efficient conversion of plant biomass components (alcohols, carbohydrates, etc.) into more energy-intensive fuels, such as hydrogen, is one of the urgent scientific and technological problems. The present study is the first one focused on the photoinduced hydrogen evolution from aqueous D-glucose and D-xylose using layered perovskite-like oxides HCa2Nb3O10, H2La2Ti3O10, and their organically modified derivatives that have previously proven themselves as highly active photocatalysts. The photocatalytic performance was investigated for the bare compounds and products of their surface modification with a 1 mass. % Pt cocatalyst. The photocatalytic experiments followed an innovative scheme including dark stages as well as the control of the reaction suspension’s pH and composition. The study has revealed that the inorganic−organic derivatives of the layered perovskite-like oxides can provide efficient conversion of carbohydrates into hydrogen fuel, being up to 8.3 times more active than the unmodified materials and reaching apparent quantum efficiency of 8.8%. Based on new and previously obtained data, it was shown that the oxides’ interlayer space functions as an additional reaction zone in the photocatalytic hydrogen production and the contribution of this zone to the overall activity is dependent on the steric characteristics of the sacrificial agent used.
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1. Introduction


Plant biomass is one of the oldest and widely used sources of renewable energy. The latter is accumulated during photosynthesis, when plants convert the solar radiation into the energy of chemical bonds in organic compounds. Thus, targeted cultivation of plants for biomass can be considered a form of solar energy storage. Nevertheless, direct combustion of the plant biomass or its processing products does not appear to be sufficiently expedient because of their relatively low calorific value [1] and the release of carbon dioxide. With that said, there is particular interest in the biomass reforming to obtain more energy-intensive and environmentally friendly fuels such as hydrogen [2,3].



Currently, heterogeneous photocatalysis is being actively explored as a promising energy-saving method for hydrogen production from various sorts of organic raw [4]. In particular, the widely used sacrificial agents are primary alcohols (first of all, methanol) and amino alcohols (triethanolamine) [5,6]. However, these substances are not the only products of plant biomass processing. The other compounds to be reformed are carbohydrates, but significantly less attention is paid to their conversion into hydrogen fuel.



Nowadays, typical heterogeneous photocatalysts for carbohydrates reforming are composite materials on the basis of wide-gap semiconductor oxides (predominantly, TiO2 [7,8,9,10,11] as well as perovskites LaFeO3 [12,13]), sulfides (Zn1−xCdxS [14], CdS/MoS2 [15,16]), tungstates (BiWO6 [17]), and metal-free compounds (g-C3N4 [18,19,20]). They were tested in relation to light-driven hydrogen production from glucose [21], xylose [22], fructose [23], sucrose [24], cellulose [25,26], and lignocellulose [27]. Further optimization of the hydrogen production conditions [28] as well as the creation of hybrid reactors, combining the hydrolysis of polysaccharides and their photocatalytic reforming [29], allowed making significant progress in this field. However, the photocatalytic activity, sufficient for the wide industrial use, has not been achieved yet, which justifies the development of new, more efficient materials.



A promising class of heterogeneous photocatalysts for hydrogen production is represented by ion-exchangeable layered perovskite-like oxides. Their crystal structure is formed by negatively charged perovskite layers of BO6 octahedra, alternating regularly with interlayer spaces occupied by cations. Ion-exchangeable layered perovskites are classified into two structural types: the Dion−Jacobson phases A′[An−1BnO3n+1] and the Ruddlesden-Popper ones A′2[An−1BnO3n+1], where A′ is the interlayer alkali cation, A is the alkaline earth or transition cation, and B is Ti, Nb, etc.) [30,31,32]. Outstanding photocatalytic properties of these oxides and their protonated forms (A′ = H) appear to be due to the unique structure of the perovskite octahedron BO6, providing efficient separation of photogenerated charge carriers, and active involvement of the interlayer space in intercalation and ion exchange reactions [33,34,35,36,37,38,39,40,41,42], including probable penetration of reactant molecules into this zone during photocatalytic processes [43,44]. The main approaches to the further improvement of layered perovskites’ photocatalytic performance are known to be partial ionic substitution (doping) in the perovskite octahedra [45,46,47,48,49], preparation of composites with solid cocatalysts and photosensitizers [50,51,52,53,54,55,56,57], creation of Z-schemes [58,59,60,61,62], sensitization with organic dyes [63], as well as exfoliation into separate nanolayers [64].



