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Abstract 

The application of photocatalysis for the utilisation of sunlight energy is intensely investigated in 

present times, particularly in prospect of generating solar fuels by hydrogen production or CO2 

reduction processes as tools for societies aiming to relief their thirst for fossil resources. From the 

perspective of sustainability, the rational use of biomass-derived feedstocks for photocatalytic H2 

production is a feasible, proven and highly efficient process. In this review, in addition to delving 

into physico-chemical fundamentals of photocatalytic processes on semiconductors, the research 

activity on this topic related to design of revolutionary semiconductor-based materials, generally 

including metallic nanoparticles or complexes as hydrogen-evolving co-catalysts, is outlined and 

critically evaluated. Moreover, the use of sunlight and renewable feedstocks for the generation of 

hydrogen, as a compelling opportunity for the energy sector, is emphasised. Special focus is also set 

on the valorisation of biorefinery products, agricultural residues and industrial or municipal waste. 
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1. Introduction 

The success of future energy schemes is expected to heavily depend on the rational transition from 

the exploitation of fossil fuels to the efficient use of renewable energies. The judicious 

transformation of biomass resources into fuels appears as a convenient strategy in these terms, 

given the rich chemistry developed in recent years and the suitability of the thereby generated 

biofuels to fit current power and transportation infrastructures [1]. Moreover, sunlight is regarded as 

the ultimate source of energy for any long-term sustainable future [2]. Its storage in the form of 

solar fuels is one of the most desirable options [3]. Among such strategies, solar production of 

hydrogen as a clean energy carrier is particularly compelling [2b, 2c, 4]. The design of 

photocatalytic or photoelectrocatalytic systems has enabled the realisation of overall water splitting 

in one step, yet at low efficiencies under visible light—hardly surpassing 5% for the best performers 

[5]. Discouraging as they may appear, these are excellent values since they pave the way to a direct 

solar-to-fuel scenario whereby sunlight energy is stored in the form of chemical energy. The 

intensive investigations on this topic have impressively enriched the knowledge of photocatalysis as 

a feasible technology for H2 generation [6]. In addition to overall water splitting, photocatalytic 

reforming—photoreforming—has emerged as a highly efficient light-promoted production of H2 

from oxygenated organic substances and water [7]. In this review, fundamental and practical 

aspects of these transformations regarding the use of biomass derivatives as the substrates are 

discussed. 

Photoreforming can be viewed as an intermediate process between photocatalytic water splitting 

and photo-oxidation, as illustrated in the following example. If one employs an archetypal 

photocatalyst such as Pt/TiO2 for overall water splitting, production of H2 and O2 may be observed 

under appropriate conditions, albeit at low quantum yields due to slow rates, back-reactions, and 

deactivation events [5d, 7e, 8]. Furthermore, let us recall that water dissociation is an endergonic 

(G0 = 237.1 kJ mol−1) transformation and thus a thermodynamic barrier is also at play. If the same 

Pt/TiO2 photocatalyst is used in a completely different aqueous medium containing an oxygenated 

organic substance (let us consider ethanol as a model) under aerobic conditions oxidation of the 

substrate would take place readily. Even bare titanium dioxide would perform satisfactorily. The 

overall spontaneous process (photo-oxidation of ethanol, G0 = −1325.4 kJ mol−1), is a favourable 

photocatalytic one on irradiated Pt/TiO2. The behaviour of the same system in an intermediate 

situation, whereby the reaction is performed in the presence of ethanol but in the absence of oxygen, 

would lead to a combination of the outcomes of the two processes described above. Precisely 

speaking, ethanol would be also oxidised on titanium dioxide surfaces, whereas water would be 
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reduced on platinum (see Figure 1 for a generic illustration). The overall transformation—

photoreforming of ethanol—is marginally endergonic (G0 = 97.4 kJ mol−1) and takes place at 

noticeably high rates on materials of this kind, yielding H2 as a product containing the entire amount 

of free energy (and heat) content of the starting substrate. It is worth noting that also a portion of 

(excess) solar energy is stored in the form of chemical energy in hydrogen [7b, 9]. 

As inferred from the examples described above and illustrated in Figure 1, the transformation of 

oxygenated organic substances by photocatalytic reforming—photoreforming—makes the 

production of H2 possible with the only energy input of light irradiation. Moreover, if the substrates 

are derived from biomass, only virtually renewable feedstocks are consumed [1a, 1c, 1d, 10]. As set 

forth in this review, the large amount of research on the photoreforming of biomass-derived 

substrates published during the past three-to-four decades has demonstrated the feasibility of this 

technology. Interestingly, the selectivity of the photocatalytic reforming processes outperforms that 

of the thermo-catalytic analogues, owing to the milder (ambient) conditions under which the former 

proceeds, with comparable activities. 

The first part of this review summarises state-of-the-art in biomass-to-fuels conversion, and in a 

dedicated section, a specific overview of biomass-to-hydrogen routes sets out the scene for 

comparison of photoreforming with other contenders. Next, an account of thermodynamic aspects is 

conveyed. This discussion is exemplified by pondering free energies, enthalpies and calorific 

powers of both substrates and derived H2. The following part of the review is dedicated to the study 

of the underlying mechanisms by independently considering the main steps of the overall 

photoreforming transformation. A considerable focus on this overview is then devoted to the 

design, preparation, characterisation and performance of active materials, reflecting the enormous 

effort dedicated by a plethora of research groups to fabricate semiconductor-based photocatalysts 

including metallic nanoparticles or complexes as co-catalysts, with the optimum characteristics for 

efficient light absorption and utilisation. After a systematic examination of reaction conditions on 

photoreforming outcomes, the last part of this review outlines the different feasible biomass 

derivatives for H2 generation by this procedure. The availability, energy balance, suitability and 

reactivity of each class of feedstocks are therein reviewed. The motivation of using raw (or gently 

processed) biomass and waste streams for their valorisation or remediation, respectively, with 

concomitant production of H2 as an energy carrier, will be analysed. 

  



7 
 

2. Photocatalytic reforming in the context of biomass-to-fuels technologies 

2.1. Liquid fuels from biomass 

Plant-derived biomass has been a source of energy for humankind since the Lower Palaeolithic. In 

fact, the controlled combustion of wood to produce heat and light constituted the first chemical 

process to be mastered by the human species, enabling further transformations such as cooking or 

pottery, and thus leading to a genuine technological revolution [2b]. Until the end of the eighteenth 

century, wood and charcoal were the main sources of energy [11]. Thereafter, their production 

could no longer meet the growing demand and the increasingly challenging technological 

requirements of industry and transport, which were satisfied by the large-scale exploitation of 

mineral resources, that is, the inexpensive, stable and easily transportable fossil fuels. However, it is 

widely accepted that fossil reserves are finite and their exploitation will become more difficult in 

the near future [2a]. This situation is urgently calling for alternative strategies. In this context, the 

utilisation of biomass for the production of fuels which can be employed in current power 

generation systems and transportation engines is gaining attention [1a-d, 1g]. 

The transformation of the organic matter present in plants offers many possibilities for the 

production of fuels [1a-d]. First-generation biofuels (biodiesel and bio-ethanol), and are currently 

produced commercially in large quantities from dedicated crops [1a, 1b, 1d, 1g, 11], yet they are 

often derived from edible feedstock, and require extensive arable land use, thus jeopardising food 

supply and proving counter-productive regarding carbon dioxide emissions [12]. These 

controversial issues have prompted a great deal of research into second-generation biofuels 

produced from lignocellulosic biomass. Given their chemical complexity, transformation of 

lignocelluloses requires harsh conditions (pyrolysis or gasification) or costly catalysts (enzymatic 

hydrolysis/fermentation) [1a, 1d, 1g, 11]. 

2.2. Hydrogen from biomass 

In the quest of less polluting fuels, molecular hydrogen gas (dihydrogen, H2) is considered as one of 

the most promising energy carriers [4b, 4d, 13], provided it is obtained from renewable resources. 

The importance of hydrogen in fuel cells for clean energy generation can be coupled in this manner 

with the utilisation of renewable feedstocks. However, H2 is mostly produced from non-renewable 

fossil fuels [14]. As a viable alternative, hydrogen can be obtained from biomass by various 

chemical procedures [1a, 1g, 14-15], which can be divided into two generic classes: (i) direct 

gasification and (ii) indirect transformation of biomass into platform chemicals and subsequent 

reforming. These different routes are schematically depicted in Figure 2. Direct gasification of raw 

lignocellulosic materials produces mostly H2 and CO [1a, 1d, 14-15, 16]. The indirect 
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transformation strategy can be achieved by a number of routes, whereby the first step can be based 

on either pyrolysis or hydrolysis leading to monomeric (or oligomeric) oxygenated substances 

which would be in turn reformed into a gaseous stream rich in H2 and CO2 [1a, 14-15, 17]. 

As mentioned above, gasification involves the one-step conversion of biomass —either raw or 

scantly pretreated by mechanical means— under high temperatures (typically 750–1000 °C) in the 

presence of oxygen and/or steam, to yield a mixture containing H2, CO and variable amounts of 

CO2, CH4 and other gaseous substances can also be generated, in addition to solid by-products such 

as char [1a, 1d, 14-15, 16]. Gasification is a versatile technology which can be adapted for a wide 

range of biomass feedstocks, although it bears the limitation of the extremely harsh conditions 

involved. 

2.2.1. Reforming of biomass derivatives. In the second set of transformations, the indirect 

routes, the starting biomass can be processed in a first step to yield liquid streams whereby the 

initially cross-linked, high molecular weight biopolymers (cellulose, hemicelluloses and lignin) are 

deconstructed into mixtures of lower molecular weight oxygenated chemical entities. The main 

procedures in this context are pyrolysis (leading to the production of bio-oils, complex mixtures of 

oxygenated substances, as detailed in Table 1), and hydrolysis [1a, 1d, 1g, 16]. 

