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Abstract

:

Photoreforming is a process that connects the redox capability of photocatalysts upon light illumination to simultaneously drive the reduction of protons into hydrogen and the oxidation of organic substrates. Over the past few decades, researchers have devoted substantial efforts to enhancing the photocatalytic activity of the catalyst in hydrogen production. Currently, the realization of the potential of photocatalysts for simultaneous hydrogen production with value-added organics has motivated the research field to use the photo-oxidation path. As a distinct benefit, the less energetically demanding organic reforming is highly favorable compared to the slow kinetics of oxygen evolution, negating the need for expensive and/or harmful hole scavengers. Photocatalyst modifications, such as secondary component deposition, doping, defect, phase and morphology engineering, have been the main strategies adopted to tune the photo-oxidation pathways and oxidation products. The effect of the reaction parameters, including temperature, pH, reactant concentration and promising reactor strategies, can further enhance selectivity toward desired outcomes. This review provides a critical overview of photocatalysts in hydrogen production, including chemical reactions occurring with semiconductors and co-catalysts. The use of various oxygenates as sacrificial agents for hydrogen production is outlined in view of the transition of fossil fuels to clean energy. This review mainly focuses on recent development in the photoreforming of carboxylic acids, produced from the primary source, lignocellulose, through pyrolysis. The photo-oxidation of different carboxylic acids, e.g., formic acid, acetic acid and lactic acid, over different photocatalysts for hydrogen production is reviewed.
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1. Introduction


One of the major technological challenges in today’s world is obtaining a sustainable clean energy source. Over the past few decades, the world’s energy consumption has increased exponentially due to overpopulation, overconsumption and aged energy storage systems, leading to the high consumption of non-renewable fossil fuels [1]. The more extensive use of fossil fuels results in elevated concentrations of atmospheric greenhouse gases; for example, carbon dioxide affects the environment of the total globe, which causes deviation and threatens biodiversity [2]. To overcome these major problems of the present earth, breakthrough solutions and innovative energy production technologies depending on renewable resources are required to compensate for carbon debt. As the world is traversing toward carbonless and renewable energy sources, hydrogen (H2) is becoming an increasingly powerful medium as a versatile energy carrier, enabling a globe with a zero-emission economy, and it has higher energy density than the conventional fossil-fuel-based sources [3]. H2 is a lightweight energy carrier, which can be easily converted into electricity and drinkable water as a byproduct via fuel cell technology. Therefore, H2 can prevent emissions from the transport and energy sectors, making the system emission-free. Moreover, it has been used in the production of chemicals such as ammonia (through Haber’s process), urea and in the manufacturing of steel. Here, in these processes, used H2 was derived from the gasification of coal [4], water gas shift reactions [5] and methane reforming [6]. These traditional hydrogen production methods have carbon dioxide footprints and are not renewable, environment-friendly and sustainable procedures. Most of the methods mentioned above require high temperatures, pressure conditions and the use of an external bias or non-renewable fossil fuels. Therefore, there is a need to produce hydrogen from renewable, sustainable and environmentally benign sources of green origin, which should be cost-effective [7]. Therefore, industries and transport sections can use hydrogen fuel efficiently and meet our energy demands for energy storage resolutions. As a result, moving from non-renewable fossil fuels to the hydrogen economy requires effective methodologies to allow clean, sustainable and cost-effective production and H2 storage systems. Various types of technologies have been projected so far, such as chemical, thermal, electrochemical, photo electrolytic and photocatalytic processes. These methods make use of water, biomass waste and fossil fuels as feed stocks for the generation of hydrogen [8]. In recent trends, solar-light-assisted methods utilizing solar radiations and water/renewable precursors have advantages and have gained noteworthy attraction over the past few decades. Recent investigation has predicted that H2 production using solar-light-supported methods are more advantageous than the traditional technologies, which are based non-renewable energy sources. The photocatalytic water-splitting reactions takes place via two half reactions (i.e., proton reduction and the transferring of four electrons for the oxidation of water) [9].


2H+ + 2e− → H2 (hydrogen evolution)



(1)






2H2O + 4H+ → O2 + 4H+ (oxygen evolution)



(2)






2H2O → 2O2 + 2H2 (overall water splitting)



(3)







Subsequently, in 1972 Honda and Fusishima described the effective use of visible light radiation in an electrochemical system to decompose water into O2 and H2 using TiO2 as a photocatalyst [10]. Various types of catalysts are used in the water’s electrocatalytic and photocatalytic H2 production. The most demanding and exciting process is the photocatalytic production of H2 from water at ambient temperature and pressure, which converts and stores solar energy in the form of chemical energy [11]. Even though photocatalytic H2 production has neutral carbon footprints and renewable energy sources (secondary light sources or direct sunlight), it has encountered some challenges. Initially, it lacked advanced photocatalysts, which have more thermodynamic barriers for overall water splitting, which results in higher energy requirements with respect to intense light sources and requires a suitable sacrificial agent [12,13]. Various methods have been proposed to enhance the photocatalytic efficiency of catalysts in the form of structural modification, tuned morphology, the addition of cocatalysts, etc., which are mainly implemented for better charge generation and transfer efficiency. However, practical efforts are still required for the further enhancement of quantum efficiency and high yield production [14]. In addition, geographic segregation and the scarcity of clean water for conventional water splitting has led to challenging interests in using portable water sources. Therefore, to overcome these aforementioned challenges, photocatalytic H2 production with simultaneous organic reforming (photoreforming) is an efficient alternative method. The photoreforming reaction occurs via the oxidation of organic molecules [15]. This organic support acts as a proton source. Therefore, it is a coupling reaction of substrate oxidation and proton reduction. The primary reaction is as shown in the following equation: [16,17].


CxHyOz + (2x − z) H2O → (2x − z + y) H2 + xCO2



(4)







The advantages of the photoreforming process over traditional photocatalytic water splitting include: the backwards reaction of O2 and H2 during photocatalytic water splitting can be prevented; organic precursors or biomass are employed, which is a less energy-consuming process to replace kinetically sluggish oxygen evolution reactions by allowing higher efficiency in H2 evolution; and waste/biomass can be converted into valuable products or organic compounds. The use of organics in photocatalytic H2 production gives an alternative catalytic path; heat-absorbing organic molecules replace the vast energy required for water oxidation with organic molecule oxidation, which has lesser Gibbs free energy and leads to a lower thermodynamic energy barrier [18]. In this process, chemical feedstocks can be used from industries (food and beverages), agricultural waste and organics to simplify the reaction. Researchers have mainly focused on the photocatalytic oxidation of organics and biomass degradation during the last few decades, although various mechanistic depth investigations have been undertaken [19]. Most of the works concentrate exclusively on enhancing H2 production efficiency or increasing the selectivity in the oxidation process. The coupling of H2 production and selective organic oxidation into valuable products remains incoherent. Most of the studies have demonstrated the mechanism of the formation of H2 with increased efficiency without considering the oxidation mechanism. Understanding the oxidation and reduction mechanism in the whole photoreforming process is vital to realizing the potential of selective photoreforming in producing the H2 and individual organic molecules. In this context, the implementation of photoreforming process on an industrial scale and the selectivity of organic oxidation play an essential role in the formation of specific valuable organic products. For example, the oxidation of glycerol can produce glyceraldehyde, glyceric acid and glycolic acid [20] while preventing the generation of waste products results in photoreforming, which is the only process producing H2 with waste management [21]. The reaction selectivity and efficiency can be obtained by rationalizing catalyst material and reaction [22] media. This method allows a great opportunity to synthesize a particular organic molecule with simultaneous reductions in dependence on non-renewable fuels.



The present review describes the importance of photocatalysis in hydrogen formation with the support of literature reports, including review articles. The photoreforming of carboxylic acids into hydrogen with byproducts is expressed systematically, and the effect of catalytic materials, cocatalysts and sacrificial agents is reviewed thoroughly. A brief introduction to elementary steps in the photoreforming of carboxylic acids has been given. The impact of using organic acids on the production of H2 is discussed critically. Considerations of recent developments in novel synthetic strategies and activity toward the photoreforming of acids are discussed with organic/inorganic photocatalysts.