One of the key features of protonated layered perovskite-like oxides is their pronounced reactivity with respect to some organic compounds. This allows forming hybrid inorganic−organic derivatives, consisting of the layered inorganic matrix and organic modifiers, chemically anchored to the interlayer space via oxygen vertices of the perovskite octahedra [65,66,67]. Two key approaches to the synthesis of such hybrid materials are intercalation of organic bases [68,69,70] and esterification-like grafting of alcohols [71,72,73], carbohydrates [74], alkoxysilanes [75], and organophosphorus acids [76]. Despite the wide range of inorganic−organic derivatives synthesized, until recently, any data on their photocatalytic activity towards hydrogen production have been practically absent due to probable concerns about their stability under operating conditions [77]. However, our recent studies [78,79,80,81] have shown that oxides HCa2Nb3O10 and H2Ln2Ti3O10 (Ln = La, Nd), preliminarily modified by interlayer n-alkylamines and n-alkoxy groups, demonstrate outstanding photocatalytic performance with regard to light-driven hydrogen evolution from aqueous methanol in the near-ultraviolet range. Particularly, these inorganic−organic derivatives were found to be up to 117 times more active than the unmodified oxides and provide apparent quantum efficiency of more than 40% after additional surface platinization. Despite the fact that the interlayer organic modifiers experienced partial or, in some cases, even complete degradation upon photocatalysis, the activity of the samples was maintained throughout the whole measurement time, and hydrogen was proven to evolve from the reaction solution, not from the sample material. With that said, the photocatalytic behavior of organically modified layered perovskites appears to be an interesting and promising research direction. Particularly, of special interest is the applicability of these materials to hydrogen production from other biomass components, such as carbohydrates.



This paper presents the results of the investigation of layered perovskites HCa2Nb3O10, H2La2Ti3O10, and their organically modified derivatives as photocatalysts for the conversion of aqueous D-glucose and D-xylose into hydrogen for the first time. The choice of particular inorganic−organic derivatives for photocatalytic tests was based on the results of our previous studies [78,79,80,81]: for each oxide, we selected one n-alkylamine and one n-alkoxy derivative that demonstrated the highest efficiency of hydrogen evolution from aqueous methanol with a Pt cocatalyst (n-butylamine and ethoxy derivatives of HCa2Nb3O10, ethylamine and ethoxy ones of H2La2Ti3O10). This study also pays special attention to the influence of Pt reduction conditions on the photocatalytic activity as well as to the role of the oxides’ interlayer space in the hydrogen generation reactions.




2. Materials and Methods


2.1. Synthesis of Initial Protonated Oxides


Alkaline layered perovskite-like oxides KCa2Nb3O10 (KCN3) and K2La2Ti3O10 (KLT3) were synthesized in accordance with the conventional ceramic method using preliminarily calcined Nb2O5, CaO, TiO2, La2O3, and K2CO3 as reactants (Vekton, Saint Petersburg, Russia). The oxides were weighed in stoichiometric amounts, and potassium carbonate was taken with a 30% excess to compensate for the loss during calcination. To prepare the reaction mixture, the reactants were placed into a grinding bowl with silicon nitride balls and ground under an n-heptane layer in a Fritsch Pulverisette 7 planetary micro mill (Fritsch, Idar-Oberstein, Germany) at a rotation speed of 600 rpm, using a program of 10 repetitions of 10 min each separated by 5 min intervals. The mixture obtained was dried and pelletized into ~2 g tablets at a pressure of 50 bar using an Omec PI 88.00 hydraulic press (Omec, Certaldo, Italy). Then, the tablets were placed into corundum crucibles with lids, calcined in a Nabertherm L-011K2RN muffle furnace (Nabertherm GmbH, Lilienthal, Germany) and, after cooling down, ground in an agate mortar. The temperature program of KCN3 synthesis consisted of two stages (800 °C for 12 h and 1100 °C for 24 h) with intermediate grinding and re-pelletizing. KLT3 was prepared via one-stage heating (1100 °C for 12 h).