Reforming of bio-oils or bio-oil fractions in the presence of water (liquid or in the form of steam) 

under a wide variety of process conditions can be carried out yielding H2-rich gaseous streams. The 

process is usually performed at high temperatures (ca. 850 °C) and short residence times on 

supported nickel or noble metal catalysts [18]. A different methodology consists in the liquid 

aqueous phase reforming under milder conditions (250–350 °C) [17b]. In either case, the 

temperatures are too high for the reforming reaction to proceed selectively. Most compounds 

containing functional groups such as carbonyls or carboxylic acids may undergo a range of 

degradation (e.g. condensations or cyclisations), whereas saccharides are prone to decompose by 

several routes including dehydration or polymerisation. As a result, frequent problems in 

thermocatalytic reforming of bio-oils are the formation of carbonaceous deposits which cause 

catalyst deactivation, the production of high amounts of CO, or the pyrolysis of saccharides even 

prior to contact with the catalyst bed [18]. However, reforming of pyrolysis oils for the production 

of H2 appears as one of the most reliable options for the valorisation of such unstable and complex 

biomass products. 
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Table 1. Typical composition ranges of pyrolysis oilsa 

substance wt. % 

water 5–35 

char 6–32 

gases 7–30 

carboxylic acids  

acetic acid 0.5–12.0 

formic acid 0.5–9.1 

propanoic acid 0.1–1.7 

other acids < 1 

saccharides  

levoglucosan 1.2–15.0 

cellobiose 0.6–3.2 

fructose 0.7–2.9 

xylose 0.1–1.4 

glucose 0.4–1.3 

aldehydes and ketones  

glycolaldehyde 0.9–13.0 

acetaldehyde 1.0–8.5 

hydroxyacetone 0.7–7.1 

glyoxal 0.9–4.6 

formaldehyde 1.4–3.3 

lactaldehyde 0.9–2.2 

alcohols and polyols  

methanol 0.4–2.4 

ethylene glycol 0.8–2.2 

ethanol 0.6–1.4 

furanic derivatives  

furfuryl alcohol 0.7–7.4 

5-(hydroxymethyl)furfural 0.3–2.2 

furfural 0.3–1.1 

aromatic compounds  

insoluble lignin 21–34 

isoeugenol 0.1–4.6 

phenol 0.1–3.8 

4-methylguaiacol 0.4–1.9 

syringaldehyde 0.1–1.5 

a Based on the set of data compiled in references [19] and [20] for pyrolysis oils obtained from different types of wood 

(e.g. oak, poplar, aspen, white spruce, red maple, hog fuel or pine) and in different reactor configurations (e.g. fluidized 

bed, updraft gasifier, vortex reactor, vacuum pyrolysis reactor) and at different temperatures (450–650 °C); please note 

that these variable conditions account for the scattered data. 

Another important indirect biomass-to-hydrogen pathway is based on the aqueous phase reforming 

of various oxygenated substrates derived from lignocellulose hydrolysis and subsequent 

transformations (see Figure 2). This strategy is supported by previous studies on the catalytic 

aqueous phase reforming of a variety of model oxygenates [21]. Dumesic and co-workers reported 

that the selectivity of the process can be adjusted by the use of appropriate catalysts. In this line, H2 

production is favoured and that of alkanes is minimised with Pt, Pd or Ni-Sn catalysts, preferably 

supported on Al2O3 [17c]. These catalysts display high activities for C-C scission, dehydrogenation 

and water-gas shift reactions, while keeping a low extent of side reactions such as C-O scission or 

methanation. 
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In summary, two-stage processes based on, first, the processing of lignocellulosic biomass yielding 

light oxygenates, and subsequently the aqueous phase reforming of these oxygenates to produce H2, 

proceed at considerably milder conditions than the one-stage treatments (gasification) and have the 

potential of becoming interesting routes in the biomass-to-hydrogen scenario. Nonetheless, 

thermochemical processes are energy intensive, often requiring high temperatures and pressurised 

systems, and usually lead to degradation or side reactions which have detrimental effects on H2 

selectivities (50–60% of the theoretical maximum) and formation of considerable amounts of 

alkanes are formed [17a, 17c]. Therefore, the quest for processes enhancing the reforming reaction 

(Equation 1 below) and limiting any other transformations is still needed, and relevant success in 

this field would certainly prove beneficial for biomass-to-hydrogen technologies. 

CxHyOz + (2x − z) H2O → (2x + y/2 − z) H2 + x CO2     (1) 

2.3. Photocatalytic reforming of oxygenates—Photoreforming 

The generally overlooked option of using light to promote the reforming of oxygenates to H2 and 

CO2 on the appropriate photocatalytic materials bears great potential to drive future improvements. 

This is based on the efficient aqueous phase reforming of a range of oxygenated substrates (which 

can be derived from biomass) in suspensions of semiconductor-based photocatalysts, as observed 

by several researchers. The photocatalytic reactions proceed at ambient or near-ambient 

temperatures (20–60 °C), and thus, the extent of degradation reactions is negligible, resulting in 

high H2 selectivities according to Equation 1 [9]. This represents a clear advantage over the 

thermocatalytic reforming processes [22]. The deep knowledge of such materials in this field is 

reminiscent of their widespread use as photocatalysts [7e, 23]. Regarding the ultimate goal of 

utilising solar light for the production of H2 from biomass, Kondarides and co-workers proved that 

simulated sunlight can drive the complete transformation of model biomass-derived oxygenates 

according to equation (1) on Pt/TiO2 photocatalysts without deactivation [9, 24]. Furthermore, the 

reforming of some oxygenates is endergonic, a fact which indicates that to a certain extent, solar 

energy can be stored as chemical energy in the generated H2, and that the total heat content of the 

fuel can be increased relative to that of the starting substrate (see Section 3 below) [7b, 9]. More 

interestingly, the reported activities of the photocatalysts utilised for this reaction are remarkably 

high, in the order of tens of thousands of micromoles per hour per gram of catalyst 

(> 104 µmol gcat
−1 h−1) [7e]. Based on the high activity, versatility and energy efficiency of the 

photocatalytic reforming of biomass-derived oxygenates, this technology bears great potential to 

widen the portfolio of processes for the straightforward generation of hydrogen. In addition, the 

feedstocks involved are inexpensive and solar light can be used as the only energy source. 
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Despite the efficiency of photoreforming, this field of research has not received the attention that it 

deserves for the production of H2, and only a limited number of overviews of this area of research 

have been published. Cargnello et al. summarised prior art on the photocatalytic reforming of 

methanol, ethanol, glycerol and sugar molecules [7b]. An overview covering a similar scope of 

processes by Shimura and Yoshida also included thermodynamic considerations [7d]. Melo and 

Silva summarised results on photoreforming of biomass derivatives and established a comparison 

with enzymatic and thermocatalytic competitor processes [25]. The group of Bowker dedicated 

significant efforts to study the photoreforming of methanol, mainly focusing on the activity and 

mechanistic aspects related to the use of titania-supported metal catalysts [26]. A review by Rossetti 

was also devoted to compile the advances in the field, including the area of H2 production from 

organic pollutants in water [27]. Specific accounts on copper- [28] or gold-modified [29] TiO2 

photocatalysts or on the photoelectrochemical production of H2 using biomass-derived substrates 

[30] are also available. Transformation of oxygenated substrates by the action of light-promoted 

processes should not only be contemplated from the perspective of photoreforming for H2 

production, yet also more widely, as a set of opportunities in the field of organic synthesis 

incorporating elementary oxidative steps (e.g. alcohol to aldehyde) in the absence of oxidising 

agents [31]. 

2.3.1. Scope: Biomass resources and biomass-derived oxygenated substrates for 

photocatalytic H2 production. Biomass offers an enormous potential with regard to the number 

and amounts of valuable oxygenated substances that can be obtained from the many feedstocks 

available. Among these, the most important materials for transformation into fuels and chemicals 

can be classified into the following generic types: (i) lignocelluloses, (ii) starch- and sugar-based 

crops, (iii) vegetable oil crops [1a]. The most abundant are lignocellulosic materials, since they 

represent a large proportion of all plant mass in the biosphere, forming the cell walls and connective 

tissues of their structural parts. Lignocellulosic material can be obtained from a variety of sources, 

including forest products (wood, timber industry residues or shrubs), agricultural by-products (corn 

hobs, rice husks or wheat straw), waste materials (urban solid waste, paper scrap or used 

cardboard), or energy crops (sorghum, switchgrass or water hyacinth). Crops producing starch or 

sugar (chiefly maize and sugar cane, respectively) are more appropriate for biofuel production than 

lignocelluloses from an economical point of view, although they are edible, and thus their use is 

controversial due to interference with food prices and arable land use. A similar situation is related 

to vegetable oil production involving crops such as rapeseed or oil palm. 
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The main families of such oxygenates are schematically presented in Figure 3. Their sources, and 

related transformation processes resulting in their formation are also shown. It is clearly shown 

there that biomass-derived substances bear a wide variety of oxygen-containing functionalities, 

including hydroxyl groups (alcohols, polyols, phenols), carbonyls (aldehydes or ketones), 

carboxylic moieties (present in organic acids), acetals (formed by intramolecular cyclisations in 

sugars) or ethers (for example, in lignin derivatives such as guaiacols). Some molecules contain 

several kinds of functional groups (e.g. lactic acid, containing both a hydroxyl group and a 

carboxylic acid). 

The use of alcohols such as methanol or ethanol as sacrificial electron donors is common practice 

for the photocatalytic H2 production from aqueous media [7e]. Activities are indeed increased by 

operating in this fashion. However, this complicates literature searches in the topic under review 

herein, since in many occasions, reports about photocatalytic H2 production are titled using the 

generic term “water splitting” in journal articles, whilst in reality considerable amounts of methanol 

or ethanol are used in the aqueous liquid phase. Herein, those research works dealing with 

photocatalytic hydrogen generation from oxygenated organic substrates, mostly derived from 

biomass, have been taken into account. 

The occurrence of varied oxygenated functionalities mentioned above (and shown in Figure 3) in 

biomass-derived feedstocks is responsible for the marked photoreforming reactivity of such 

substrates. The production of H2 can be achieved in this way at remarkably high rates from a variety 

of substances obtained from renewable resources, and more importantly, the feedstocks can be 

chosen from waste materials, thus opening a route for their valorisation. Ultimately, the process can 

be implemented for the sunlight-driven generation of H2 from inexpensive feedstocks. 

 

3. Reaction pathways, thermodynamics and energy balances 

3.1. Thermodynamics of reforming and of competitive reactions 

The reforming of oxygenated organic molecules (CxHyOz see equation 1) entails their conversion 

into H2 and CO2 in the presence of water. The entire transformation may be complex, consisting of 

several steps, mainly dehydrogenation, C-C scission, C-O scission and water-gas shift reactions. It 

is analogous to the steam reforming of hydrocarbons, the most important example being the steam 

reforming of methane (equation 2), which accounts for more than 90% of the hydrogen gas 

produced worldwide [4d, 13-15]. Steam reforming generally takes place via two main steps, the 

first one yielding CO, which is further transformed to CO2 in the second step via the water-gas shift 
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reaction (equations 3 and 4 in the case of methane, respectively). While CO formation (equation 3) 

is endergonic, the water-gas shift (equation 4) is slightly exergonic, resulting in a non-spontaneous 

global process (equation 2) under standard conditions [17c]. 

CH4 (g) + 2 H2O (l)  4 H2 (g) + CO2 (g)    G0 = 130.7 kJ mol−1  (2) 

CH4 (g) + H2O (l)  3 H2 (g) + CO (g)    G0 = 150.8 kJ mol−1  (3) 

CO (g) + H2O (l)  H2 (g) + CO2 (g)    G0 = − 20.1 kJ mol−1  (4) 

In the case of the simplest oxygenated counterpart of methane, i.e. methanol, the reforming process 

is considerably less energy-demanding. The standard free energy change for methanol reforming 

(equation 5) is marginally positive. 