2. Details of the Photoreforming Process


The photocatalytic reactions occur through a chain of events in the presence of semiconducting materials. The photocatalytic reactions in different conditions are summarized in Figure 1 for water splitting and photoreforming reactions. In a photoreforming reaction, the initial crucial step is light absorption and the formation of charge carriers, such as electrons and hole pairs (e−/h+). This charge carrier pair formation should occur upon irradiating the solar radiation on semiconducting materials using visible region energy, and to cause the reaction, the catalytic materials should be exposed to higher-energy radiation than its band gap energy. The electrons (e−) from the valence band (VB) are excited to the conduction band (CB) by leaving holes (h+) behind [23]. The photogenerated charge carriers follow various pathways, such as the recombination of charge carriers at bulk/surface of catalyst leads to decrease in photocatalytic activity. Once these charge carriers are separated and transferred to the catalyst surface, they can reduce and oxidize the reactants. The formation and realization of a specific reaction are related to the band structures of semiconducting materials. The capacity of e− and h+ towards reduction and oxidation reactions can be defined using the edge potentials of CB and VB [15].



In the photocatalytic production of H2, the bottom of the VB should be more negative than the H+/H2 redox couple (0 V vs. NHE) at a neutral pH. In a water-splitting reaction for the oxidation of water, the top of the VB should be more positive than the O2/H2O oxidation potential of 1.23 vs. NHE at a neutral pH [24]. Therefore, theoretically, the minimal value for the oxidation of water is 1.23 V vs. NHE at a neutral pH. In practice, this value increases to 2–2.4 eV because of the kinetic over-potential and energy loss during a reaction. With respect to thermodynamical parameters, water splitting requires higher positive Gibbs free energy (ΔG0 = +237.2 kJ/mol) [25]. This oxidation reaction is an endothermic half-reaction; however, the overall reaction provides H+ and e− for the reduction reaction to produce H2. The mechanism involved in photoreforming, photocatalytic water splitting and photo-organic oxidation is displayed in Figure 1. In recent years, the demand for oxygen evolution reaction has been a bottleneck for the water-splitting reaction. Subsequently, there are narrow band gap (Eg) materials, which can catalyze both the oxidation and reduction reactions. In particular, working at a neutral pH is more challenging with respect to thermodynamics due to the lower availability of protons. Usually, in order to assess the capacity of photocatalysts, sacrificial agents are used to control the productivity towards one of the two half-reactions. However, the catalytic activity of the material towards one of the two half-reactions of water splitting is not necessary to be active for overall water splitting. In the photoreforming process, the oxidation potential is 0.08 V vs. NHE using organic substrates for scavenging h+ more productively, which consumes h+ rapidly by preventing charge recombination. Moreover, it can serve as a proton source [26]. With respect to thermodynamic studies, the photoreforming process is less challenging than water splitting, and it also reduces the reversible combination of H2 and O2. Therefore, the photoreforming process can be considered realistic; when the scavenging agents are abundant and easily accessible, sustainable and cost effective [15]. Various types of semiconducting materials have been established and utilized in photo-assisted H2 production processes. Despite noteworthy efforts, efficiency and promising results are far from commercialization. Among all the reported photocatalytic materials, TiO2 is most widely used because of its non-toxicity, chemical stability and low cost. In addition, TiO2 displays a high rate of recombination, and it has wide band gap of around 3.2 eV for anatase, which absorbs the UV light range. This results in low efficient materials towards photocatalysts because solar energy has only 3 to 4% of UV radiation [27]. Generally, an ideal photocatalyst should have the following properties: it should be efficient towards harvesting sun light and generating the redox charge carriers, it should have stability under working conditions and it should be more economical.



Along with this, some technical challenges are designing the appropriate semiconductors with effective charge carrier separation, a high rate of diffusion of the produced charge carriers and their movement towards the active centers of the surface, the appropriate arrangement of edge potentials in the CB and VB for the desired reactions, exposed reaction sites and easy preparation of catalytic materials without using infrequent materials [28]. This results in the enhancement of the efficiency of the catalyst, mainly depending on engineering materials, which should lead towards improving the significant parameters. The band gap, band positions and redox potentials of various types of photocatalytic materials are described in Figure 2.




3. Types of Organics (Oxygenates) in the Photoreforming Process for H2 Production


The photo-formation of H2 from different organic molecules in the existence of semiconducting materials was first introduced by Kawai and Sakata in the initial stage of the 1980s. Various organic molecules are used in photocatalytic reactions, i.e., sugars and carboxylic acids over RuO2/TiO2 [29] and Pt/TiO2 [30], respectively. In the last several decades, various sacrificial agents have been used in the production of hydrogen, for example, glycerol, glucose, ethanol [31], methanol [32], carboxylic acids [33], amino acids, biomass [34], fossil fuels, etc. Earlier reports suggest that the photo formation of H2 from water using hydrocarbons as a sacrificial mediator has recently attracted considerable attention. Research mainly focuses on the improvement of the efficiency of catalyst materials and also on the technological aspects and behavior of sacrificial agents towards efficiency. Various organic molecules have been demonstrated previously. Sacrificial agent/hole scavengers play a crucial role in the photoproduction of H2. The need for refilling sacrificial reagents in order to sustain high rates of reaction precludes their effective use for large-scale and continuous production of H2. Alternatively, sacrificial reagents can be used to assess the photocatalytic efficiency of H2 evolution [35]. Mainly, the fundamental mechanism associated with hydrogen-containing sacrificial reagents is whether these reagents simply serve as hole scavengers, which means that the species rapidly react with holes diminish their amount and thus stop their recombination with photogenerated electrons, leading towards higher efficiency. In addition, sacrificial agents may contribute their hydrogen atoms to produce H2 [36]. The most commonly used sacrificial agent is methanol due to its simplicity, its high amount of hydrogen, its understandable reaction mechanism and its capability of capturing h+. Earlier, methanol was used as an ideal feed stock in photoreforming [37]. The photochemical reaction of methanol and its degradation products are described as follows:


H2O (1) + h+ → •OH + H+



(5)






CH3OH (1) + •OH → •CH2OH + H2O



(6)






•CH2OH → HCHO + H+ + e−



(7)






2H+ + 2e− → H2 (g)



(8)






HCHO (1) + H2O (1) → HCOOH (1) + H2 (g)



(9)






HCOOH (1) → CO2 (g) + H2 (g)



(10)







Overall reaction:


CH3OH (l) + H2O → CO2 (g) + 3H2 (g)



(11)







For the first time, H2 production was performed using methanol by Kawai and Sakata in the 1980s. The proposed plausible mechanism predicted the formation of formaldehyde then into formic acid and further decomposing into H2 and carbon dioxide [29]. Li et al. reported the efficiency of hydrogen production in the presence of various sacrificial agents, thus showing improvement in photocatalytic activity by reducing the C/OH ratio. In addition, the scavengers react with hydroxyl radicals, enhancing the activity with the simplest molecule structure [38]. The systematic investigation was conducted using functionalized TiO2 with various noble and earth-abundant elements [39]. Recent research reports that copper-impregnated TiO2 [40], niobium pentoxides [41] MoS2/TiO2 [42] and H-Doped TiO2-x (H:TiO2-x) [43] are used in the photoreforming of methanol into hydrogen. Paramasivan et al. reported in situ simultaneous copper-deposition-enhanced photocatalytic hydrogen production from aqueous methanol solutions using ZnO as a photocatalyst. Hydrogen production was increased to be 130 times better than bare ZnO, and Cu-deposited Zn responded to visible light for hydrogen formation. The photogenerated holes attack methanol to form formaldehyde, which is further oxidized with OH radicals, and the holes produce formic acid. The photogenerated electrons reduce copper ions into a metallic copper cluster, which stores electrons. The electron sink role of Cu in ZnO enhances the separation of photogenerated electron–hole pairs and thus prevents the recombination of electron–hole pairs [44]. The schematic mechanism is shown in Figure 3a. Various transition metals as photocatalytic materials are used in hydrogen generation [45]. Furthermore, ethanol was investigated as a sacrificial agent in photoreforming H2 formation, because it can be obtained from biomass (cellulose and lignocellulose). Ethanol photoreforming includes the production of acetic acid and acetaldehyde, which is associated with the reduction of H+. There are other reaction pathways, including the direct reaction of h+ with ethanol that produces acetaldehyde by forming ethoxide ions on the catalyst surface and the oxidation of ethanol through OH· formation [46]. The produced byproducts are mainly acetaldehyde and CO, CO2, C2H4 and C2H6 in different amounts, as described in the following reaction [47,48]:


CH3CH2OH + TiO2 → (s) CH3CH2-Ti+4 + (s) OH



(12)






TiO2 + UV light → 2e− (p) + 2h+



(13)






(s) CH3CH2O-Ti+4 + 2h+ → (s) CH3OH + Ti+4



(14)






(s) 2OH + e− (p) → H2+ (S) 2O2



(15)







Here, (s) represents the surface of the photocatalyst, and (p) represents photoexcited electrons.