To obtain the protonated niobate HCa2Nb3O10∙yH2O (HCN3), the KCN3 powder was treated with 12 M nitric acid at a ratio of 100 mL per 5 g of the sample at 25 °C for 1 day. After this, the product was centrifuged, thoroughly rinsed with water to remove acid residues and dried under ambient pressure. To avoid dehydration, HCN3 was further stored in an atmosphere of humid air. To prepare the protonated titanate H2La2Ti3O10 (HLT3), the KLT3 powder was kept in the atmosphere of humid air for 1 day. The hydrated alkaline titanate obtained was then treated with water at a ratio of 200 mL per 1 g of the sample for 1 h, centrifuged and stirred in 0.1 M hydrochloric acid, taken at the same ratio, for 1 day. Then, the final product was separated via centrifugation in a laboratory centrifuge ELMI CM-6MT (ELMI, Riga, Latvia) and dried in a desiccator over CaO for 2 days.




2.2. Synthesis of Inorganic−Organic Derivatives


The organic modification of the protonated oxides was performed in accordance with the methods developed and optimized in our previous reports [79,80,81].



To prepare the n-butylamine derivative HCN3×BuNH2 of the niobate, 0.25 g of HCN3, 9 mL of n-butylamine (Chemical line, Saint Petersburg, Russia), and 1 mL of distilled water were mixed in a sealed tube and stirred at 25 °C for 1 day. The ethoxy derivative HCN3×EtOH was synthesized under solvothermal conditions. For this, 1 g of HCN3 was mixed with 35 mL of a 96% azeotropic aqueous ethanol solution in a sealed PTFE vessel that than was inserted into a steel laboratory autoclave and, after intense shaking, kept at 100 °C for 7 days.



Ethylamine HLT3×EtNH2 and ethoxy HLT3×EtOH derivatives of the titanate were synthesized according to the strategy of successive replacement of some organic modifiers by others, since direct synthesis of the required samples in a pure single-phase state did not appear possible. HLT3×EtNH2 was prepared using the methylamine derivative HLT3×MeNH2 as a precursor, which, in turn, was obtained from the protonated titanate. For this, 1 g of the protonated sample was placed into a glass tube with 30 mL of 38% aqueous methylamine (Chemical line, Saint Petersburg, Russia), whereupon the mixture was sonicated on an ultrasonic homogenizer Hielscher UP200St (Hielscher, Teltow, Germany) at a half power for 5 min. Then, the tube was sealed, and the suspension was stirred at 60 °C for 10 days. The methylamine precursor was filtered, mixed with 30 mL of 70% aqueous ethylamine (Merck, Darmstadt, Germany) and stirred 25 °C for 1 day to obtain the target ethylamine derivative HLT3×EtNH2. The ethoxy derivative HLT3×EtOH was prepared on the basis of the n-butylamine precursor HLT3×BuNH2, which, in turn, was synthesized via a 1 day stirring of 1 g of the methylamine one in a 90% aqueous n-butylamine solution at 25 °C. One gram of the n-butylamine sample was mixed with 35 mL of a 96% azeotropic aqueous ethanol solution in a sealed polytetrafluoroethylene (PTFE) vessel that then was inserted into a steel laboratory autoclave and, after intense shaking, kept at 180 °C for 7 days.



All the final products were filtered and rinsed with acetone to remove residual organic reactants adsorbed on the surface. The synthesis conditions described are summarized in Table 1.




2.3. Investigation of Photocatalytic Activity


Photocatalytic activity was studied with respect to light-driven hydrogen production from 1 mol. % solutions of D-glucose and D-xylose in water for both bare samples and products of their modification with a 1% Pt cocatalyst under near-ultraviolet irradiation. The measurements were performed on the laboratory photocatalytic setting used in our previous reports [78,79,80,81] and described in detailes in Supporting Information Figure S1. The hydrogen formation rate ω, apparent quantum efficiency ϕ, and multiplicity of increase in the rate after Pt loading (platinization increase factor kPt) were chosen as quantitative indicators of the photocatalytic performance. The method for calculation ϕ is presented in Supporting Information Figure S2. Before the photocatalytic tests, the direct photolysis of the aqueous carbohydrates was investigated via their irradiation through a light filter in the absence of a catalyst and the detection of hydrogen evolved.