CH3OH (l) + H2O (l)  3 H2 (g) + CO2 (g)    G0 = 9.3 kJ mol−1  (5) 

This is theoretically illustrated in Figure 4, where the free energy changes are plotted against 

temperature for conditions near those employed for typical gas phase methane reforming [32]. The 

reaction would only proceed spontaneously above 766 K for methane, whereas methanol reforming 

would be clearly favoured at that temperature, and even at ambient or sub-ambient temperatures 

(under such conditions, the gas phase model shown in Figure 4 should be slightly adapted to liquid 

phase, although the trend is not expected to be significantly affected). When moving to a higher 

alcohol, i.e. ethanol, the reaction is more endergonic (equation 6). The data plotted in Figure 4 

reveal that, although not as favourable as for methanol, the reforming of ethanol into H2 and CO2 

can be highly efficient at elevated temperatures. However, the reaction network under thermal 

conditions (T = 400–800 °C) is complex, comprising a number of possible transformations which 

seriously affect selectivity [33]. For example, partial ethanol reforming (equation 7), water-gas shift 

(equation 4), ethanol dehydrogenation (equation 8), acetaldehyde decomposition (equation 9), 

methanation (equations 10 and 11, the latter being identical to reverse methane reforming), and 

several carbon/coke formation reactions, have been suggested as relevant reaction pathways. Some 

of these reactions, especially methanation, are more thermodynamically favourable than reforming. 

This is reflected experimentally in the formation of by-products, such as acetaldehyde, methane, 

coke, and significant amounts of CO, thus reducing the theoretical maximum amount of H2 that can 

be produced [33a, 34]. Both thermodynamic models [35] and experimental data [34a, 34c] suggest 

that selectivities towards H2 can be enhanced at elevated temperatures and high water/ethanol ratios 

in the feed [35b]. 

CH3CH2OH (l) + 3 H2O (l) → 6 H2 (g) + 2 CO2 (g)   G0 = 97.4 kJ mol−1  (6) 
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CH3CH2OH (l) + H2O (l) → 4 H2 (g) + 2 CO (g)   G0 = 137.6 kJ mol−1  (7) 

CH3CH2OH (l) → H2 (g) + CH3CHO (g)   G0 = 41.5 kJ mol−1  (8) 

CH3CHO (g) → CH4 (g) + CO (g)    G0 = − 54.7 kJ mol−1  (9) 

CO (g) + 3 H2 (g)  CH4 (g) + H2O (l)   G0 = − 150.8 kJ mol−1 (10) 

CO2 (g) + 4 H2 (g)  CH4 (g) + 2 H2O (l)   G0 = − 130.7 kJ mol−1 (11) 

If one takes acetic acid and glucose as further case studies, the competition between reforming 

(equations 12 and 14) and side reactions, such as decarboxylation (equation 13) or dehydration 

(equation 15), can also be considered.  

CH3CO2H (l) + 2 H2O (l) → 4 H2 (g) + 2 CO2 (g)   G0 = 75.4 kJ mol−1  (12) 

CH3CO2H (l) → CH4 (g) + CO2 (g)    G0 = − 55.3 kJ mol−1  (13) 

C6H12O6 (s) + 6 H2O (l) → 12 H2 (g) + 6 CO2 (g)   G0 = − 84.7 kJ mol−1  (14) 

C6H12O6 (s) → 6 C (s) + 6 H2O (l)     G0 = − 512.8 kJ mol−1 (15) 

It can be clearly noticed that for these model oxygenates, reforming processes are always less 

energetically favourable than other possible reactions. For example, the reforming of liquid acetic 

acid consumes energy under standard conditions (G0 = 75.4 kJ mol−1), whereas decarboxylation 

leading to methane and carbon dioxide is a thermodynamically spontaneous transformation (G0 = 

− 55.3 kJ mol−1). 

In contrast to thermocatalytic processes, which suffer from limited selectivity, it has been proved by 

several authors that reforming of oxygenates can take place to completion (quantitative conversion 

to H2 and CO2, as in equations 2, 6, 12 and 14) by photocatalysis at ambient temperatures. Kawai 

and Sakata demonstrated in their pioneering work that sugar (sucrose) could be converted to the 

maximum amount of H2 and CO2 and in the expected stoichiometry (2:1) according to the ideal 

reforming reaction (equivalent to equation 14) in an aqueous suspension of a RuO2-TiO2-Pt catalyst 

under irradiation from a Xe lamp [36]. They also proved that complete acetic acid reforming 

(equation 12) could also take place on Pt/TiO2 photocatalysts under Hg lamp light [37]. More recent 

work has extended the validity of this approach to other biomass-derived oxygenates such as 

methanol [9, 38], ethanol [9, 38a], acetic acid [38a], glycerol [9, 24], and several saccharides [9]. 

Yasuda and co-workers have rationalised this by extrapolating similar results to infinite dilution, 

whereby the theoretical maximum of H2 (and CO2) per mol of substrate would be obtained [39]. 

These observations prove that reforming of a number of oxygenated substrates can be efficiently 
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and selectively carried out by means of photocatalysis. These transformations are approximately 

neutral regarding free energies under standard conditions (they might be slightly endergonic, 

whereas the sign of the energy balance can change depending on the conditions) [7d], and therefore, 

the fact that they take place by photocatalysis instead of other more thermodynamically favourable 

processes (see for example, equations 12 and 13) is exceptional and proves the selectivity of the 

photoreforming process. 

3.2. Energy balances and heats of combustion 

The possibility of sunlight-induced photoreforming has important implications, since part of the 

energy from the incident light can be stored in the form of chemical energy in the hydrogen gas 

produced. This is graphically represented for ethanol as a model oxygenated substrate in Figure 5. It 

can be clearly seen there that the energy content of the reforming product (H2) is higher than that of 

the starting ethanol. From the point of view of fuel calorific power, the amount of heat which can be 

obtained from the generated hydrogen gas is also substantially higher than that of the oxygenated 

substrate. For example, the heat of combustion of one mole of the ethanol is 1366.8 kJ [40], 

whereas that of the equivalent amount of H2 (6 mol, see equation 6) is 1714.8 kJ, which represents a 

25.5% increase as compared to the heat content of the original substrate. This occurs for most 

biomass-derived oxygenated substances, as detailed in Figure 6. The most prominent increase is 

found for methanol (+ 57%), whereas for the rest of molecules (including polyols, aldehydes, acids 

and saccharides), the heating value increases are all above 20%. This shows that the reforming 

reaction of a wide range of biomass-derived substances can be noticeably favourable in terms of 

fuel values, as has been claimed elsewhere for actual herbaceous lignocelluloses [39c]. In the case 

of the photoreforming process, whereby the energy input is provided by a virtually free and 

inextinguishable source, that is, the Sun, the global energy balance of the process can be clearly 

positive since part of the energy provided by sunlight, as in the case of other up-hill photocatalytic 

processes such as water splitting or natural photosynthesis. 

The photocatalytic reforming of oxygenates (Figure 1 and equation 1) can be viewed as the sum of 

the oxidation of organic substances and water splitting (equations 16 and 17, respectively). 

CxHyOz + (x + y/4 – z/2) O2 → y/2 H2O + x CO2  (G0 < 0; H0 < 0)  (16) 

H2O → H2 + 1/2 O2     G0 = 237.1 kJ mol−1  (17) 

The oxidation of organic substances is exergonic and exothermic, whilst water splitting is an 

energy-consuming process. As discussed previously, the combination of both reactions may result 

in slightly up-hill reforming processes. 
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3.3. Efficiency of radiative energy use 

Effectively, in the reforming reaction water acts as an oxidising agent, in an analogous manner to 

molecular oxygen in combustion. In the former case, H2 is released by reduction of H2O, whereas in 

the latter, O2 is reduced to H2O. In the particular context of photocatalysis, this can be graphically 

represented as shown in Figure 1. The separated charges (electrons and holes) generated in the 

photocatalyst upon absorption of light trigger the reactions which lead to the reforming of the 

biomass-derived substances in the presence of water (reduction of water and oxidation of the 

substrate, respectively). 

Photocatalytic reactions are generally initiated upon light absorption by a semiconductor. This 

phenomenon occurs when the wavelength of the incident light corresponds to an amount of energy 

equal to or greater than that of the semiconductor band gap, that is, the energy difference between 

the top of its valence band and the bottom of its conduction band. Further, each of the half-reactions 

involved will proceed only if the following requirements are met: (i) the potential of the conduction 

band is more negative (i.e. its energy is higher) than that of the reduction half-reaction, and (ii) the 

potential of the valence band is more positive (i.e. its energy is lower) than that of the oxidation 

half-reaction. In that case, electrons may be transferred (i) from the conduction band into the 

species to be reduced, and (ii) from the species to be oxidised into the valence band. After these 

processes are completed, the semiconductor returns to its ground state and the photocatalytic cycle 

can continue [5d, 7e, 23]. For endergonic reactions, such as natural photosynthesis or the reforming 

of oxygenates, light energy is stored in this way. The reduction of protons to molecular hydrogen is 

theoretically feasible on a number of excited semiconductors in the presence of appropriate co-

catalysts [5d, 7e, 41]. For example, the energy level of the conduction band of TiO2 (ECB = 

− 4.21 eV) is higher than the H+/H2 reduction potential (E = − 4.5 eV with respect to the vacuum 

level or, by convention, E0 = 0 V vs. the normal hydrogen electrode, NHE). On the other hand, the 

energy level of the edge of the valence bands of many semiconductors is expected to be lower than 

the oxidation potentials for most organic substances, a fact which is responsible for the high 

efficiencies of the photocatalytic mineralisation of organic pollutants (to CO2) with concomitant 

reduction of O2 [23, 42], and for the same reason, should be equally efficient for photoreforming 

since the oxidation half-reactions are formally the same (see Figure 1) [7d]. Thus, once the energy 

barrier for the process has been overcome by virtue of the absorbed light, the efficiency of the 

process will be dictated by the ability of the photocatalyst to provide accessible active sites. In 

short, that ability can be referred to as photocatalytic activity, and can be measured by means of the 
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quantum yield (Φ), defined by equation 18. Since the amount of absorbed photons is extremely 

difficult to be measured, in practice apparent quantum yields are used (Φap), defined by equation 19. 

𝛷 = 100 ×  
𝑛(transferred electrons)

𝑛(absorbed photons)
       (18) 

 𝛷a = 100 × 
𝑛(transferred electrons)

𝑛(incident photons)
       (19) 

Then, charges generated upon light absorption should migrate to the active sites and participate in 

reactions. Otherwise, electrons and holes may recombine and thus release energy, causing 

reductions in quantum yields. 