The ethanol oxidation produced H2 with 50% quantum efficiency using Pt/TiO2 catalyst. Recently, ethanol oxidation was carried out on Au and TiO2 (Figure 3b) [49] and in-situ photo-deposited Ni cocatalysts carbon nitride with cyanamide functionalities to enhance the activity and selectivity. The cyanamide functionalities mainly promote hole scavenging for ethanol oxidation [50]. Glycerol is a byproduct of the biodiesel and soap industry, which produces a large amount of 10 wt%. As it has less demand in the market, it is considered waste and is used in H2 production in photoreforming. As glycerol is a hydrogen source and an e− releaser, various catalysts, such as engineered TiO2-based photocatalysts, are used. The photoreforming of glycerol produces acids, ketones and alcohols, as described in the following Equations (16) and (17) [51].


C3H8O3 + 3H2O + 14 h+ (VB) → intermediates (C2H4O2, C2H2O3, C2H4O3, C3H6O3, etc.) → 3CO2 + 14 H+



(16)






14 H+ + 14 e− (CB) → 7 H2 (g)



(17)







Further research continued to use various catalysts, such as 2D Au/TiO2 [52], Pt/TiO2-Nb2O5 [53] and Au-NPs embedded in WO3/TiO2 (Figure 3c) [54] in recent studies for water and glycerol mixture reforming into hydrogen. Furthermore, polysaccharides are gaining more attention in the photoreforming process due to their thermodynamically acceptable nature with negative Gibbs free energy. Glucose can mainly be extracted from cellulose hydrolysis, and a higher amount of sugar is found in wastewater from food processing industries. Therefore, various photocatalysts are checked to obtain H2. The glucose-reforming mechanism was initially investigated in 1983 by Michael R. St. Jhon et al. on a platinized TiO2 surface [55]. It was thoroughly studied using d-glucose, and they proposed a detailed reaction mechanism in glucose reforming, as summarized in the following reaction Equations (18)–(23) [56,57].


C6H12O6 + H2O (ANA) → C5H10O5 + HCOOH + H2 (g)



(18)






C5H10O5 + H2O → C4H8O4 + HCOOH + H2 (g)



(19)






C4H8O4 + H2O + HCOOH + H2 (g) (A) → HCOOH + H2 (g) + CO2 (g)



(20)






    C 6   H 12   O 6      →    TiO  2  ,    hv  ,    H 2  O ,      O   2        C 6   H 12   O 7    



(21)






   C 6   H 12   O 7     →    TiO  2  ,    hv  ,      H   2  O ,      O   2       C 6   H 10   O 8     



(22)






   C 6   H 10   O 8     →    TiO  2  ,    hv  ,      H   2  O ,      O   2      HCOOH +  H  2 ( g )   +    CO 2    ( g )    



(23)







Here, ANA represents the anaerobic condition, and A represents the aerobic condition.



In recent studies, graphene dots functionalized with Pt cocatalysts were used in the photo reforming of cellulose in an alkaline medium, which forms glucose in the first step, and continuous H2 production for 6 days was achieved, as displayed in Figure 3d [58]. The photoreforming of protein molecules, amines and amino acids was studied using glycine and glutamic acid, which are the most common in living organisms [59]. The irradiation of these amino acids and proteins in the presence of Pt/TiO2 results in the production of H2 and CO2 in neutral water and H2 and NH3 in alkaline. Both NH3 in neutral solutions and CO2 in basic solutions were absorbed in water and not released in the gas phase [60]; moreover, CO2 can be reduced in valuable fuels [61]. As discussed above, along with photo conversion of biomass-derived compounds, the employment of raw biomass materials for photoreforming was also explored, in which photo generated holes oxidizes biomass substrates and electrons drove photoexcitation. However, the selective photo-transformation of unprocessed biomass into valuable products is a still difficult task. Very few efforts have been made to obtain the selective chemical transformation of unprocessed biomass into useful products. Initially, Greenbaum et al. used ZnO as a catalyst material for directly converting biomass into hydrocarbons and O2 under UV-visible light radiation [62]. In addition, Wu et al. reported an efficient approach toward producing functionalized aromatic compounds from lignin with a lignocellulosic biomass over CdS quantum dots. The mechanistic investigation indicated that both photoinduced electrons and holes are involved in the cleavage of the β-O-4 linkage of lignin via the EHCO mechanism. Most of the efforts are dedicated to sustainable hydrogen production by combining the simultaneous photo-oxidation of an aqueous biomass and the photocatalytic evolution of hydrogen at room temperature and atmospheric pressure [63]. Recently, an enhancement in the rate of H2 evolution was achieved in the photoreforming of lignocellulose with the irradiation of visible light. The high rate of H2 production was evidenced by the photoreforming of purified and raw lignocellulose over nanostructured carbon nitride under benign conditions without any toxic chemicals. Andrea Speltini et al. used oxidized g-C3N4 for the evolution of hydrogen assisted by an aqueous biomass in the presence of simulated solar radiation and compared the performance with that of P25-TiO2 [64]. Furthermore, Qiong Liu et al. evolved hydrogen by the photoreforming of biomass by using a functionalized terminal amino group in carbon nitride by in situ C–N coupling [65]. The photoreforming of the biomass into hydrogen and valuable products is carried out on an earth-abundant metal oxide, such as a Co/CoO hybrid structure with an excellent rate of 12 mmol/g/h, which is higher than the commercial catalyst [66]. The recent trend has been increasing catalyst activity with a lower cost and environmentally benign materials due to less energy demand for biomass reformation than photocatalytic water splitting.




4. Importance of Carboxylic Acids


As discussed in the previous section, along with alcohols, biomass, polysaccharides and carboxylic acids have been used as promising sacrificial agents in the photoproduction of H2. Alcoholic photoreforming proceeds through the abstraction of a hydrogen atom by a OH· radical from the methylene group and aldehydes. Therefore, alcoholic organic molecules decompose through the formation of carboxylic acid [67]. Furthermore, researchers have proved that carboxylic acid photoreforming into H2 production starts with a hole transfer to the carboxylic group instead of H abstraction from OH·. The carboxylic functionality is one of the oxygen-containing groups with excellent absorption and better reactivity in the photoreforming process [68]. Therefore, today, carboxylic acids are used as sacrificial agents for H2 production with hydrocarbons. Carboxylic acids are the intermediates in various reactions, such as hemicellulose derived from biomass, and the hydrolysis/pyrolysis of lignocellulose produces carboxylic acids, i.e., formic acid (FA) and acetic acid [69]. Moreover, the fermentation of saccharides produces carboxy functionality (lactic acid). In the photoreforming of acids, researchers have used direct or indirect acids (direct acids as a source and indirect acids as intermediates produced from biomass). In this process, the reaction occurs by binding the carboxylates to the photocatalyst surface, which processes decarboxylation, resulting in the formation of carbon dioxide followed by proton reduction into H2.



The CO2 evolution occurs via photo-Kolbe-type decarboxylation through carboxyl radicals. The efficiency of this process mainly depends on the design of the photocatalyst, reaction system, irradiation time and pH of the solution [70]. Various photocatalysts have been used for the degradation of carboxylic acids; most commonly, TiO2 has been introduced effectively in photoreforming due to its cost-effective, chemical and photochemical stabilities. TiO2 has been modified with various noble metals to obtain a significant hydrogen evolution rate. Yuexiang Li et al. investigated the evolution of hydrogen using oxalic acid on a Pt-decorated TiO2 catalyst, and the efficiency of Pt/TiO2 was carried out using oxalic acid, formic acid and formaldehyde [71,72]. Furthermore, the modification of TiO2 was performed using alkaline earth metals such as calcium, strontium and barium to enhance photocatalytic hydrogen evolution using formic acid, acetic acid and formaldehyde [73]. Various metal sulfides and oxides such as cadmium sulfides, vanadium pentoxides, iron oxides, zinc oxides and zinc sulfides are reviewed systematically in further individual sections on acid photoreforming.