2.3.1. Testing the Activity of Bare Samples (No Cocatalyst)


To prepare the reaction suspension, 0.03 g of the sample were placed in a round-bottom flask containing 60 mL of 1 mol. % aqueous D-glucose or D-xylose. The flask was sealed, shaken and sonicated in an Elmasonic S10H bath (Elma, Singen, Germany) for 10 min. After this, 54 mL of the suspension obtained were pumped into the reaction compartment of the cell followed by turning on a magnetic stirrer, a light filter, a lamp, and an argon flow through the suspension. After 15 min, 4 mL of the suspension was taken from the cell to establish an actual volume concentration of the sample and pH of the medium before the photocatalytic measurement (c1, pH1). After 15 min, an argon purging of the reaction compartment was turned off, and the photocatalytic measurement, consisting in chromatographic analysis of the gaseous phase every 15 min, was conducted for 2 h. Afterwards, the lamp was turned off to organize a 45 min dark stage and monitor the potential activity of the sample in the absence of irradiation. Thereafter, 4 mL of the suspension were sampled to determine the volume concentration of the sample and pH of the medium at the end of the photocatalytic measurement (c2, pH2). After this, 30 mL of the residual suspension were centrifuged at a separation factor F = 1000 for 1 h to precipitate bulk particles and analyze the liquid phase composition (pH3).




2.3.2. Testing the Activity of Pt-Loaded Samples


Two ways of surface platinization were investigated: in situ Pt reduction in a 1 mol. % aqueous carbohydrate and preliminary reduction in 1 mol. % aqueous methanol. In the first case, 53 mL of the initial suspension in a carbohydrate were pumped into the reaction compartment. Fifteen minutes after turning on the stirrer, the light filter, the lamp, and argon, 1.1 mL of the 2.56 mM H2PtCl6 aqueous solution were injected into the reaction suspension to perform the photocatalytic platinization of the sample’s surface. The solution volume was calculated to provide the mass fraction of Pt in the photocatalyst of 1% assuming its full reduction. In the second case, the sample was initially dispersed in 53 mL of 1 mol. % aqueous methanol, platinized as described above, separated via filtering and then redispersed in a 1 mol. % carbohydrate.



The products of the direct in situ platinization were further designated as “sample/Pt” and those of the platinization in methanol as “sample/Pt(MeOH)”. In the study of all the platinized samples, the gas phase was analyzed every 5 min, and the dark stage duration was 20 min. Other experimental conditions and procedures were the same.





2.4. Instrumentation


2.4.1. XRD


Powder X-ray diffraction (XRD) analysis of the samples was performed on a Rigaku Miniflex II benchtop diffractometer (Rigaku, Tokyo, Japan) using CuKα radiation, an angle range of 2θ = 3°–60°, a scanning rate of 10°/min, and a step of 0.02°. The lattice parameters in the tetragonal system were calculated on the basis of all the diffraction peaks observed using the DiffracPlus Topas 4.2 software (Bruker, Karlsruhe, Germany).




2.4.2. Spectrophotometry


Spectrophotometric analyses of the photocatalytic suspensions were performed on a Thermo Scientific Genesys 10S UV–Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Measurements were conducted in the range of optical density A of <2 using 1 mol. % aqueous D-glucose or D-xylose for dilution and baseline recording. Actual volume concentrations of the samples (c1, c2) were calculated by means of previously built calibration plots (Supporting Information Figure S3).




2.4.3. pH Measurement


The pH values of a reaction suspensions’ medium were determined using a laboratory pH-meter Toledo SevenCompact S220 (Mettler-Toledo GmbH, Greifensee, Switzerland) equipped with an InLab Expert Pro-ISM electrode.




2.4.4. Other Methods of Analysis


The comprehensive characterization of the samples in question by means of Raman spectroscopy, 13C nuclear magnetic resonance (13C NMR), diffuse reflectance spectroscopy (DRS), thermogravimetry (TG), elemental CHN analysis, scanning electron microscopy (SEM), and Brunauer–Emmett–Teller method (BET) is presented in our previous reports [78,79,80,81].