 

4. Mechanism 

Surface species responsible for charge transfer reactions, that is, active sites of the solid catalyst and 

adsorbates from the substrate, are the subject of mechanistic studies on photocatalytic processes, 

although the knowledge of their identity is not a trivial issue. Spectroscopic techniques can provide 

useful information for that purpose. However, in situ operando studies, which are obviously most 

suited to elucidate reaction mechanisms, are often not feasible in the course of the photocatalytic 

experiments. As an approximation to the real situations, some investigations are devoted to similar 

measurements dealing with surface phenomena in the dark. In this section, we will summarise the 

most relevant information about the mechanisms of oxygenate photoreforming, highlighting those 

hypotheses which have raised more consensus. Kinetic studies will be also the focus here. 

4.1. Photo-generation of charges upon Light absorption 

It is widely accepted that semiconductors are active materials for the absorption of light and that a 

number of chemical processes can be unleashed upon such phenomenon. This can be 

experimentally proven by comparing the photocatalytic activities of materials based on 

semiconductors (e.g. TiO2) to those of expectedly non-active isolating analogues (e.g. SiO2) [43], 

although it should be noted that the latter may also activate photolytic events under intense 

ultraviolet-visible (UV-vis) light [44]. As mentioned above, photo-generated charges should 

migrate to the active sites before recombination. The properties, behaviour and performance of 

titanium dioxide in this context has been extensively investigated and is thus well understood for 

many applications [6a], whereas analogous knowledge about other semiconductors is more scarce. 

4.1.1. Time-resolved spectroscopic evidence for transient photo-generated electrons. The 

observation of charge separation events on semiconductor particles is a challenging task. The best 
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approach to date relies on time-resolved infrared (IR) absorption spectroscopy of laser-irradiated 

samples [6a, 6b], a method designed in an elegant experimental set-up by Onishi, Ishitani and co-

workers [45]. It consists of a laser source emitting UV or visible pulses which travel through a 

sample. After irradiation, light from an IR source is focused on the sample. An AC-coupled 

amplification of the transmitted IR signal allows detection of small transient absorbance changes 

with a time resolution of 50 ns. A characteristic feature-less (no bands) absorption, observed in 

systems containing TiO2, was assigned to photo-generated electrons trapped in shallow mid-gap 

states, which may be promoted to higher-energy conduction band states (see Figure 7). According 

to the authors, absorption by photo-generated holes in the IR frequency range is ruled out due to the 

theoretically wide energy difference between mid-gap trap states and the top of the valence band 

[45]. In the case of titania materials under vacuum, the transient IR signals decrease along a multi-

exponential rate law with time, a fact which is related to the recombination of photo-generated 

electrons and holes [45a]. The decay kinetics of the electron is sensitive to different atmospheres. 

For example, O2 accelerates the decay due to its tendency to consume electrons (Figure 8, left). In 

contrast, H2O consumes holes and therefore causes an accumulation of electrons, which reduce 

Ti(IV) to Ti(III) and results in a slower decay of the transient electron signal (Figure 8, right) [46]. 

This reduction was inferred by a colour change of the material from white to blue [46-47], and may 

result in the formation of oxygen defects or even Ti2O3 phases [47a]. Similar observations have 

been described in the presence of oxygenated substances—prone to undergo oxidation—such as 2-

propanol [48] or glycerol, as far back as in 1921 [49]. Irradiation of titania materials bearing 

supported platinum nanoparticles (Pt/TiO2) under vacuum results in faster decays, a fact which is 

ascribed to electron migration to Pt after times as short as 1 μs (Figure 9, left) [46]. In the presence 

of H2O vapour, similar hole consumption is observed for TiO2 before 2 μs, whereas the decay is 

significantly accelerated during 101–103 μs time spans for Pt/TiO2 (Figure 9, centre). This is due to 

reduction of H2O to H2 by electrons at the surface of Pt nanoparticles at longer times [46, 50]. The 

same authors performed similar experiments in the presence of methanol [51] or methanol/water 

[52] vapours. Methanol suppressed such decay, indicating a more efficient hole consumption than 

in the case of water [51-52]. Adding H2O to the system inhibited methanol oxidation by holes to 

some extent, although this was followed by faster electron consumption at longer times, most likely 

related to the evolution of hydrogen by reduction of the thereby more ubiquitously available protons 

[52]. Similar results were reported for 2-propanol on Pt/TiO2 [53]. On the other hand, materials 

based on La-doped NaTaO3 having supported NiO particles exhibited similar photoresponse, 

proving that electron transfer onto nickel and subsequent reduction of water to H2 on such metal 

(thus acting as a co-catalyst) can be also promoted [54]. 
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4.1.2. Time-resolved spectroscopic evidence for transient photo-generated holes. A 

complementary method to transient electron studies, developed by Shkrob and Sauer, revealed that 

photo-generated holes in TiO2 absorb at visible and near-IR wavelengths. They suggested the 

formation of two types of holes depending on whether these were located at surface sites or in 

deeply trapped states, and their distinct decay kinetics: faster for the former and slower for the 

latter, due to oxidation of either chemisorbed or physisorbed glycerol, respectively [55]. The direct 

detection of photo-generated holes was also reported by Furube and co-workers [56]. This was 

achieved at femtosecond to nanosecond time scales by UV-vis absorption after low intensity 

excitation to avoid fast electron-hole recombination. Trapped holes in nanocrystalline TiO2 films 

display a characteristic absorption maximum at 500 nm; alcohols caused significant decreases of the 

signal, thus confirming their strong tendency to react with holes and thus suppress recombination 

(Figure 10). An important point to note here is that, in the presence of alcohols, the lifetimes of 

photo-generated holes is significantly shorter (10−12–10−9 s) than those of photo-generated electrons 

(10−5–10−3 s). Therefore, substrate oxidation events in photoreforming are expected to be 

significantly faster than proton reduction to generate H2 by the complementary half-reactions. 

4.2. Adsorption-dependent kinetics 

4.2.1. Postulation of adsorption-dependent models. For photocatalytic reforming of oxygenated 

organic molecules in aqueous suspensions of semiconductor powders, it has been demonstrated that 

reaction rates commonly increase with oxygenated substrate concentration. The increase is sharp at 

low concentrations, but rates asymptotically reach a maximum at higher concentrations, indicating a 

near-zero order dependence with respect to the substrate. This is consistent with a Langmuir-type 

model, whereby rates are directly dependent on the amounts of organic species adsorbed, and no 

further increase takes place above saturation of the photocatalyst surface. The rates of H2 production 

were observed to increase in this way with methanol concentration on aqueous suspensions of 

Pd/TiO2 powders, reaching a near-zero order dependence [57]. Similar behaviours were reported for 

methanol [38c, 58], 2- propanol [59], oxalic acid [60], acetic acid [61], glucose [62] or sucrose 

[62b] on Pt/TiO2, for glucose [63] or glycerol [64] on CdxZn1−xS, or for glucose on ZnS-ZnIn2S4 

[58] photocatalysts. In some of these reports, in particular dealing with glucose photoreforming, 

data were successfully fitted to the Langmuir-Hinshelwood kinetic model [58, 62a], expressed as: 

1

𝑟(H2)
=  

1

𝑘(H2)
+ (

1

𝑘(H2)𝐾
) 

1

𝐶0
        (20) 

where r(H2), k(H2), K and C0 are the initial H2 production rate, the rate constant of H2 evolution, the 

adsorption constant of glucose and the initial concentration of glucose, respectively. A graphical 
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representation of this substrate adsorption-based relationship is shown in Figure 11. In another 

particular case, the adsorption-rate relationship was fitted to the square root of methanol 

concentration, and this was ascribed to a dissociative adsorption model [58]. Linear dependences of 

H2 production rates and the logarithms of glycerol, ethanol or galactose concentrations were 

alternatively observed, albeit no explanation was stated for such model [9]. 

4.2.2. Suitability and utility of kinetic models. The interpretations stated above should be 

considered with care, since the Langmuir-Hinshelwood model represents a one-step reaction of 

adsorbates, whereas the photoreforming of oxygenated molecules involve multiple reaction steps. 

The graphical representations which relate the maximum H2 production rates to the initial 

concentration of the substrate should thus contemplate this fact. In an essay article, Ohtani stressed 

that postulation of a Langmuir-Hinshelwood model requires the measurement of adsorption data in 

the dark for validation [42]. However, based on the first order rate constants measured at low 

concentrations and zero-order at higher concentrations, it can be derived that organic substrate 

oxidation proceeds efficiently and rapidly on the surface of the photocatalyst, so that the process is 

only limited by diffusion and adsorption kinetics and not by the rate of surface reaction under 

adsorption equilibrium [6c, 42]. In practice, this is beneficial since charge recombination is 

prevented by fast charge transfer at the catalyst surface-solution interphase. Consequently, electrons 

can be also efficiently transferred to protons by appropriate co-catalysts, giving rise to the formation 

of hydrogen gas. This is the basis of the photocatalytic production of H2 from water aided by 

alcohols, which are considered as electron donors for the process. In fact, in the absence of alcohols 

or other sacrificial electron donors, pure water splitting is not efficient on most M/TiO2 (M = noble 

metal) materials since they are not active for the oxidation of water to O2 [6c]. However, they can 

catalyse the oxidation of organic substances at high rates. This was clearly illustrated by Kondarides 

et al., who showed that the quantum yields for H2 production were noticeably higher for an aqueous 

glycerol solution (1 M) than for pure water (Φ > 70% and Φ = 1.8% at maximum rate, respectively) 

on the same kind of Pt/TiO2 photocatalysts [9]. In this line, a time-resolved IR spectroscopic study 

related the efficiency of methanol reforming to its rapid oxidation into methoxide radicals and then, 

to the slow recombination of electrons with such oxidised species, in contrast to the more favoured 

direct recombination with holes or secondary recombination with hydroxide radicals in pure water 

[65]. 

4.3. Oxidation mechanisms 

4.3.1. Comparison of aerobic photo-oxidation and anaerobic photoreforming. As described in 

the previous section and sketched in Figure 1, the photocatalytic reforming of oxygenated 
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substances can be considered as the sum of proton reduction into molecular hydrogen and oxidation 

of the carbon feedstock into CO2. The oxidation processes are mainly promoted by the generation of 

holes in the valence band of the semiconductor. In the presence of O2, hydroxyl radicals may be 

originated by oxidation of water or surface hydroxide anions by holes, or by the reduction of 

molecular oxygen. In addition to hydroxyl radicals, other activated oxygen species such as 

peroxides (e.g. H2O2) or superoxide species, including the superoxide anion (O2
•−) or the 

hydroperoxyl radical (HO2
•) can be formed in noticeable concentrations mostly by O2 reduction, 

thus giving rise to a complex network of oxidation reactions, both in solution and on the surface of 

the catalyst [66]. Therefore, photocatalytic oxidation, although being light-initiated, might in fact 

proceed by propagation of free-radical processes to a significant extent, as for example evidenced 

by kinetic analyses [67]. Once a dioxygen molecule is first reduced to superoxide, this sequence of 

steps whereby active oxygen species act as direct electron acceptors can be activated without the 

participation of photons, but rather thermally (see Figure 12) [66a]. In contrast, the oxidation of the 

organic substrate in photocatalytic reforming in the absence of O2 (where water is the ultimate 

oxidising agent) can only be promoted by light, either directly by holes or indirectly by hydroxyl 

radicals, since there is no possibility of the reaction to proceed via thermally activated free-radical 

pathways. These fundamental differences between photocatalytic oxidation and reforming are 

schematically illustrated in Figure 12. 