4.1. Formic Acid


Formic acid (FA) is colorless, less toxic and completely biodegradable [74], and it can be stored/used at room temperature. Therefore, FA is the easiest root for hydrogen generation, with a higher volumetric and gravimetric H2 evolution capacity. This acid can be produced from photo-electrocatalytic CO2 reduction and the decomposition of biomass [75]. H2 generation during FA photoreforming and selectivity is an important aspect on which H2 evolution quality depends, along with reaction conditions, catalyst materials and temperature. Since the early 20th century, various studies using FA have developed several homogeneous and heterogeneous photocatalysts. TiO2 semiconducting materials have been used for H2 production by modifying them using noble metals as co-catalysts to enhance the efficiency of the photocatalysts. The combination of semiconductors with noble metals has been studied for photocatalytic FA degradation in H2 production with a higher quantum yield and a high production rate. Yuexiang Li et al. used Pt/TiO2 for H2 production through FA photoreforming. The overall H2 evolution rate was consistent with that of the decomposition of FA [72]. Chen Tao et al. used Pt/TiO2 for the anaerobic photocatalytic degradation of FA. In this reaction, adsorbed molecules of FA converted into formate species and transformed into carbonate species with the further formation of H2 while adding water vapor into the reaction media [76]. Alexia Patsoura et al. used Pt/TiO2 as a photocatalyst for the photoreforming of alcohol and organic acid [17]. Furthermore, Chiarello et al. investigated the formation of H2 using noble metals Au-, Ag- and Au–Ag-modified TiO2 with methanol steam with the formation of FA as an intermediate for H2 production. There are various byproducts that are formed, such as carbon monoxide, methane, acetaldehyde and methyl formate, with constant rates of H2 evolution and CO2 formation [39]. Furthermore, Valeriano Lanese et al. developed copper-doped TiO2 for aqueous FA photoreforming. The oxidation states of Cu affect the efficiency of hydrogen production. Zerovalent Cu does not affect hydrogen evolution, and cupric ions enhance the rate and quantity of hydrogen production while maintaining the experimental parameters in both the reactions [77]. Hainer et al. reported various metal-doped (Cu, Ru, Pt and Au) TiO2 for hydrogen evolution using methanol and FA. In this study, Pt/TiO2 showed higher H2 production using methanol. Cu/TiO2 and Ru/TiO2 showed higher yields towards hydrogen production using FA. Au/TiO2 was responsible for the high rate of hydrogen production using FA [78].



Jamal et al. selectively produced hydrogen photo-catalytically from FA efficiently using non-noble metals, such as cobalt and nickel, as redox mediators on CdS nanorods, as shown in the following. The effect of co-catalysts was also studied on the decomposition of FA. Here, the high hydrogen production of 32.6 mmol h−1g−1 from FA was obtained by sustaining the production rate for 12 h [79]. The mechanism involved a substantial increase in FA-to-H2 activity for Ni/CdS-NR, the quenching of the PL signal and the reduction of Ni+2 to Ni0 in the reaction system by photogenerated electrons at the CB of CdS. This band offset between CdS and Ni0 provides a conduit for electrons to pass from CdS to Ni0. The Co is not deposited on the CdS, but it is present in the reaction media. The observed enhanced activity presumably occurs through transitory contact with the CdS, forming a bound Co-hole formate species. Therefore, the improved catalysis is due to the cooperative redox mediation of Ni0 and Co3+, where both the reductive and oxidative half-reactions are enhanced, as shown in Figure 4. Further various co-catalysts are developed to increase hydrogen production with great sustainability, which are discussed in Table 1.




4.2. Acetic Acid


Most of the studies have employed organic acids as electron donors in hydrogen production in the photoreforming process as acetic acid, since it is a common organic molecule in industrial waste [99]. The use of acetic acid to produce H2 allows the environment-friendly pathway by wastewater treatment with desired valuable products. The degradation of acetic acid through the photoreforming process into valuable products is revolutionary, as it does not require a high capital cost. The use of acetic acid as a sacrificial agent in photocatalysis leads to the formation of H2 and various hydrocarbons, such as CH4 and C2H6, which can be further used as renewable fuels [100]. Various studies have been reported by Krauetler and Bard, which discuss the photocatalytic conversion of acetic acid into H2 and byproducts as hydrocarbons over Pt/TiO2 in acidic conditions. Initially, the decomposition of acetic acid using visible light results in the production of CH4 and CO2 due to a more favorable thermodynamic nature, as compared to the reforming of acetic acid [101]. The following scheme shows a plausible reaction pathway for aqueous acetic acid photocatalytic transformation on the photocatalyst surface.


   PC    +    h ν    → PC  (   h +  +      e   −   )   



(24)






  PC  (   e −   )  +      H   +   →  Pt      PC  +      H   ·   



(25)






   PC     (   h +   )  +      CH   3   COOH    → PC +      CH   3    COO  ·  +      H   +   



(26)






   PC     (   h +   )  +      C   2   H 5   COOH    → PC +      C   2   H 5    COO  ·  +      H   +   



(27)






   PC     (   h +   )  +      H   2   O    → PC + · OH +      H   +   



(28)






   PC     (   h +   )  + −  OH    → PC + · OH  



(29)







Formation of  ·   CH  3    and  ·  C 2   H 5   


    CH  3    COO  ·    →   ·   CH  3  +      CO   2   



(30)






   C 2   H 5    COO  ·    →   ·  C 2   H 5  +      CO   2   



(31)







Formation of molecular hydrogen and alkanes (Kolbe products)


   H ·  +      H   ·     →  Pt        H   2   



(32)






  ·   CH  3  +      H   ·    →      CH   4   



(33)






  ·   CH  3  + ·   CH  3    →      C   2   H 6   



(34)






  ·  C 2   H 5  +      H   ·    →      C   2   H 6   



(35)






  ·  C 2   H 5  + ·   CH  3    →      C   3   H 8   



(36)







Formation of C2H5COOH


    CH  3  COOH + ·  OH    →   ·   CH  2  COOH +      H   2  O  



(37)






  ·   CH  2  COOH + ·   CH  3    →      C   2   H 5  COOH  



(38)







Formation of alcohols (Hofer–Moest products)


  · OH + ·   CH  3    →      CH   3   OH     



(39)






  · OH + ·  C 2   H 5    →      C   2   H 5  OH  



(40)







In these studies, the amount of hydrogen production is seen to be lower, therefore increasing the efficiency of the reaction towards the high quantity production of H2. Hlroshl et al. demonstrated the photoreforming of acetic acid into valuable products (i.e., CH4 H2) using Pt/TiO2 suspensions at various pH. The main reaction product observed was methane but increased the H2/CH4 ratio by increasing the pH [102]. Tadayoshi Sakata et al. studied the heterogeneous photocatalyst for the reaction of acetic, propionic and butyric acid on different semiconducting materials. The type of semiconductor and pH of the reaction system was studied. The production of hydrocarbons had completely stopped, and H2 evolution was increased by increasing the pH from acidic to neutral and alkaline. This study predicted that the position of the valence band of the semiconducting material depends on the pH and that the reaction path is controlled by the amount of OH- ions [100]. Xian-Jun Zheng et al. reported the photocatalysis of acetic acid over Pt/TiO2 in UV radiation. The effects of various parameters were checked with an optimal amount of photo-deposited Pt on TiO2 [103]. In addition, CuO/SnO2 as the photocatalyst for acetic acid reformation into H2 has been used [104]. Recently, Mikel Imizcoz et al. reported an earth-abundant co-catalyst on TiO2 for the selective production of H2 from acetic acid derived from biomass feedstocks. They reported higher decarboxylation activity due to copper nanoparticle insertion in semiconducting materials and also that the selectivity of H2 production increases with photo-deposited Cu in aqueous acetic suspensions as compared to Pt/TiO2 [105]. The simple mechanisms are depicted in Figure 5. Upon solar irradiation, photogenerated electrons from the CB of TiO2 are capable of moving to CuO nanoparticles and reducing them. H2 evolution increased marginally as copper mass loading increased due to the maximized surface reduction of copper. Various co-catalysts with semiconducting materials for acetic acid reforming are listed below in Table 2.




4.3. Lactic Acid


Lactic acid (LA) is an industrial product, and the polymers derived from acetic acid are biodegradable and can be synthesized from the fermentation of carbohydrates and biomass. LA has been used in several medical, textile and pharmaceutical industries [116]. LA is employed as a supplement in the synthesis of pharmaceuticals as well as in the production of hygiene and cosmetic goods in the cosmetics sector [117]. Due to this industrial application, LA is absorbed into water bodies. The purification of water, as well as the removal of LA, is needed. To overcome these issues, there must be reformation of LA into valuable products and hydrogen fuel. There are various strategies to produce H2, such as photon-assisted water splitting and the photoreforming process. LA is used as a sacrificial agent in the photo-production of H2 [118]. As discussed in the previous section, co-catalyst-assisted semiconducting materials are used as photocatalysts in the photoreforming process. Initially, Harada et al. found the decomposition of LA over platinized CdS and TiO2. The obtained quantum efficiencies for the Pt/TiO2 and Pt/CdS were 71% (360 nm) and 38% (440 nm). The products obtained during the photocatalytic decomposition of LA on Pt/TiO2 were acetaldehyde, carbon dioxide and hydrogen, and by using Pt/CdS, they were hydrogen and pyruvic acid [119,120].