3. Results and Discussion


3.1. Characterization of the Protonated Oxides and Their Inorganic−Organic Derivatives


The initial protonated oxides HCN3 and HLT3 as well as their alkylamine and alkoxy derivatives were identified by means of powder XRD analysis (Figure 1). The indexing of the patterns has revealed the successful synthesis of all the target compounds in a pure form without perceptible by-phases. Although the organic modification proceeded as a topochemical reaction (occurring with the preservation of the layered perovskite structure in general), the derivatives obtained were new individual crystalline phases, which caused the differences in the XRD patterns as compared to the initial materials. The main transformations observed from the XRD data were the expansion of the interlayer space by the organic components being inserted and change in the conformation (relative arrangement) of adjacent perovskite slabs during the formation of some derivatives. The aforementioned expansion of the layered structure along the c crystallographic axis is seen from the low-angle shift of the (00x) reflections and the corresponding increase in the c lattice parameter and interlayer distance d (Table 2), which is measured between the centers of adjacent perovskite layers. The perovskite conformation change may be predicted based on the different relation between c and d values in the initial oxide and its derivative. For instance, HCN3, HCN3×BuNH2, and HLT3×EtNH2 appeared to exist in an eclipsed conformation (without a relative shift of adjacent perovskite slabs, c = d), whilst HLT3, HLT3×EtOH, and HCN3×EtOH were probably stacked in a staggered conformation (with a relative shift of the slabs along lateral axes by a/2, c = 2d). Thus, the relative arrangement of adjacent perovskite slabs, apparently, changed in the course of ethanol grafting into the niobate and ethylamine intercalation into the titanate. At the same time, positions of some reflections, such as (110), (010), and (020), and the a lattice parameter hardly experienced perceptible changes upon the organic modification pointing to the preservation of the perovskite layer structure.



As shown in our previous reports [78,79,80,81], the alkylamine derivatives synthesized represented inorganic−organic intercalates with alkylammonium cations, associated with interlayer oxygen anions, and the alkoxy ones were those with organic chains grafted covalently to the perovskite matrix. In addition to the organic modifier, all the derivatives also contained some amounts of interlayer water (Table 2). Despite the aforementioned interlayer expansion, the bandgap energy of the inorganic−organic samples hardly differed much from that of the initial protonated oxides, since energy bands of the materials in question are known to be formed by the atoms of perovskite octahedra [82]. Thus, the operation ranges of both protonated and organically modified oxides were near ultraviolet. Taking into account the DRT-125 lamp spectrum (Supporting Information Figure S4), the differences in the long-wavelength absorption edge of HLT3, HCN3, HCN3×BuNH2, and HCN3×EtOH samples (Table 2) cannot be a weighty reason for those in their photocatalytic performance, since the lamp did not have emission bands in the range of 343–360 nm. The red absorption edges of HLT3×EtNH2 (366 nm) and HLT3×EtOH (364 nm) were located near an intense lamp peak at 365 nm, which could cause a higher photocatalytic activity of these samples due to a greater amount of available light. However, since the 365 nm emission peak coincided with the optical absorption edge of the samples, the quantum yield of the photocatalytic reaction at this wavelength was scarcely high. With that said, the possible absorption at 365 nm was not taken into account, while calculating the quantum efficiency ϕ and, consequently, its value for inorganic−organic derivatives of HLT3 may be overestimated.



The specific surface areas of the samples (Table 2) were relatively low by the standards of heterogeneous photocatalysts, which is predominantly due to the ceramic synthesis of the alkaline precursors, providing a high crystallinity but strong intergrowth of the polycrystals. Nevertheless, the inorganic−organic derivatives in question have demonstrated impressive photocatalytic performance with respect to hydrogen production from aqueous alcohols, probably due to the unique layered structure and active involvement of the interlayer space in promoting the target reaction [78,79,80,81].




3.2. Photocatalytic Activity with Respect to Carbohydrates Reforming


The photocatalytic measurements were aimed at studying the kinetics of hydrogen evolution from 1 mol. % solutions of D-glucose and D-xylose in water, the influence of the platinization method on the catalytic performance, the stability of the reaction suspensions, and changes in their composition during photocatalysis. Dark stages organized at the end of each experiment (Figure 2 and Supporting Information Figures S5–S7) proved the photocatalytic nature of the hydrogen evolution reactions, since the reaction rate became zero as soon as the radiation source was switched off.