It should be noted that peroxides may also be formed in photoreforming processes as secondary 

active oxygen species (Figure 12, bottom). In fact, this was proven in a thorough study dealing with 

the quantification of peroxides during irradiations of aqueous Pt/TiO2 suspensions containing 

glycerol. The kinetic data provided is strongly consistent with the suggested mechanisms involving 

hydroxyl radicals as the primary oxidising agent and peroxides as a secondary species taking part in 

the oxidation processes, as shown in Figure 12. The complete reduction of an O2 molecule into H2O 

(involving the transfer of 4 e−) in aerobic photo-oxidation can be unleashed by the absorption of a 

single photon, yet the participation of further photons may also be at play. Therefore, the scenario 

where one photon activates an oxygen molecule which in turn may initiate up to three further 

charge transfer events by thermal activation cannot be neglected. In contrast, each electron transfer 

in photoreforming can uniquely be activated by absorption of one photon, even where peroxides 

(H2O2 and related species, see Figure 12) take part, a fact which implies that photoreforming 

quantum efficiency calculations can be safely based on the total amount of H2 produced. 

4.3.2. Direct vs. indirect oxidation. In photocatalysis, the initial oxidation steps may proceed by 

two different routes: (i) direct oxidation of chemisorbed or strongly adsorbed species by holes on 



22 
 

the surface of the photocatalyst, or (ii) indirect oxidation reaction of the physisorbed organic species 

with previously formed hydroxyl radicals in outer adsorption spheres [6a, 23, 66a, 68]. Whatever 

the oxidation route, the resulting oxidation intermediates and products might be identical, and thus, 

discrimination between these two routes is challenging. Regarding the discrimination between 

direct and indirect oxidation in the photoreforming of oxygenated substrates, Kawai et al. 

concluded that the significance of each route for alcohols depends on the energy of their valence 

orbital energy positions. They concluded that alcohols with more tendency to be oxidised (e.g. 

ethanol) were transformed directly by holes on Pt/TiO2, whereas those with energetically deeper 

valence orbitals are indirectly oxidised by [OH]•, a fact evidenced by the dependence of water 

content in the system on the reaction rates [69]. In contrast, kinetic studies performed on different 

substrates were not conclusive for discerning between either direct oxidation by holes or indirect 

oxidation by [OH]•, since activation energies were indistinguishable for the range of alcohols 

studied, including methanol, ethanol, 1-propanol and 2-propanol [70]. This was attributed to 

electron transfer between the bulk of the photocatalyst and the surface active species as the common 

rate-limiting step, irrespective of the alcohol substrate, which was believed to react rapidly [70-71]. 

Probably the most reliable and revealing evidence of the primary steps in alcohol photoreforming is 

that obtained from in situ transient IR absorption spectroscopy (see Section 4.1), which suggested 

that methanol consumes holes more rapidly in the absence of water, and increasing the amount of 

water vapour prevents the process accordingly [52]. These results are in favour of the direct hole-

promoted electron abstraction for alcohols on irradiated photocatalysts. In this line, in situ EPR 

studies reported by Thurnauer and co-workers revealed that the only radical produced on irradiated 

aqueous colloidal TiO2 from alcohols were the corresponding 1-hydroxyalkyl species, where α-

hydrogen atoms had been abstracted [72]. Neither free nor adsorbed hydroxyl radicals were 

detected, and instead, it was suggested that holes were trapped as surface oxidised oxygen atoms 

[72a]. Both facts thus indicate direct oxidation by holes of the alcohols, either as strongly adsorbed 

species or as loosely adsorbed molecules within a few monolayers from the photocatalyst surface. 

These assumptions are consistent with those stated by Howe and Grätzel and based on EPR 

measurements on hydrated anatase samples [73], but nevertheless opposed to the previous 

interpretation of similar data by Anpo et al., which proposed the existence of hydroxyl radicals in 

those UV-irradiated systems [74]. 

Nosaka et al. measured the relative amount of radicals formed by in situ electron paramagnetic 

resonance (EPR) spectroscopy, and proposed adsorption kinetics as another factor which may 

influence the primary (direct/indirect) routes of acetic acid reforming on irradiated aqueous Pt/TiO2 
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[68a]. They based their argument in the observation of two distinguishable routes depending on N2 

flow rate through the suspension: at low gas flow rates diffusion of acetic acid would be the rate-

determining step and its (direct) oxidation by holes would take place predominantly, whereas at 

high gas flow rates reaction rates are almost unaffected by diffusion and formation of hydroxyl 

radicals and subsequent (indirect) oxidation of acetic acid would be more significant [68a]. Another 

study relating the efficiency of H2 production from different oxygenated substrates on illuminated 

Pt/TiO2 to the rate of hydrogen abstraction in solution led to conclude that adsorbed hydroxyl 

radicals might be the oxidising agents in this step [75]. A recent study by Bahnemann and co-

workers is also consistent with this conclusion [76]. Li et al. observed the formation of [OH]• in 

illuminated aqueous ZnS-ZnIn2S4 photocatalyst suspensions, and related their occurrence with 

glucose photoreforming [58]. 

Probably the most insightful mechanistic study regarding the distinction between direct or indirect 

oxidation steps was that reported by Selli and co-workers on the vapour-phase photoreforming of 

methanol using M/TiO2 (M = Au or Pt) as photocatalysts [77]. They developed a thorough kinetic 

model (supported by isotopic exchange experiments) which satisfactorily fitted their experimental 

data for steady-state production of HCHO, HCO2H and CO2 as a function of the molar H2O/CH3OH 

ratio, and distinguished between three different mechanistic routes: (i) indirect [OH]•-mediated, (ii) 

direct hole-mediated, and (iii) direct water-assisted routes. The three pathways proved to proceed in 

parallel, being the influence of each of them dependent on the composition of the vapour phase. 

Under methanol-rich regimes, direct oxidation by holes leading to HCHO would be the only 

relevant route, whereas upon increasing water content, indirect oxidation by hydroxyl radicals 

would be predominant. Intermediate situations could not be accounted for by the simplistic 

direct/indirect dichotomy, and a third route whereby the water-rich medium facilitated proton 

transport from oxidation to reduction sites—which then needed not be contiguous at the periphery 

of the metal/titania interface, and could be far apart on pure titania or metal surfaces, respectively—

was proposed. Based on this work, the possibility of several mechanistic routes at interplay is 

always a wise hypothesis considering complex photoreforming processes [77]. 

4.4. The speciation of adsorbed substrates and intermediates 

Despite some mismatching data, the efficiency of complete photoreforming of the many different 

substrates is apparent from the large amount of tests reported in the literature. Spectroscopic 

investigations are valuable in order to gain a more insightful knowledge of the mechanism, as 

outlined in the following paragraphs. 
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4.4.1. Speciation of adsorbed substrates. 4.4.1.1. Adsorption of alcohols. Regarding the 

interaction of oxygenates with titania surfaces, a limited number of spectroscopic studies have been 

devoted to identifying the mode of alcohol adsorption. Nosaka and co-workers measured 1H NMR 

spectra of TiO2 in the solid state using a magic angle spinning (MAS) probe, in the presence of 

moisture and ethanol and at variable temperatures, concluding that ethanol is more strongly bound 

to the surface of titania than water, even remaining after heating at 150 °C; however, the ethanol 

signals disappear after UV irradiation, thus suggesting rapid decomposition (Figure 13) [78]. 

Similar conclusions were drawn from a sum-frequency generation spectroscopic study for 

methanol, and two possible mechanistic pathways were proposed: in the absence of water, adsorbed 

methoxide would be directly oxidised by holes, whereas in the presence of water, methanol would 

be indirectly oxidised by photo-generated hydroxyl radicals [79]. In the gas phase, condensation of 

alcohols with titanol groups has been suggested based on the disappearance of (Ti)O-H stretching 

bands, the observation of characteristic water vibrations and the shift of certain bands of the alcohol 

due to chemisorption [51-52, 65, 69, 80]. In this line, adsorption of ethanol as ethoxide on Pt/TiO2 

was observed by conventional IR methods [69]. Analogous methanol adsorption from the gas phase 

has also been observed [51-52, 80f]. In these cases, methoxide remained on the photocatalyst after 

evacuation under reduced pressure [51-52, 80f], whereas molecular methanol was readily removed 

in this way [52]. Adsorption of methanol on similar Pt/TiO2 solids with different Pt contents was 

also studied by transmission FTIR, revealing that: (i) methoxide is preferentially formed, and (ii) 

the amount of adsorbed species markedly decreases with increasing Pt content (up to 1.0%) [65]. 

This was explained based on the importance of surface oxygen vacancies as methoxide formation 

sites and, in competition, also as Pt nucleation centres, a fact which would be responsible for 

existence of maximum H2 production at relatively low Pt loadings. 

4.4.1.2. Adsorption of carboxylic acids. The interaction of carboxylic acids on titania materials and 

their subsequent photodecomposition has also been studied by means of FTIR spectroscopy. 

Attenuated total reflectance (ATR) has served to elucidate how several substrates adsorb on titania 

surfaces. Formic or oxalic acid sorption on TiO2 was studied by ATR-IR spectroscopy on samples 

prepared from aqueous suspensions after water evaporation (Figure 14, top) [81]. The absence of 

ν(C=O) bands suggested that formic acid deprotonated into adsorbed formate species. Furthermore, 

oxalic acid adsorbed more strongly and preferentially via bidentate bonding, and thus, its 

photodecomposition (into H2) was faster even in the presence of a large formic acid excess. This 

proves the importance of substrate adsorption on H2 production by photocatalytic reforming. 

Glyoxylic [82] and lactic acid [83] adsorbed from the solution onto TiO2 in a bidentate chelating 

fashion; in contrast lactic acid interacted electrostatically as lactate anion with CdS surfaces (Figure 
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14, bottom) [83]. The identification of such adsorption modes was used to account for the different 

products formed from reactions on the corresponding illuminated platinised photocatalysts: 

dehydrogenation was observed on Pt/CdS, whilst oxidative decarboxylation took place on Pt/TiO2, 

possibly favoured by the strongest, more intimate, chelating interaction involved [84]. 