Furthermore, LA photoreforming was carried out using a non-noble cost-effective metal as a cocatalyst with cadmium sulfides as the photocatalysts under visible light. Wei Zhang et al. reported the quantum efficiency for H2 production of 51.3% under the visible light range (420 nm) [120]. Qin et al. investigated photoreforming using LA as a sacrificial agent on a CdS cluster-decorated graphene nanosheet as a photocatalyst and Pt as a co-catalyst. The photoreforming was carried out under visible radiation with an increase in the rate and quantity of H2 by increasing the content of graphene in the catalyst compared to bare CdS due to an increase in crystallinity and surface area. They reported that the use of CdS as a photo-corrosive agent and of a Pt co-catalyst reduces overpotential in H2 production and opposes the backward combination reactions with a high rate of H2 (1.12 m mol h−1) and 22.5% of quantum efficiency at 420 nm [121]. Xu Zong et al. demonstrated that MoS2-loaded CdS catalyst showed a higher rate and quantity of H2 evolution from LA under visible light. MoS2/CdS was increased 36 times more than the bare CdS and had higher activity than the Pt/CdS [122]. Zhuofeng Hu et al. produced an innovative photocatalyst as a platinum cobalt alloy on CdS and TiO2 by a simple polyol reduction method. The introduction of cobalt as a cocatalyst with Pt increased composite conductivity, resulting in enhanced H2 evolution from acetic acid decomposition on Pt3Co/CdS and Pt3Co/TiO2 under visible light radiation with 15.86 and 13.01 m mol g−1 h−1, respectively [123]. Recently, Chunhe Li loaded NiS nanoparticles on CdS through solvothermal synthesis and used as a catalyst for the evolution of hydrogen from lignin and LA as a hole scavenger. The activity of NiS/CdS is 5041 time more than the bare CdS and has an apparent quantum efficiency of 44.9% for hydrogen evolution with five repetitive cycles [124]. This report, as shown in Figure 6c, generated charge carriers in CdS when it was excited with light. Even though the CB band of CdS is more negative than the reduction potential of H+/H2, the rate of hydrogen evolution is low on CdS because of the fast recombination of photoinduced charge carriers. When the NiS nanoparticles are loaded on the surface of CdS, because of the less negative CB of NiS than that of CdS, photogenerated charge carriers transfer to the NiS nanoparticles. Mainly, the intimate interfacial junction between NiS and CdS plays an essential role in facilitating the transmitting of electrons from CdS to NiS. NiS acts as an active site because the unsaturated sulfide ions of NiS possess more affinity towards H+ and thus enhance hydrogen evolution. The details of the photoreforming of LA in the coexistence of lignin under visible light radiation are described in Figure 6. Various reports on photoreformation of LA are tabulated in Table 3.




4.4. Other Carboxylic Acids


Including formic acid, acetic acid and lactic acid, other acids such as oxalic acid, butyric acid, pyruvic acid and gluconic acid have been used in the photo-assisted production of H2 through the decarboxylation and photoreforming process. Acidic functionalities undergo decarboxylation into alkanes (for example, ethane, propane and butane). The photoreforming H2 evolution increases with increases in the alkane chain length. H2 fuel, also produced from fatty acids through steric acid as an intermediate, has been carried out using platinized TiO2 [141]. The oxidation of saccharides processed using biomass feedstocks results in forming acidic derivatives. Gluconic and threonine salts act as the substrate producing H2 and CO2 in the presence of Pt/TiO2 in the presence of UV-rich light [60]. Yuexiang Li used oxalic acid as a sacrificial agent on Pt/TiO2 in photoreforming, which produced H2 and CO2 in 1:2 molar ratio [72]. There are many reports on the use of different acids as sacrificial agents in photoreforming for the production of H2, and other organic carboxylic acids are described in Table 4.





5. Future Aspects


To gain a high rate and quantity of hydrogen evolution from various biomasses and organic molecules through photoreforming, the evolution of hydrogen (half-reaction) must be carefully enhanced by controlling the selectivity of the photoreforming of organic compounds into hydrogen and preventing the production of harmful organic waste products and also the development of value-added products. Subsequently, most researchers have focused on enhancing the rate and efficiency of selective hydrogen production through photoreforming. Various approaches are described in Figure 7, regarding catalyst design, the selection of co-catalysts, reaction media, advanced characterization and computational studies. The designing of photocatalysts is the most challenging field. Most researchers are moving towards using environment-friendly and cost-effective semiconducting material by synthesizing composites with various co-catalysts. The selection of cocatalysts must be made using earth-abundant, non-toxic and environment-friendly materials instead of precious and toxic metals (Pt, Ru, Ag and Pd). Most of the above-mentioned photocatalysts exhibit reasonable efficiency of organic acid conversion into H2 and valuable products, but depth of the understanding of the mechanism, advanced characterization and computational studies are required to make use of photoreforming on an industrial scale and for commercialization. The photoreforming process of the conversion of organics into hydrogen fuel must be benign with a cost-effective photocatalyst, selectivity and efficiency.




6. Conclusions


In summary, the photocatalytic method has become the most challenging technique for renewable, zero-emission energy harvesting in the last few decades. The scientific community has shown excessive interest in employing photoactive materials and various reaction parameters for clean H2 production using solar energy through water splitting and the photoreforming of organic molecules. When employing the right catalyst, sacrificial agent and solar energy to produce H2, the organic process has been shown to be more advantageous and to have more industrial uses than the traditional water splitting method. The main challenge in photoreforming is developing an efficient, stable photocatalyst that can absorb sunlight. Along with this, important issues must be overcome, such as the development of co-catalysts without using noble, precious metals. Cost-effective, environmentally benign and abundant metals must be used as cocatalysts for commercialization and practical application. Recently, researchers have developed novel nanostructures with controlled morphology at the nanoscale and with multiphase composition. In addition, more attention should be given to addressing specific issues such as the reversible recombination of charges, and catalytic materials should be beneficial for H2 photoproduction, therefore contributing to the appearance of great promise in this field. The combination of two or more materials can be performed towards optimizing photocatalytic activity. The choice of the proper material and understanding the mechanism of the catalyst material is needed, but it is still challenging in some reactions. There are various semiconductors developed with optimized band energy gaps and co-catalysts with photoactivity to produce hydrogen from oxygenated organics. Various organics are reformed into renewable sources and valuable hydrocarbons using UV-vis radiation and semiconducting materials. The catalyst is developed from bare TiO2, a noble metal (Pt, Ru, Pd and Au) and TiO2 to a transition metal and less toxic and cost-effective cocatalysts loaded with TiO2 for carboxylic acid reforming. Furthermore, CdS and ZnS are used as semiconducting materials loaded with MoS2 and Cu2O for the formation of hydrogen from various carboxylic acids. The photocatalytic conversion of carboxylic acids occurs by decarboxylation and reforming into H2, carbon monoxide, carbon dioxide and hydrocarbons. Overall, the critical factors for the efficiency of photoreforming are selectivity towards the high rate and quantity of hydrogen evolution, efficiency, sustainability and long-term chemical and photocatalytic stability, and reaction conditions with cost-effective, environmentally benign and easily available photocatalysts should be developed for carboxylic acid photoreforming.
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Figure 1. Mechanism involved in photoreforming, photocatalytic water splitting and organic photo-oxidation [15]. 
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Figure 2. Presentation of band gaps and positions of various photocatalysts as well as selected redox potentials [27]. 
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Figure 3. Illustration of mechanism involved in photoreforming of (a) methanol. Reprinted with permission from Elsevier Ref. [44] 2013, Paramasivan et al, (b) ethanol. Reprinted with permission from American chemical society Ref. [49], 2019, Xin Zhang et al, (c) glycerol. Reprinted with permission from Elsevier Ref. [54], 2020, Muhammad et al and (d) cellulose. Reprinted with permission from American chemical society Ref. [58], 2021, Van-Can et al. 
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Figure 4. (a) Photoreforming of FA on NiCo/CdS; (b) Effect of Ni and Co on the production of H2; (c) Long-term H2 production using NiCo/CdS. Reprinted with permission from Elsevier Ref. [79], 2018, M. Abdullah Khan et al. 
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Figure 5. (a,b) TEM images of copper-loaded TiO2; (c,d) Mechanism involved in the production of hydrogen using acetic acid as a sacrificial agent; (e) H2 and CH4 production for 12 h on Cu/TiO2; (f) Overall mechanism that occurs in the photoreforming of acetic acid on Cu/TiO2 [105]. 
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Figure 6. (a) Comparison of the quantum efficiency of hydrogen production on NiS/CdS using lignin and LA as a sacrificial agent; (b) Long-term stability of the production of H2 on a NiS/CdS photocatalyst; (c) Mechanism involved in the lignin and LA reformation of NiS/CdS photocatalysts. Reprinted with permission from Elsevier Ref. [124], 2018, Chunhe Li et al. 
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Figure 7. A proposed approach for the selective photoreforming of various acids into H2 and valuable organic compounds. 
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Table 1. Illustration of various catalysts, light sources and cocatalysts used in the photoreforming of FA (HCOOH) and the rate of hydrogen production.
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Concentration