Preliminary experiments on the ultraviolet irradiation (λ > 220 nm) of the aqueous carbohydrates in the absence of a catalyst revealed that D-glucose and D-xylose underwent direct photolysis, accompanied by hydrogen formation at rates of 2.7 and 3.2 μmol/h, respectively (Supporting Information Figure S5). The use of bare protonated oxides HCN3 and HLT3 as photocatalysts allowed one to improve the hydrogen generation rate up to 5.1 times under the same irradiation conditions, achieving apparent quantum efficiencies of ϕ = 0.2% for HCN3 and ϕ = 0.1% for HLT3 (Table 3). As in methanol [80,81], the photocatalytic performance of the niobate in D-glucose turns out to be much greater than that of the titanate. A potential reason for this difference is high hydratability of the HCN3’s interlayer space (HCN3·1.5H2O), which is not typical of HLT3. The intercalated water may serve as a source of reactive hydroxyl radicals, involved in the oxidation of a sacrificial agent along with photogenerated holes and additionally increasing the photocatalytic reaction rate. The photocatalytic in situ platinization of the protonated niobate and titanate allowed increasing the rate of D-glucose conversion into hydrogen by approximately 7 and 17 times, respectively (Table 3). Photoreduced Pt nanoparticles function as a cocatalyst, facilitating surface charge separation and creating active sites for hydrogen evolution [83]. Meanwhile, the in situ Pt reduction was found not to be an optimal method for the platinization of the protonated oxides. The latter, previously platinized in aqueous methanol, exhibited a 1.5–1.8 times greater performance in the reaction of D-glucose reforming (Table 3), which pointed to a better reducing ability of relatively small methanol in comparison with that of the bulky carbohydrate.



All the inorganic−organic derivatives obtained showed an enhanced photocatalytic activity in both carbohydrates as compared with in the initial protonated oxides (Figure 2). The most active sample among bare ones tested in D-glucose was the ethoxy derivative HLT3×EtOH (ϕ = 0.50%) being superior to the protonated titanate HLT3 by 8.3 times. After in situ platinization, the greatest activity values were exhibited by the n-butylamine derivative of the niobate HCN3×BuNH2/Pt (ϕ = 7.5% in D-glucose and ϕ = 8.8% in D-xylose). Thus, the organically modified samples represent promising photocatalytic materials for hydrogen production, not only from methanol solutions but also from those of carbohydrates.



The rigorous evaluation of the photocatalytic activity achieved in relation to the results reported earlier was complicated by the fact that different research groups tested the samples’ performance under unequal conditions (light source, catalyst and carbohydrate concentrations, cocatalyst loading, etc.), which made it impossible to compare directly hydrogen evolution rates in the absence of quantum efficiency data. In general, the activity of organically modified and platinized samples towards hydrogen production from D-glucose and D-xylose (Table 3) exceeded that demonstrated by TiO2-based photocatalysts (TiO2/Pt and TiO2/RuO2/Pt) under similar experimental conditions or had a comparable value [7,21]. At the same time, it is important to keep in mind that widely used TiO2 P25 Degussa and its derivatives have an order of magnitude greater specific surface area than layered perovskite-like oxides presented in this study. As a consequence, the latter have the advantage of the activity normalized per unit area, even if the gross activity of a TiO2-based material proves to be higher.



The available experimental data still did not allow interpreting strictly the derivatives’ increased photocatalytic performance. However, taking into account structural features of these compounds and the hypothesis about their interlayer space as an additional reaction zone in photocatalysis, we can associate the aforementioned activity increase with the greater accessibility of the organically modified interlayer space for reactants. It has been shown on different photocatalytic materials [84,85,86] that the dissociative adsorption of alcohols yielding grafted alkoxy groups is an important step of their photooxidation. In our case, this process is likely to occur in the interlayer space of the modified oxide, which is supported by the very fact of the successful synthesis of grafted derivatives. Despite the partial or, in some cases, even complete decomposition of inserted organic components during photocatalysis [79,80,81], the interlayer reaction zone appeared to remain expanded and continue functioning at least as long as the sample was in the reaction medium, which accounted for the increased activity. Moreover, the enlarged interlayer distance d of the inorganic−organic derivatives could facilitate the penetration and reduction of H2PtCl6 within the interlayer zone forming there new active sites of hydrogen evolution.



Unlike the protonated oxides, all the inorganic−organic samples platinized in situ demonstrated greater activity than those decorated with Pt previously in aqueous methanol (Table 3). In view of the above, a reason for this difference may be the aforementioned degradation of interlayer organic modifiers during irradiation in aqueous methanol followed by the irreversible interlayer space contraction upon the sample separation and drying. In this case, the interlayer distance, apparently, was restored, which limited the supply of reactants into the interlayer zone and thereby decreased the activity.