4.4.2. In situ spectroscopic monitoring under irradiation. 4.4.2.1. Evolution of adsorbed 

alcohols under irradiation. Regarding the effect of light on adsorbed alcohols, direct observation by 

EPR allowed to identify hydroxymethyl or 1-hydroxyethyl as the primary products from the 

interaction of adsorbed methanol [72] or ethanol [72b] with illuminated colloidal TiO2. The primary 

alcohol oxidation steps on M/TiO2 (M = Pt, Pd, Rh, Ir, Ru or Os) were also successfully monitored 

in detail by using in situ EPR spectroscopy in aqueous suspensions. Thus, hydroxymethyl, 1-

hydroxy-1-ethyl and 2-hydroxy-2-propyl radicals were detected from methanol, ethanol and 2-

propanol, respectively [85]. These independently reported results unambiguously revealed the 

dehydrogenation in α positions with respect to the hydroxyl group, although the formation of 

transient (undetected) hydroxyl radicals, that is, where the unpaired electron is located on the 

oxygen atom cannot be ruled out [65]. 

The strong adsorption of alcohols on titania and their subsequent degradation upon UV light 

irradiation have also been observed by means of FTIR spectroscopy. Time-resolved IR absorption 

suggested the rapid (< 50  µs) dehydrogenation of 2-propanol into acetone on Pt/TiO2 irradiated 

with a 355 nm laser pulse [53]. Similarly, the use of a specially designed cell allowed the 

measurement of FTIR spectra after UV light irradiation of Pt/TiO2 samples with adsorbed 2-

propanol, leading to the detection of acetone (primary product), adsorbed carboxylates (acetate and 

formate), CH4 and CO2, as degradation products [80a]. A mechanism based on dehydrogenation 

(first step), C-C scission and decarboxylation reactions was proposed. In the complete study by Li 

on methanol photoreforming, several products adsorbed on the solid-gas interface, such as 

formaldehyde, dioxymethylene, formate and formic acid were detected by FTIR after UV 

irradiation from a laser source [65]. A similar approach was also used to monitor the methanol 

reforming reaction on illuminated Pt/TiO2; formate and carbonate species were detected as products 

or intermediates [80f]. Moreover, ex situ diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) also allowed the detection of formaldehyde, dioxymethylene and formic acid as 

methanol photoreforming products on Pt/TiO2 photocatalysts after reactions in UV-irradiated 

suspensions [38c]. Interestingly, these intermediates were adsorbed on the solid, and not dissolved 

in the liquid phase. 
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4.4.2.2. Evolution of adsorbed carboxylic acids under irradiation. McQuillan and co-workers 

specially designed cells for the measurement of in situ ATR-IR spectra of solid photocatalyst films 

in contact with aqueous solutions, which allow the detection of adsorbates and the monitoring of 

their evolution under light irradiation; this approach was successful for the identification of 

chelating glyoxylate transformation into oxalate by oxidation of the aldehyde moiety on TiO2 under 

UV light, based on the disappearance and appearance of the corresponding C=O stretching bands 

[82]. Gas phase FTIR studies of formic acid Pt/TiO2 have been also performed on pressed disc 

samples, leading to the conclusion that both protonated and deprotonated forms can exist adsorbed 

on the catalyst [86]. Upon UV (355 nm) laser irradiation, the former (molecular species) is 

degraded more rapidly than the latter (anionic species), although both are transformed into 

carbonates, eventually leading to CO2 and H2. Anionic formate adsorbed strongly on bare TiO2 

surfaces, remaining even after evacuation at high temperatures, as suggested by FTIR, whereas CO2 

evolved readily due to formate decomposition under UV-vis light [80g]. 

A more sophisticated set-up based on a surface enhanced infrared absorption (SEIRA) technique 

was developed by Sato and co-workers to track the UV-induced degradation of acetic acid on 

Au/TiO2 or Au/Pt/TiO2 photocatalyst layers. Adsorption of molecular acetic acid was observed in 

gas phase experiments, whereas both acid and carboxylate species formed on the surfaces of the 

materials in liquid aqueous phases. Upon irradiation, carbonate species were detected on Au/TiO2 

films, whereas in addition, methyl radicals were also found on analogous Au/Pt/TiO2 [87]. The 

formation of methyl radicals from irradiated acetic acid samples had also been previously 

confirmed by EPR on Pt/TiO2 in the liquid phase [68a, 85a, 88]. The mentioned intermediates 

(carbonates and methyl radicals) support a mechanistic pathway involving decarboxylation of acetic 

acid and accounting for the eventual formation of CH4 and smaller amounts of C2H6 by coupling of 

methyl radicals with adsorbed hydrogen atoms (H•) or with themselves, respectively. Furthermore, 

reduction of protons would lead to the formation of H2 [88a, 89]. If a maximum production of H2 is 

sought, reforming mechanisms involving the complete oxidation of carbon-containing intermediates 

should be investigated. This is especially important for alkyl radicals (e.g. methyl) generated by 

decarboxylation, which tend to couple with other alkyl or hydrogen radicals, resulting in the 

formation of alkanes (e.g. methane) and thus, in a decrease of H2 selectivities. 

4.5. Postulation of different mechanistic routes 

In addition to investigations on surface species, some studies have focused on tracking reaction 

intermediates in solution. Combining the knowledge from both approaches, the elucidation of the 

most plausible photoreforming mechanisms has been attempted by several researchers. 
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4.5.1. Alcohol photoreforming mechanisms. The significance of different alcohol reforming 

mechanisms on M/TiO2 (M = noble metal) has been investigated by independent research groups on 

the basis of the product analyses (by mass spectrometry and H2 quantification) for alcohols and 

other oxygenates having slightly different structures [90]. They observed that dehydrogenation is 

generally efficient provided α-hydrogens are available, as generally observed in a number of other 

studies. In a further mechanistic step, the presence of terminal alkyl groups would lead to the 

production of the corresponding alkane (for example, methane from the methyl group in ethanol). In 

polyols without terminal alkyl groups no alkane-type products could be detected. Instead, H2 and 

CO2 were the main products in molecules with several hydroxyl groups [90b]. In order to account 

for the aforementioned product distribution, different mechanisms have been postulated for 

hydroxyl-containing molecules, as detailed in the following sections. 

4.5.1.1. The CO mechanistic route. This mechanism involves the non-selective dissociation of the 

adsorbed alkoxides into CO and atomic hydrogen, both adsorbed on noble metal particles, and 

alkanes (referred to here as the CO route, see Figure 15). This hypothesis is based on temperature 

programmed desorption (TPD) experiments, and further oxidation of CO into CO2 [26, 57, 90a, 91]. 

The latter step might follow a water gas shift stoichiometry (water as the oxidising agent), a process 

which takes place efficiently on Au/TiO2 under simulated solar light [92], or on Pd/TiO2 irradiated 

by a Xe lamp [93]. Complementarily to the CO route mechanism for primary alcohols (Figure 15), 

Bowker and co-authors also suggested that dehydrogenation of secondary counterparts may proceed 

by beta-hydride elimination and formation of a carbonyl group and then, subsequent 

decarbonylation of the ketone would result in CO and two alkyl radicals [90a], via a reaction which 

involves two C-C bond scissions. It should be reminded that this mechanism, happening via 

intermediate CO, is based on high temperature data (TPD), and thus, on substantially different 

experimental conditions than those used in near-ambient temperature photocatalysis. In support of 

the route suggested by Bowker and co-workers, small amounts of CO have been quantified by 

photoreforming of methanol [94], glycerol [94b] or glucose [94b, 95] on M/TiO2 (M = Ni, Cu, Pt, 

Rh, Ru, Au or Ir) photocatalysts. 

4.5.1.2. The carbonyl mechanistic route. A different mechanism was postulated by Fu et al. for a 

range of similar substrates on Pt/TiO2 photocatalysts (referred to here as the carbonyl route, see 

Figure 16) to account for the formation of carbonyl moieties [96]. According to this hypothesis, 

carbonyl-containing primary products of alcohol dehydration undergo oxidative C-C cleavage 

giving rise to an alkyl radical and a carboxylic acid [62a, 96]. Direct evidence for the formation of 

1-hydroxyalkyl-type radicals, derived from primary alcohol oxidation by abstraction of α-hydrogen 
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atoms, was proven by direct observation using EPR spectroscopy for methanol, ethanol or 2-

propanol on M/TiO2 (M = Pt, Pd, Rh, Ir, Ru or Os) suspensions [85a]. Another proof to the 

hydrogen abstraction route is the coupling of the derived radicals into dimers whereby new C-C 

bonds are formed [75, 97]. On most occasions, dehydrogenation is the dominant mechanistic 

pathway after the initial hydrogen abstraction, as evidenced by the large number of studies reporting 

the formation of carbonyl functionalities from the corresponding alcohols. 

Moreover, this mechanism contemplates the oxidation of alkyl radicals formed by C-C scission into 

smaller alcohols, which can in turn adsorb onto titania and undergo a further reforming cycle, 

instead of undergoing reductive coupling into alkanes. This route would account for the favoured 

formation of H2 from polyols such as glycerol, and to the disfavoured formation of alkanes such as 

methane [96]. In other words, it can explain the full reforming of the starting oxygenate into H2 and 

CO2 (according to equation 1), as found in several investigations by final product analysis and by 

molar balance calculations [9, 24, 36, 38a, 98]. A considerable number of studies have corroborated 

the primary dehydrogenation of alcohols into the corresponding ketones [59, 69-71, 80a, 99] or 

aldehydes [59, 64, 69-70, 100], thus adding support to this carbonyl route. 

4.5.2. Carboxylic acid photoreforming mechanisms. Both mechanisms suggested above (step-

wise dehydrogenation and non-selective dissociation of alcohols, represented by Figure 15 and 

Figure 16, respectively) are consistent with the formation of H2, CO2 and alkanes from several 

oxygenated substrates. However, their postulation was only based on qualitative gas phase sample 

analyses, whilst (intermediate) by-products such as ketones, aldehydes or acids should be expected 

to reside mostly in the liquid phase, and adsorbed or transient species such as alkyl radicals might 

be found on the surface of the photocatalyst. Considering carboxylic acids as the substrates have 

proven as the basis of revealing studies to elucidate general photoreforming mechanisms. 