	
Light Source, Wavelength (nm)

	
Photocatalyst

	
Co-Catalyst

	
Time Course (h)

	
Rate of Production (μmolg−1 h−1)

	
Reference




	
H2

	
CO2

	
CO






	
aq. 1.3 mM

	
solar

	
0.5%-Pt/TiO2

	
Pt

	
20

	
1275

	
-

	
-

	
[17]




	
aq. 0.01 M

	
Hg

	
0.5%-Pt/TiO2

	
Pt

	
5

	
1150

	
-

	
-

	
[72]




	
H2O/HCOOH (10:1), v

	
Hg, 350–450

	
FP-0.5%-Pt/TiO2

	
Pt

	
-

	
5400

	
4100

	
80

	
[80]




	
10 vol%, (35 °C)

	
UV light, 200–800

	
1%-Pt/TiO2

	
Pt (photo)

	
8

	
61.5

	
-

	
-

	
[81]




	
10 vol%, (90 °C)

	
UV light

	
1%-Pt/TiO2

	
Pt (thermal)

	
8

	
119.3

	
-

	
-

	
[81]




	
10 vol%, (photo + 90 °C)

	
UV light

	
1%-Pt/TiO2

	
Pt (photothermal)

	
8

	
499.8

	
-

	
-

	
[81]




	
0.5 M HCO2−/H2O

	
UV light

	
CdS

	
-

	
12

	
420 (μL)

	

	
-

	
[82]




	
0.5 M DCO2−/H2O

	
UV light

	
CdS

	
-

	
12

	
110 (μL)

	

	
-

	
[82]




	
aq, 5 mL of 88% HCOOH

	
Hg, >300

	
1.5%-Pt/CdS (photoetching)

	
Pt

	
10

	
1128

	
-

	
-

	
[83]




	
aq, 5 mL of 88 wt% HCOOH

	
Hg

	
CdS

	
-

	
10

	
79

	
-

	
-

	
[83]




	
aq, 5 mL of 88 wt% HCOOH

	
Hg, 420

	
0.05%-Pt/CdS

	
Pt

	
10

	
4460

	
-

	
-

	
[84]




	
aq, 5 mL of 88 wt% HCOOH

	
Hg

	
CdS

	
-

	
10

	
219

	
-

	
-

	
[84]




	
aq, 2 M

	
Hg, 400

	
Pt/CdS

	
Pt

	
20

	
385

	
385

	
77

	
[85]




	
aq, 20 mL

	
Xe, >420

	
Co-Ni/CdS-NR

	
Co, Ni

	
18

	
32,600

	
-

	
-

	
[79]




	
aq, 20 mL

	
Xe

	
Co/CdS-NR

	
Co

	
12

	
14,200

	
-

	
-

	
[79]




	
aq, 20 mL

	
Xe

	
Ni/CdS-NR

	
Ni

	
12

	
22,800

	
-

	
-

	
[79]




	
aq, 20 mL

	
Xe

	
CdS-NR

	
-

	
12

	
13,400

	
-

	
-

	
[79]




	
aq, 2.7 M

	
Solar, 420–780

	
0.75%-Au, 0.25%-Pd/TiO2

	
Au, Pd

	
10

	
17,700

	
-

	
-

	
[86]




	
aq, 200 mL of 2.5 vol% CHOOH

	
Hg

	
1%-Au-loaded mesoporous assembled SrTiO3

	
Au

	
5

	
647

	
-

	
-

	
[87]




	
aq, 150 mL H2O + HCOOH

	
Xe

	
CdS-ZnS

	
Cd:Zn (0.8:0.2)

	
4

	
1263

	
-

	
-

	
[88]




	
aq, 150 mL H2O + HCOOH

	
Xe

	
5%-Ru/CdS-ZnS

	
Ru, Cd:Zn (0.8:0.2)

	
4

	
5800

	
-

	
-

	
[88]




	
aq, 200 mL, 0.05 M

	
Xe, <355

	
Au/TiO2

	
Au

	
4

	
452

	
-

	
-

	
[89]




	
aq, (4:1 in volume) H2O:HCOOH

	
Xe, <420

	
0.34%-Pt/2.5%-CdS/Al-HMS

	
Pt

	
6

	
1705

	
-

	
-

	
[90]




	
aq, (9:1 in volume) H2O:HCOOH

	
Xe, <420

	
0.99%Ru/21%-CdS/Al-HMS

	
Ru

	
6

	
2753

	
-

	
-

	
[91]




	
aq, 1 M

	
Hg, 399

	
SrTiO3:

TiO2

	
SrTiO3

	
5

	
280

	
-

	
-

	
[73]




	
aq, 2.5 M

	
UV light, >420

	
QD-MPA

	
-

	
168

	
52,100

	
-

	

	
[92]




	
aq, 2.5 M

	
UV light

	
QD-MPA/CoCl2

	
CoCl2

	
168

	
116,000

	
-

	

	
[92]




	
aq, 20 vol% HCOOH

	
UV light

	
0.01%-Pt/CdS/TNT

	
Pt

	
3

	
42,600

	
-

	
-

	
[93]




	
aq, 10 vol% HCOOH

	
UV light, 254

	
1%-Pt(P)/CdS/TNT

	
Pt

	
3

	
3300

	
-

	
-

	
[94]




	
5 mL HCOOH in 100 mL H2O + 180 °C

	
UV light, ≥420

	
0.0.25%-Pt/CdS-QD

	
Pt

	
30

	
12,200

	
-

	
-

	
[95]




	
aq, 10 mL, 1 M HCOOH

	
UV light, ≥420

	
Pd/C3N4

	
Pd

	
6

	
53,400

	
-

	
-

	
[96]




	
aq, 1 M HCOOH

	
UV light

	
Cu/TiO2 (anatase)

	
Cu

	
5

	
5000

	
-

	
-

	
[77]




	
aq, 2.5 M HCOOH, pH 5

	
Halogen, 420

	
0.5%-Pt/Cu2O

	
Pt

	
40

	
155

	
158

	
-

	
[97]




	
aq, 2.5 M HCOOH, pH 5

	
Halogen

	
Cu2O

	
-

	
40

	
65

	
64

	
-

	
[97]




	
1 mL DMF, 5 mL 5HCO2H ·2NEt3

	
Xe

	
[Fe3 (CO)12] + PPh3,2,2′:6′,2″-terpyridine

	

	
3

	
2700

	
-

	
trace

	
[98]
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Table 2. Illustration of various catalysts, light sources and cocatalysts used in the photoreforming of acetic acid (CH3COOH) and the rate of hydrogen production.
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Concentration

	
Light Source, Wavelength (nm)

	
Photocatalyst

	
Co-Catalyst

	
Time Course (h)

	
Rate of Production (μmolg−1 h−1)

	
Reference




	
H2

	
CO2

	
CH4

	
C2H6






	
aq, 1 M CH3COOH

	
UV light

	
Ln3+(0.02%-Eu)/TiO2

	
Ln3+ (Eu3+)

	
27

	
9

	
88

	
108

	
4

	
[106]




	
aq, 1 M CH3COOH

	
UV light

	
Ln3+(0.05%-Sm)/TiO2

	
Ln3+ (Sm3+)

	
27

	
3

	
131

	
124

	
3

	
[106]




	
aq, 0.87 mM CH3COOH

	
Xe

	
0.5%-Pt/P25TiO2

	
Pt

	
20

	
278

	
-

	
-

	
-

	
[17]




	
aq, H2O/CH3COOH (5:1)

	
Hg

	
0.5%Pt/PEG-TiO2

	
Pt

	
6

	
1000

	
-

	
-

	
-

	
[107]




	
aq, H2O/CH3COOH (10:1)

	
Hg

	
0.6%-Pt/TiO2 (mesoporous)

	
Pt

	
5

	
390

	
-

	
-

	
-

	
[108]




	
aq, 50 mL (0.5 M) CH3COOH and H2O, pH 2

	
Xe

	
1%-Pt/TiO2

	
Pt

	
15

	
22 (μmol/h)

	
65 (μmol/h)

	
35 (μmol/h)

	
2 (μmol/h)

	
[109]




	
aq, 450 mL CH3COOH (4.35 g/L), pH 1.0

	
Hg

	
1%Pt-TiO2

	
Pt

	
4

	
28,478

	
-

	
-

	
-

	
[103]




	
l, 15 mL solution CH3COOH/Na HAC

	
Xe-Hg

	
1–5%-Pt/TiO2(anatase)

	
Pt

	

	
-

	
1600

	
-

	
-

	
[101]




	
l, H2O/CH3COOH (1:9)

	
Xe-Hg

	
1–5%-Pt/TiO2(anatase)

	
Pt

	

	
-

	
4060

	
-

	
-

	
[101]




	
l, H2O/CH3COOH (1:1)

	
Xe-Hg

	
1–5%-Pt/TiO2(anatase)

	
Pt

	

	
-

	
1563

	
1322

	
120

	
[101]




	
aq, AcOH/Na [AcO] (4:0.6 M), pH 3.9

	
Hg-conc.