No matter whether the interlayer organic modifiers decomposed or not, the hydrogen was formed from the carbohydrate solution, not from the sample itself, which was confirmed by the following calculations. For instance, the ethoxy derivative HLT3×EtOH/Pt tested in D-glucose gave 745 μmol H2 throughout the 2 h photocatalytic experiment, which exceeded 8.6 times the H2 amount that could have been formed potentially in the course of the complete decomposition of the grafted ethoxy groups, contained in 25 mg of the sample (86.5 μmol H2), while the activity was maintained. Thus, the reaction of hydrogen production indeed can be considered catalytic.



Another evidence of the participation of the inorganic−organic derivatives’ interlayer space in photocatalytic reactions is a strong correlation of their activity with the reactant molecules’ size (Figure 3). For the example of the HLT3-based inorganic−organic samples, it was clearly seen that the quantum efficiency of hydrogen production increased by 5–7 times when going from aqueous carbohydrates to aqueous methanol. At the same time, the performance of the unmodified protonated titanate increased no more than 1.5 times and thereby depended on the specific sacrificial agent’s size rather weakly. These experimental facts indicated that the interlayer space indeed functions as an additional reaction zone but the contribution of this zone in total photocatalytic performance is expressly dependent on the steric characteristics of reactants (at close values of redox potentials). For instance, relatively small methanol molecules readily penetrate the interlayer space and undergo oxidation while bulky D-glucose ones react predominantly at the boundary of the interlayer space with the reaction medium and on the external crystal surface (Figure 4).



According to the data on the analysis of the photocatalytic suspensions (Supporting Information Figures S8 and S9), the inorganic−organic derivatives (especially alkylamine ones) demonstrated good dispersibility in aqueous carbohydrates and provided noticeably greater volume concentrations than the initial protonated oxides taken in the same amount. However, HCN3-based samples formed more stable suspensions than HLT3-based ones: the latter precipitated more intensely on the cell walls despite the continuous stirring, because of which the actual volume concentrations decrease during the photocatalytic measurement by two or more times. This can explain deviations of some kinetic curves from a linear course.



Most of the studied samples provided weakly acidic pH values of the reaction medium (Supporting Information Figure S8), which should have a beneficial effect on the hydrogen production rate. Unlike aqueous methanol [79,80,81], solutions of carbohydrates appeared to suppress the deintercalation of amines from the alkylamine derivatives, since the latter gave suspensions with subacidic or at least neutral pH.



Generally, pH values of the reaction medium decreased during photocatalytic hydrogen generation (Supporting Information Figure S8). In addition, the final reaction solutions analyzed after centrifugation (Figure 5) showed pronounced absorption bands in the near ultraviolet region, which were not associated with residual suspended particles since the solutions did not exhibit the Tyndall effect being illuminated by a laser. Moreover, the peak intensities generally correlated with the photocatalytic performance of the corresponding samples. The aforementioned pH reduction and appearance of the spectra indicated that the aldonic acids were one (but apparently not the only) of the liquid-phase products of the carbohydrates reforming [87].





4. Conclusions


The present study has shown that organically modified layered perovskite-like oxides HCN3 and HLT3 can be used for the efficient photocatalytic conversion of aqueous carbohydrates into hydrogen fuel. The derivatives were superior in the photocatalytic activity to the unmodified oxides up to 8.3 times and, after surface platinization, exhibited apparent quantum efficiency up to 8.8%. However, the in situ platinization of the organically modified samples provided greater catalytic performance than that preliminarily conducted in aqueous methanol. Experimental data indicated that the interlayer space of the organically modified photocatalysts functions as an additional reaction zone in the photocatalytic hydrogen production and the contribution of this zone to the overall activity is dependent on the steric characteristics of the sacrificial agent used.
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Figure 1. XRD patterns of the samples obtained via the protonation of initial oxides (HLT3 and HCN3), subsequent intercalation of amines (HCN3×RNH2 and HLT3×RNH2), and grafting of alcohols (HCN3×ROH and HLT3×ROH). 
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Figure 2. Kinetic curves of hydrogen generation from 1 mol. % aqueous D-glucose over the protonated oxides, inorganic−organic derivatives, and products of their in situ platinization under near ultraviolet irradiation. 
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Figure 3. Comparison of the apparent quantum efficiency of hydrogen evolution from aqueous solutions of carbohydrates and methanol over platinized HLT3-based photocatalysts. 
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Figure 4. Interlayer space as an additional reaction zone in photocatalytic hydrogen generation. 
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Figure 5. Ultraviolet absorption spectra of the reaction solutions after photocatalytic experiments (5× dilution; solid samples were separated via centrifugation). 
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Table 1. Conditions for the synthesis of the inorganic−organic derivatives.