Detection of methyl radicals from acetic acid by spectroscopic techniques [68a, 87-88] is consistent 

with the route proposed by Fu et al. (Figure 16) entailing the oxidative C-C cleavage of ketones and 

the decarboxylation of carboxylic acids into alkyl radicals and CO2. Also consistent with this 

mechanism, the photocatalytic carboxylic acid reforming produced, among diverse reaction 

products, alcohols of lower number of carbon atoms. This was rationalised by a formidably 

complex reaction mechanism which contemplates the decarboxylation of the acids into CO2 and 

alkyl radicals, and subsequent coupling of the latter with [OH]• to generate the corresponding lower 

alcohol [37]. Such processes were favoured at high pH values, presumably promoted by the 

hydroxyl radicals formed by oxidation of the ubiquitous [OH]− present in basic media. A complete 

reaction network, consistent with the carbonyl route presented above, was postulated (Figure 17). 
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4.5.3. Proposal of a consolidated photoreforming mechanism. In order to consolidate the 

mechanisms, a general route is presented in Figure 18, aiming at fitting most experimental results 

published in the literature. The proposed route has been devised in a “helical” cyclic way, so as to 

account for the reforming of any complex poly-oxygenated molecule, including polyols and 

saccharides, via a sequence whereby hydroxyl groups transform into carbonyl, which in turn oxidise 

to carboxylate residues. As side reactions on the reductive side, alkyl radicals may couple with 

adsorbed hydrogen atoms or with other alkyl radicals. This accounts for the formation of alkanes. 

If one starts with an alcohol, the first suggested step is the dehydrogenation to form a 1-

hydroxyalkyl-type radical, which would undergo a second dehydrogenation to form the 

corresponding carbonyl compound. Dissociation of the latter would derive in a carboxylic acid and 

an alkyl radical. The exact way in which this step may proceed is still unclear. An oxidative C-C 

cleavage leading to a transient acyl cation, which would rapidly evolve to the acid in the presence of 

water, is suggested. The acid may decarboxylate into CO2 and a free alkyl radical, a process that can 

take place oxidatively. Alkyl radicals could be oxidised by, for example, [OH]• species. This would 

result in new, shorter-chain alcohols, which could become involved in a new reforming cycle. This 

is the basis of the suggested route (Figure 18) and is consistent with the experimentally observed 

complete reforming of several substrates, or with the partial reforming into lighter oxygenates, as is 

the case for the formation of acetaldehyde from lactic acid on illuminated Pt/TiO2 [84]. A similar 

approach was used to rationalise the photoreforming of acetic acid on Pt/TiO2 [61]. 

Regarding the formation of H2, Li and co-workers proposed in their mechanism that the protons 

primarily derived from methanol oxidation steps on titania sites should migrate to Pt particles, 

where they would be reduced [65]. The presence of water accelerates these processes (and thus H2 

generation), in principle by providing a continuous medium for proton conduction on the adsorption 

spheres of the photocatalyst [77]. 

In the proposed “helical” mechanism, oxidative decarboxylation of formic acid into CO2 and 

hydrogen atoms would be the latter step. This process may proceed via different pathways 

depending on the conditions, but unfortunately, it has been seldom investigated in detail. In a 

particular report, it was suggested that the oxidative scission of the H-C (or D-C) bond promoted by 

visible light on CdS powders was the rate-limiting step, based on kinetic isotope effects [101]. In 

brief, the proposed route aims at consolidating the previously suggested mechanisms and being 

consistent with the experimental data on the spectroscopic identification of intermediates. 

4.6. Deactivation events 
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Regarding deactivation phenomena, the persistence of adsorbed carbonates on photocatalyst 

surfaces has been suggested as a detrimental factor for the continuous production of H2 by 

photoreforming, although this limitation can be overcome by conducting the reaction under a flow 

of an inert gas. For example, H2 production by glucose reforming on Bi0.5Y0.5O4 under visible light 

was observed to stop after 2 h, whereas the reaction rates could be restored by simply flushing with 

N2 [102]. Selli and co-workers quantified this effect, concluding that a more than two-fold increase 

in H2 production rates could be achieved by bubbling N2 on an irradiated TiO2 suspension in 

aqueous methanol [103]. The extremely satisfactory results reported by Kondarides and co-workers 

on the complete sunlight-driven reforming of several biomass-derived oxygenates, including 

methanol [9, 38a], ethanol [9, 38a, 98], acetic acid [38a], glycerol [9, 24] and saccharides [9], were 

achieved by flowing Ar in order to continuously remove the gaseous products. Interestingly, 

conversion into CO2 proceeded essentially to completion on Pt/TiO2 photocatalysts in those 

investigations, and thus, maximum H2 production was achieved according to equation 1. In 

addition, flushing the H2 produced during the reaction would minimise the extent of back reactions, 

as for example the hydrogenation of carbonyl compounds [104]. Spectroscopic studies aiming at 

elucidating the mechanism of those transformations are scarce, and therefore, much needed in order 

to understand the underlying catalysis and to drive further progress in the field. 

Based on the aforementioned experimental evidence, adsorbed intermediates or products (most 

notably carboxylate and carbonate species) on the photocatalyst surface may inhibit complete 

photoreforming. Notwithstanding this, these processes appear to be reversible, and desorption by 

simply keeping an inert gas flow through the reaction medium has been suggested to readily 

regenerate surface active sites for further reaction. Given the mild conditions involved, side 

reactions are minimised and photoreforming may proceed to completion with minimal deactivation. 

 

5. Photocatalysts for H2 production from oxygenated substrates 

Most of the photocatalysts used for the evolution of H2 from aqueous systems are solid materials 

composed of a light-absorbing semiconductor, and one or more metallic co-catalysts. The role of 

the semiconductor is to enable the generation of charge carriers (electrons and holes) upon light 

absorption, and their transport to the surfaces of the material, where redox processes take place. In 

this context, the match of the band gap of the semiconductor with the energy of incident photons is 

of utmost importance, that is, only wavelengths shorter than the edge of absorption of the material 

as defined by its band gap will cause promotion of an electron from its valence to its conduction 

band. Furthermore, electron transfer from the conduction band to an acceptor and from a donor to 
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the valence band—hole annihilation—will be possible only if the energy positions are higher and 

lower, respectively, than those of the corresponding redox pairs. This, as illustrated in Figure 19 for 

the water splitting reaction relative to the band positions of a range of different semiconductors, 

allows the prediction and rationalisation of photocatalytic processes. Co-catalysts are generally 

incorporated on the surface of the semiconductor to provide active sites for the evolution of 

hydrogen gas by reduction of protons or related species, thus improving efficiencies. On the side of 

oxidation half reactions, the surface of the semiconductor itself has been proven to catalyse the 

transfer of holes to oxygenated substrates—or, in other words, the transfer of electrons from the 

oxygenated substrate to the semiconductor with concomitant annihilation of the photo-generated 

holes. The latter fact is reminiscent of the use of semiconductor photocatalysts for the aerobic 

oxidation of organic substances [66a]. 

Among semiconducting materials, TiO2 is the most suitable, due to its chemical and photochemical 

stabilities, and low cost. Many other semiconductors, including simple oxides, mixed oxides, 

oxynitrides, nitrides or sulfides have been also investigated. Furthermore, nanocomposites based on 

more than one kind of semiconductor have also received notable attention. These different 

photocatalysts will be described in detail in the following sections. Recently, more sophisticated 

catalytic systems (e.g. hybrid homogeneous-heterogeneous, biomimetic) have also been studied, 

and they are mentioned in a further section. With regard to co-catalysts, a dedicated section, 

focusing on the methods of incorporation onto the main material, their morphology and their 

chemical features, is also included. In this section, an outline—mainly focused on synthesis and 

performance—of photocatalytic materials for H2 production from oxygenated substrates is 

provided. 

5.1. Photocatalysts based on TiO2 

Titanium dioxide is largely the preferred semiconductor material for the design of heterogeneous 

photocatalysts and photo-anodes. The abundant literature on TiO2 photocatalysts for H2 production 

[7a, 23, 105] has been extensively reviewed elsewhere. Such a widespread use of TiO2 initially 

boosted after the discovery of the light-promoted electrochemical water dissociation in a system 

consisting on a rutile photo-anode and a platinum black cathode, i.e. the Fujishima-Honda effect, at 

the beginning of the 1970s [106]. Several years later, Bard and co-workers observed that aliphatic 

carboxylic acids underwent fast decomposition on illuminated aqueous Pt/TiO2 suspensions [89a, 

107]. During the following years, the efficiency of such simple experimental set-up was found 

general for the light-induced production of H2 from aqueous systems containing a wide variety of 

oxygenated substrates such as alcohols, carboxylic acids, aldehydes, saccharides, biopolymers, and 
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even raw biomass feedstocks [36-37, 43, 100b, 104, 108]. Thereinafter, several of those oxygenated 

organic substances have been widely used for the evaluation of the H2-evolving activity of novel 

TiO2-based photocatalysts. This wave of research efforts has furnished the field of photocatalysis 

with a plethora of different TiO2 materials of notable performance. Part of the success of these 

systems stems from the high photoactivity of TiO2 for the oxidation half-reactions [6a, 66a]. 

The many titanium dioxide materials studied for the photocatalytic production of H2 exhibit rather 

dissimilar activities, as recently demonstrated for a range of TiO2 commercial samples [109], and 

these differences in performances are caused by a number of diverse factors. Among these factors, 

some of the most important are related to the features of the TiO2 component itself, including 

structure, crystallinity, phase composition, particle size, surface area, morphology or chemical 

modification (doping, defects). In general terms, and as for other semiconductors, high crystallinity 

and large surface area are desirable for enhancing performance, due to the reduced tendency to 

electron-hole recombination, and to the availability of surface active sites. 

5.1.1. Synthesis of TiO2 materials with different phase structures. Titanium dioxide occurs 

mainly as four different crystalline polymorphs: anatase, rutile, brookite and TiO2(B) [7a]. In 

addition to its crystalline forms, amorphous TiO2 may be also obtained by hydrolysis of titanium 

alkoxides [110]. A wide variety of synthetic methodologies for the preparation of titania materials 

containing different polymorphs or morphologies is available in the literature [111]. 