	
3%-Pt/TiO2 (anatase)

	
Pt

	

	
24

	
65

	
43

	
4

	
[102]




	
aq, AcOH/Na [AcO] (4:0.6 M), pH 3.9

	
Hg-conc.

	
3%-Pt/TiO2 (rutile)

	
Pt

	

	
9

	
11

	
10

	
1

	
[102]




	
v, CH3COOH (11 torr)

	
Hg

	
2%-Pt/TiO2(anatase)

	
Pt

	
3

	
46

	
132

	
54

	
43

	
[110]




	
v, H2O/CH3COOH (24:11 torr)

	
Hg

	
2%-Pt/TiO2(anatase)

	
Pt

	
3

	
180

	
453

	
104

	
180

	
[110]




	
l, CH3COOH (1 mL)

	
Hg

	
2%-Pt/TiO2(anatase)

	
Pt

	
3

	
46

	
290

	
163

	
12

	
[110]




	
l, H2O/CH3COOH (6:1), pH 2.1

	
Hg, 366

	
7%-Pt/TiO2 (rutile)

	
Pt

	

	
77

	
-

	
397

	
-

	
[111]




	
l, H2O/CH3COOH (6:1), pH 8.8

	
Hg

	
7%-Pt/TiO2 (rutile)

	
Pt

	

	
367

	
-

	
2

	
-

	
[111]




	
aq, Na (AcO) (1.7% w/v), pH 7.4

	
Hg

	
7%-Pt/TiO2 (anatase)

	
Pt

	

	
165

	
27

	
0.24

	
-

	
[111]




	
aq, 1 M CH3COOH, pH 2.6

	
UV light

	
10%-Cu/TiO2

	
Cu

	
5

	
144

	
640

	
590

	
66

	
[112]




	
aq, 1 M CH3COOH

	
UV light, 366

	
P25TiO2

	

	
27

	
2

	
141

	
50

	
4

	
[113]




	
aq, 1 M CH3COOH

	
UV light, 366

	
10%-Fe/TiO2

	
Fe

	
27

	
7

	
102

	
93

	
4

	
[113]




	
aq, 1 M CH3COOH

	
Hg

	
20-%Fe/TiO2

	
Fe

	
5

	
7

	
257

	
260

	
15

	
[114]




	
v, CH3COOH (665 Pa)

	
Hg-Xe, >420

	
TiO2

	
-

	

	
-

	
0.370

	
0.018

	
-

	
[115]




	
v, CH3COOH (665 Pa)

	
Hg-Xe

	
ZnO2

	
-

	

	
-

	
0.098

	
0.034

	
-

	
[115]




	
v, CH3COOH (665 Pa)

	
Hg-Xe

	
MgO

	
-

	

	
-

	
0.923

	
0.179

	
-

	
[115]




	
v, CH3COOH (665 Pa)

	
Hg-Xe

	
SiO2

	
-

	

	
-

	
0.336

	
0.168

	
-

	
[115]




	
v, CH3COOH (665 Pa)

	
Hg-Xe

	
WO3

	
-

	

	
-

	
0.026

	
0.03

	
-

	
[115]




	
v, CH3COOH (665 Pa)

	
Hg-Xe

	
γ-Al2O3

	
-

	

	
-

	
0.336

	
0.086

	
-

	
[115]
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Table 3. Illustration of various catalysts, light sources and co-catalysts used in photoreforming of LA (CH3CH(OH)COOH) and the rate of hydrogen production.
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Concentration

	
Light Source, Wavelength (nm)

	
Photocatalyst

	
Co-Catalyst

	
Time Course (h)

	
Rate of Production (μmolg−1 h−1)

	
Reference




	
H2

	
CO2






	
l, CH3CH(OH)COOH/H2O (1:10) pH 2

	
Xe, 360–520

	
5%-Pt/TiO2 (rutile)

	
Pt

	
4

	
1008

	
1192

	
[120]




	
l, CH3CH(OH)COOH/H2O (1:10) pH 2

	
Xe

	
5%-Pt/CdS

	
Pt

	
4

	
1000

	
13

	
[120]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe, 420

	
1%-Pt/CdS

	
Pt

	

	
8170

	
-

	
[123]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-(Pt3Co)/CdS

	
Pt, Co

	

	
15,860

	
-

	
[123]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-(Pt2.3-Co)/CdS

	
Pt, Co

	

	
13,010

	
-

	
[123]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-(PtCo)/CdS

	
Pt, Co

	

	
7050

	
-

	
[123]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-Co/CdS

	
Co

	

	
1070

	
-

	
[123]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-(Pt3Au)/CdS

	
Pt, Au

	

	
14,900

	
-

	
[123]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-(Pt3Ni)/CdS

	
Pt, Ni

	

	
12,810

	
-

	
[123]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-(Pt3Cu)/CdS

	
Pt, Cu

	

	
3890

	
-

	
[123]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-Pt/P25TiO2

	
Pt

	

	
690

	
-

	
[123]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-(Pt3Co)/P25TiO2

	
Pt, Co

	

	
1040

	
-

	
[123]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-(Pt3Au)/P25TiO2

	
Pt, Au

	

	
890

	
-

	
[123]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-(Pt3Ni)/P25TiO2

	
Pt, Ni

	

	
820

	
-

	
[123]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe, 420

	
1%-(Pt3Cu)/P25TiO2

	
Pt, Cu

	

	
460

	
-

	
[123]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
0.2%-MoS2/CdS

	
MoS2

	

	
5400

	
-

	
[125]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
0.2%-Pt/CdS

	
Pt

	
5

	
4400

	
-

	
[125]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
0.2%-Ru/CdS

	
Ru

	
5

	
3650

	
-

	
[125]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
0.2%-Rh/CdS

	
Rh

	
5

	
2500

	
-

	
[125]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
0.2%-Pd/CdS

	
Pd

	
5

	
1800

	
-

	
[125]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
0.2%-Au/CdS

	
Au

	
5

	
400

	
-

	
[125]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe, 420

	
CdS

	
-

	
5

	
150

	
-

	
[125]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe, 420

	
1%-WS2/CdS

	
WS2

	
5

	
4000

	
-

	
[122]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-Pt/CdS

	
Pt

	
5

	
3550

	
-

	
[122]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-Ru/CdS

	
Ru

	
5

	
2930

	
-

	
[122]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-Rh/CdS

	
Rh

	
5

	
2070

	
-

	
[122]




	
l, CH3CH(OH)COOH/H2O (1:9)

	
Xe

	
1%-Au/CdS

	
Au

	
5

	
455

	
-

	
[122]




	
aq, H2O/CH3CH(OH)COOH (10:1)

	
Xe

	
0.9%-MoS2/CdS

	
MoS2

	
5

	
13,151

	
-

	
[126]




	
aq, H2O/CH3CH(OH)COOH (10:1)

	
Xe, 420

	
0.2%-Pt/CdS

	
Pt

	
5

	
4880

	
-

	
[126]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe, 420

	
2.5%-MoS2-RGO/CdS

	
MoS2-RGO

	

	
621.3

	
-

	
[127]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe

	
2.5%-MoS2/CdS

	
MoS2

	

	
551.3

	

	
[127]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe

	
0.25%-Pt/CdS

	
Pt

	

	
450

	
-

	
[127]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe, 420

	
1.5%-RGO/CdS/1.5%-MoS2

	
RGO, MoS2

	
5

	
1980

	
-

	
[128]




	
aq, H2O/CH3CH(OH)COOH (4:1)

	
Xe, 420

	
2%-(MoS2/RGO)/CdS

	
MoS2, RGO

	
5

	
9000

	
-

	
[129]




	
aq, H2O/CH3CH(OH)COOH (7:3)