Table 1. Conditions for the synthesis of the inorganic−organic derivatives.





	Sample
	Precursor
	Organic Content in the

Reaction Mixture

(vol. %)
	Temperature (°C)
	Duration (d)





	HCN3×BuNH2
	HCN3
	90
	25
	1



	HCN3×EtOH
	HCN3
	96
	100
	7



	HLT3×EtNH2
	HLT3×MeNH2
	70
	25
	1



	HLT3×EtOH
	HLT3×BuNH2
	96
	180
	7
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Table 2. Lattice parameters in the tetragonal system, interlayer distances d, quantitative compositions (interlayer organic x and water y content per formula unit), light absorption edge, and specific surface areas of the samples.






Table 2. Lattice parameters in the tetragonal system, interlayer distances d, quantitative compositions (interlayer organic x and water y content per formula unit), light absorption edge, and specific surface areas of the samples.





	Sample
	a (Å)
	c (Å)
	d (Å)
	x
	y
	Eg (eV)
	λmax (nm)
	S (m2/g)





	HCN3
	3.82
	16.0
	16.0
	−
	1.50
	3.50
	354
	7.6



	HCN3×BuNH2
	3.86
	25.4
	25.4
	1.00
	0.45
	3.62
	343
	5.0



	HCN3×EtOH
	3.86
	35.8
	17.9
	0.90
	0.45
	3.50
	354
	3.9



	HLT3
	3.79
	27.2
	13.6
	−
	0.15
	3.44
	360
	3.2



	HLT3×EtNH2
	3.82
	20.2
	20.2
	0.70
	0.35
	3.39
	366
	− *



	HLT3×EtOH
	3.83
	39.5
	19.8
	0.85
	0.40
	3.41
	364
	− *







* not measured.
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Table 3. Photocatalytic activity of the protonated oxides and inorganic−organic derivatives.
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Sample

	
ω (μmol/h)

	
ϕ (%)

	
kPt






	
D-glucose

	
HCN3

	
14

	
0.2

	
−




	
HCN3/Pt

	
95

	
1.6

	
7




	
HCN3/Pt(MeOH)

	
140

	
2.4

	
10




	
HCN3×BuNH2

	
21

	
0.4

	
−




	
HCN3×BuNH2/Pt

	
450

	
7.5

	
21




	
HCN3×BuNH2/Pt(MeOH)

	
410

	
6.8

	
20




	
HCN3×EtOH

	
20

	
0.3

	
−




	
HCN3×EtOH/Pt

	
200

	
3.3

	
10




	
HCN3×EtOH/Pt(MeOH)

	
170

	
2.8

	
9




	
HLT3

	
4

	
0.1

	
−




	
HLT3/Pt

	
61

	
1.0

	
15




	
HLT3/Pt(MeOH)

	
110

	
1.8

	
28




	
HLT3×EtNH2

	
10

	
0.2

	
−




	
HLT3×EtNH2/Pt

	
270

	
4.5

	
27




	
HLT3×EtNH2/Pt(MeOH)

	
240

	
4.0

	
24




	
HLT3×EtOH

	
30

	
0.5

	
−




	
HLT3×EtOH/Pt

	
360

	
6.0

	
12




	
HLT3×EtOH/Pt(MeOH)

	
120

	
2.0

	
4




	
D-xylose

	
HCN3/Pt

	
88

	
1.5

	
−




	
HCN3×BuNH2/Pt

	
530

	
8.8

	
−




	
HCN3×EtOH/Pt

	
140

	
2.3

	
−




	
HLT3/Pt

	
48

	
0.80

	
−




	
HLT3×EtNH2/Pt

	
380

	
6.3

	
−




	
HLT3×EtOH/Pt

	
420

	
7.0

	
−
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