	
Xe, 420

	
1.2%-NiS/CdS

	
NiS

	

	
7267

	
-

	
[118]




	
aq, H2O/CH3CH(OH)COOH (7:3)

	
Xe, 420

	
CdS

	
-

	

	
210

	

	
[118]




	
aq, H2O/CH3CH(OH)COOH (7:3)

	
Xe

	
1%-Pt/CdS

	
Pt

	

	
1333

	
-

	
[118]




	
aq, H2O/CH3CH(OH)COOH (7:3)

	
Xe

	
1.2%-CoS/CdS

	
CoS

	

	
1000

	
-

	
[118]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe, 420

	
TiO2-1.2%-Pt/CdS

	
Pt, TiO2 NPs

	

	
14,750

	
-

	
[130]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe

	
P25TiO2-2%Pt/Cds

	
Pt, TiO2 NPs

	

	
13,750

	
-

	
[130]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe, 420

	
2%-Pt/P25TiO2

	

	

	
3875

	
-

	
[130]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe, 420

	
0.5%-Pt/0.5%-RGO/CdS

	
Pt, RGO

	

	
19,000

	
-

	
[121]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe

	
0.5%-Pt/1%-RGO/CdS

	
Pt, RGO

	

	
56,000

	
-

	
[121]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe

	
0.5%-Pt/2.5%-RGO/CdS

	
Pt, RGO

	

	
27,500

	
-

	
[121]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe, 420

	
0.2%-MoS2/g-C3N4(mesoporous)

	
MoS2

	
4

	
1375

	
-

	
[131]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe

	
2%-Pt/g-C3N4(mesoporous)

	
Pt

	
4

	
1000

	
-

	
[131]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe

	
0.5%-WS2/g-C3N4(mesoporous)

	
WS2

	
4

	
340

	
-

	
[131]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe, 420

	
Fe2O3-TiO2-PtOx

	
Fe2O3, PtOx

	
5

	
1100

	
-

	
[132]




	
aq, H2O/CH3CH(OH)COOH (7:3)

	
Xe, 280

	
5%-Pt/TaO2.18Cl0.64

	
Pt

	
8

	
1500

	
-

	
[133]




	
aq, H2O/CH3CH(OH)COOH (19:1), pH 3

	
LED, 420-780

	
CoP/CdS

	
CoP

	
10

	
251,500

	
-

	
[134]




	
aq, H2O/CH3CH(OH)COOH (19:1), pH 3

	
LED

	
Ni2P/CdS

	
Ni2P

	
10

	
143,600

	
-

	
[134]




	
aq, H2O/CH3CH(OH)COOH (19:1), pH 3

	
LED

	
Cu3P/CdS

	
Cu3P

	
10

	
77,600

	
-

	
[134]




	
aq, H2O/CH3CH(OH)COOH (19:1), pH 3

	
LED

	
Pt/CdS

	
Pt

	
10

	
77,300

	
-

	
[134]




	
aq, H2O/CH3CH(OH)COOH (20:3)

	
LED, 420

	
Co0.85Se/RGO–PEI nanosheets/CdS

	
Co0.85Se/RGO–PEI nanosheets

	
10

	
17,600

	
-

	
[135]




	
aq, H2O/CH3CH(OH)COOH (20:3)

	
LED

	
0.1%-Pt/CdS

	
Pt

	
10

	
18,600

	
-

	
[135]




	
aq, H2O/CH3CH(OH)COOH (4:1)

	
Xe, 420

	
9%-CdS/1%-Pt/In2O3

	
Pt

	
>10

	
9384

	
-

	
[136]




	
aq, H2O/CH3CH(OH)COOH (4:1)

	
Xe

	
9%-CdS/1%-Pt/Ga2O3

	
Pt

	
>10

	
9053

	
-

	
[136]




	
aq, H2O/CH3CH(OH)COOH (4:1)

	
Xe, 420

	
9%-CdS/1%-Pt/P25TiO2

	
Pt

	
>10

	
5482

	
-

	
[136]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe, 420

	
0.8%-NiBx/CdS

	
NiBx

	
10

	
4800

	
-

	
[137]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe, 420

	
9%-NiS-37%-CdS/Te

	
NiS, Te

	
12

	
317

	
-

	
[138]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe, 420

	
11%-Pt/11%-Pd/31%-CdS/Te

	
Pt, Pd, Te

	
12

	
236

	
-

	
[138]




	
aq, H2O/CH3CH(OH)COOH (9:1)

	
Xe

	
1.5%-MoS2/UiO-66//CdS

	
MoS2

	
4

	
32,500

	
-

	
[139]




	
aq, CH3CH(OH)COOH (0.1 M)

	
Hg-Xe, 420

	
TiO2

	

	
3

	
0

	
693

	
[140]




	
aq, CH3CH(OH)COOH (0.1 M)

	
Hg-Xe

	
1%-Pt/TiO2

	
Pt

	
3

	
13,890

	
13,500

	
[140]




	
aq, CH3CH(OH)COOH (0.1 M)

	
Hg-Xe

	
1%-Au/TiO2

	
Au

	
3

	
6667

	
6600

	
[140]




	
aq, CH3CH(OH)COOH (0.1 M)

	
Hg-Xe

	
1%-Pd/TiO2

	
Pd

	
3

	
8300

	
8700

	
[140]




	
aq, CH3CH(OH)COOH (0.1 M)

	
Hg-Xe

	
1%-Ru/TiO2

	
Ru

	
3

	
11,500

	
11,120

	
[140]
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Table 4. Various catalysts, light sources and co-catalyst used in photoreforming of other carboxylic acids and the rate of hydrogen production.
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Acid Concentration

	
Light Source, Wavelength (nm)

	
Photocatalyst

	
Co-Catalyst

	
Time Course (h)

	
Rate of Production (μmolg−1 h−1)

	
Reference




	
H2

	
CO2

	
C2H6






	
aq, 0.01 M HOOCCOOH (Oxalic acid), pH 2

	
Hg

	
0.5%-Pt/P25TiO2

	
Pt

	
5

	
2850

	
-

	
-

	
[72]




	
aq, 0.049 M

HOOCCOOH (Oxalic acid)

	
Hg

	
0.5%-Pt/P25TiO2

	
Pt

	
5

	
1160

	
-

	
-

	
[71]




	
aq, 0.001 M

HOOCCOOH (Oxalic acid)

	
Hg

	
0.3%-Pt/P25TiO2

	
Pt

	
5.5

	
3750

	
-

	
-

	
[142]




	
aq, 1.3 g/L HOCH2(CHOH)4COOH (Gluconic acid)

	
Hg

	
2%-Pt/TiO2

	
Pt

	
30

	
675

	
296

	
-

	
[141]




	
aq, 0.51 g/L H2O/HOCH2COOH (Glycolic acid)

	
Hg

	
2%-Pt/TiO2

	
Pt

	
46

	
284

	
109

	
-

	
[141]




	
H2O/HOCH2COOH (Glycolic acid) (1:10 v/v)

	
Xe, 360–520

	
5%-Pt/TiO2(rutile)

	
Pt

	
5

	
105

	
76

	
-

	
[120]




	
H2O/HOCH2COOH (Glycolic acid) (1:10)

	
Xe

	
5%-Pt/CdS

	
Pt

	
5

	
392

	
3

	
-

	
[120]




	
aq, C18H36O2 or CH3(CH2)16COOH (Stearic acid) (1.7%w/v)

	
Xe

	
5%-Pt/TiO2

	
Pt

	
24

	
29

	
0

	
-

	
[60]




	
aq, H2O/CH3CH2COOH (Propionic acid) (6:1)

	
Hg, 320

	
7%-Pt/TiO2(rutile)

	
Pt

	

	
51

	
-

	
490

	
[111]




	
aq, H2O/CH3CH2CH2COOH (L-Propionic acid) (6:1)

	
Hg, 320

	
7%-Pt/TiO2(rutile)

	
Pt

	

	
111

	
-

	
332

	
[111]




	
aq, H2O/CH3(CH2)3COOH (6:1)

	
Hg

	
7%-Pt/TiO2(rutile)

	
Pt

	

	
174

	
-

	
339

	
[111]




	
l, 6.66 g/L CH3CH2COOH (Butyric acid)

	
Hg, 420

	
1%-Pt/TiO2

	
Pt

	
>16

	
6800 (μmol h−1)

	
-

	
-

	
[143]




	
aq, 5 mM CH3CH2CH2COOH (Valeric acid) (400 °C)

	
LED, 360–370

	
Pt/TiO2-NTs

	
Pt

	
8

	
387.5

	
362.5

	
-

	
[144]
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