Rutile can be generally obtained by annealing any of the other polymorphs (generally anatase) at 

high temperatures [89a, 111b, 112]. These processes usually entail particle growth and 

consequently, surface area reduction. On the other hand, crystallinity is in parallel enhanced at 

increasing temperatures. These phenomena were illustrated by Kudo and Miseki (Figure 20). In 

fact, it has been demonstrated that the thermodynamic stability of the different phases is dependent 

on surface area: whilst anatase is the phase of lowest enthalpy for particle sizes below ca. 40 nm, 

brookite is more stable at intermediate sizes and rutile becomes thermodynamically favoured above 

200 nm [111b]. Regarding photocatalytic activities, direct comparisons between the different 

structures cannot be formulated in absolute terms, since it proves impossible to prepare analogues 

of identical textures, surfaces and morphology. Furthermore, the extent at which distinct facets are 

exposed in crystallites of particular phases may also have influence adsorption phenomena, and 

consequently, reaction rates. In spite of these fundamental difficulties, it is widely accepted that 

anatase is the most photoactive TiO2 structure, followed by rutile and TiO2(B) [108d, 113], The 

higher activity of anatase as compared to rutile, by two orders of magnitude, has been proven for 

the production of H2 from ethanol under UV light [114], whereas amorphous titania solids exhibit 
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little activity, presumably due to the ubiquity of defects promoting electron-hole recombination 

[48]. A comparative study by Waterhouse and co-workers examined the photocatalytic H2 

production activity of different Au/TiO2 materials from several alcohols in water under UVA light; 

their data led to the following rank: anatase/rutile > anatase > brookite > rutile [115]. In other 

studies, superior performance of brookite phases as compared to anatase for alcohol photoreforming 

under UV-vis irradiation has been suggested [116]. Some studies have concluded that rutile is more 

photoactive than anatase under UV light [112]. Under UV-free irradiation, platinised rutile is more 

active than anatase (albeit the reported rutile samples contained minor amounts of anatase which 

could favour charge separation due to the phase junction effect, as discussed in the following 

section) [117]. This was ascribed to the more favourable visible light absorption of rutile, according 

to its narrower band gap (3.0 eV), as compared to those of anatase (3.2 eV) or brookite (3.1–3.3 eV) 

[7d, 118]. One of the reasons claimed to be behind the lower activity of rutile lies in its direct band 

gap characteristics, as compared to the indirect band gaps for anatase and brookite [115]. 

5.1.1.1. Anatase. The most common synthetic route towards anatase is the annealing of amorphous 

TiO2 [48, 110, 119]. Similarly, sol-gel procedures can be followed to generate titanium dioxide 

precursors for the synthesis of anatase [61, 96, 115, 120], occasionally, together with minor 

amounts of brookite [38b, 96, 120c] and/or rutile [96, 120b, 120c]. This transition occurs at 

moderate temperatures (> 300 °C) without significant sintering [48]. Anatase can be also obtained 

by wet methods in aqueous media under a wide variety of conditions [38b, 96, 115, 121]. Particular 

examples of this include the formation of anatase nanotubes prepared by hydrothermal methods and 

subsequently loaded preferentially at their interior with gold using vacuum-assisted impregnation 

[122], or the hydrothermal treatment of titania precursors in the presence of ethanol at 160 °C for 

16 h [115]. The growth of anatase crystallites usually results in preferential exposure of the most 

thermodynamically stable {101} facets, although this pattern can be modified in high 

concentrations of fluoride under hydrothermal conditions, which favour the formation of 

bipyramids truncated by {001} planes [123]. 

5.1.1.2. Brookite. Mixed materials containing variable amounts of brookite, anatase and rutile have 

been prepared by several methods, including hydrothermal treatment of sodium titanates [124] or 

titania [116b], or sol-gel synthesis followed by annealing [120c, 125]. Isolation of brookite from 

rutile by peptisation of the former into colloidal sols has been demonstrated [116b, 125]. Methods 

for producing pure brookite are scarce [116b]. Among these, significant success was reported by a 

hydrothermal route using a water-stable titanium complex and high concentrations of urea as a 

source of [OH]−, which lead to the production of brookite nanorods, whereas materials obtained 
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with lower amounts of this additive favoured the formation of anatase/brookite mixtures, pure 

anatase nanoparticles [121b], and/or rutile [126]. Directed synthesis of brookite was achieved by a 

similar procedure from a tetranuclear titanium complex resembling the lattice building units of the 

final structure in basic media, whereas lower pH values lead to rutile or rutile/anatase nanomaterials 

[127]. In acidic media, slight modification of experimental conditions may direct towards the 

preferential growth of a particular polymorph from amorphous TiO2. For example, anatase 

nanoparticles can be obtained at 200 °C in acetic acid (1.5 M) solutions, whereas a stronger acid 

such as HCl favours, depending on the temperature, the production of rutile nanorods (200 °C) or 

brookite nanoparticles (175 °C) [118]. By starting from TiCl3, pure brookite nanoparticles can be 

obtained by air oxidation under controlled heating, with rutile contamination becoming significant 

otherwise [116a]. 

5.1.1.3. TiO2(B). The growth of TiO2(B) phases is favoured by mild calcination (< 500 °C) of 

hydrogen titanates (H2TixOx+1), which can be in turn prepared from a range of titania sources under 

strongly basic hydrothermal conditions, generally in the presence of high concentrations of NaOH 

(leading to the formation of sodium titanates, Na2TixOx+1), and subsequent ionic exchange with 

Brønsted acids [113, 128]. In these cases, both the hydrogen titanate and the final TiO2(B) materials 

show one-dimensional morphologies such as nanofibers, nanowires or nanorods (diameter: 10–

40 nm; length: 102–103 nm). After annealing at higher temperatures, the one-dimensional 

morphologies can be maintained, despite the preferential formation of the anatase phase [129]. 

Similar procedures have resulted in the direct transformation of hydrogen titanate into anatase 

nanotubes, which in turn tend to collapse as nanorods or monodimensional nanoparticles at 

increasing temperatures [130]. In addition to the aforementioned hydrothermal/annealing 

procedures, solvothermal methods can be also designed for the synthesis of TiO2(B) nanosheets 

with exposed {010} facets [131]. 

5.1.1.4. Rutile. In addition to the well-known calcination procedures, rutile can be also obtained by 

lower temperature methods. For example, Harada and Ueda reported the synthesis of rutile 

nanoparticles (sizes below 12 nm) in acidic aqueous media (HCl, 0.5 N) at 80 °C [132]. Harsher 

acidic hydrothermal conditions (HCl, 4 N at 175 °C) also result in selective rutile formation, albeit 

larger particles (57 nm average diameters) were observed [115]. Hydrothermal syntheses can be 

also directed towards rutile formation from a titanium lactate precursor [126]. Room temperature 

sol-gel has also been reported for the synthesis of nanoparticulate rutile [133]. 

5.1.2. Synthesis of TiO2 materials with different morphologies. Tailoring the morphology of 

TiO2 is an extremely active field of research. A series of dedicated reviews on the synthesis of 
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titania nanoparticles [111a], nanotube arrays [134], nanowires/nanorods/nanobelts [135], 

nanosheets [136], three-dimensional suprastructures [137], or crystals with preferentially exposed 

facets [138] have recently seen the light. 

5.1.2.1. Mesoporous TiO2. The synthesis of hexagonally packed mesoporous titania by a surfactant-

templated sol-gel method was first reported by Antonelli and Ying in 1995 [139]. These authors 

concluded that a strict control of reaction conditions, including pH, surfactant type or additive 

(acetylacetone) concentration, was needed for successful mesoporosity formation. However, these 

materials are not hydrothermally stable. More straightforward preparation methodologies have led 

to materials exhibiting limited and disordered (inter-particle) mesoporosity [140], and relatively 

high surface areas (50–100 m2 g−1) of the resulting materials have proved in some cases to be 

beneficial for photocatalytic hydrogen production as compared to reference TiO2 materials [140a]. 

In this regard, the generation of Pt/TiO2 aerogels by treatment of sol-gel precursors under 

supercritical CO2 has been reported as a successful method to maintain high specific surface areas 

(120–160 m2 g−1), even after annealing at 500 °C; the resulting materials showed enhanced 

photocatalytic H2 production activities from aqueous ethanol under UV-visible light [141]. 

5.1.2.2. One-dimensional TiO2 materials. In addition to the growth of TiO2 nanowires or nanofibers 

from titanates and other synthetic methodologies, one-dimensional titanium dioxide can be obtained 

by a range of other methods. It is worth noting that electrospinning techniques have been applied to 

the synthesis of TiO2 nanofibers formed by bundles of nanofibrils (diameters: 15–75 nm). These 

one-dimensional nanomaterials adopted anatase or mixed anatase/rutile structures after calcination, 

and proved relatively efficient for the photoreforming of aqueous methanol [142]. 

5.1.2.3. TiO2 nanotube arrays. The formation of TiO2 nanotube arrays has been reported by 

electrochemical (potentiostatic) anodisation of titanium metal foils [143]. This procedure is 

becoming increasingly popular for the preparation of photocatalytic films or electrodes, due to their 

self-standing planar configuration which may enable effective and uniform illumination, and 

consequently, enhanced light harvesting, the large proportion of their exposed areas, and the 

possibility for vectorial charge transfer between interfaces [134]. Materials based on these 

nanotubes have been applied to the production of H2 by photoreforming in some occasions. Highly 

ordered, hexagonally packed TiO2 nanotube stumps (exhibiting high diameter-to-height ratio) 

formed in acidic electrolytes were amorphous after the anodisation treatment, although annealing 

resulted in crystallisation into anatase and rutile phases while keeping the original morphology 

[143a]. Preferential deposition of metals (gold) onto the top part of the nanotubes was achieved by 

sputtering methods, and the resulting materials were successfully used for the photoreforming of 
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aqueous ethanol [143a]. Loading of metals can be also performed during the anodisation process, as 

reported for Cu2O, which can be deposited onto TiO2 nanotube arrays by adding copper salts to the 

anodisation electrolyte [144]. On the other hand, incorporation of iron within the framework of 

titania in similar materials has been reported [145]. 

5.1.3. Phase junction engineering in TiO2 photocatalysts. Phase junctions are commonly 

understood as intimate physical contacts between two different polymorphs of the same material. In 

the case of semiconductors such as TiO2, these contacts may enable charge carrier mobility from 

one of the polymorphs to the other. In nanoparticulate photocatalytic systems, there is general 

consensus about the positive effects of charge transport across crystallite boundaries on reducing 

electron-hole recombination. 

5.1.3.1. Anatase/rutile nanocomposites. Phase junctions in TiO2 materials may be generated by the 

controlled transformation of one of the polymorphs into another, for example by thermal annealing, 

or, in the case of the well-known reference AEROXIDE® TiO2 P 25 (hereinafter referred to as P25) 

material [146], by single-step flame pyrolysis, a method leading to a composite of anatase and rutile 

nanoparticles and minor amounts of amorphous titania [77, 100c, 103, 147]. Other direct methods 

of preparing materials exhibiting anatase-rutile phase junctions include suspension plasma spraying 

[148]. 

According to the pioneering studies by Bard and co-workers, the photoactivity of anatase materials 

improved upon a self-doping treatment under hydrogen atmosphere at 650 °C, which caused the 

transformation of ca. 10% of the initial phase into rutile [89a, 107]. However, complete formation 

of rutile at 1100 °C rendered significantly less active photocatalysts. Several reasons (conductivity, 

existence of surface states, position of Fermi level) were postulated for the increased photoactivity 

of such so-called self-doped TiO2. The most widely accepted hypothesis for the enhanced 

photocatalytic activity of nanocomposite anatase/rutile materials is based on charge separation 

across the junction between crystallites of either phase. 

A number of examples in the literature have further confirmed that the presence of both anatase and 

rutile nanocrystals in intimate contact is related to the high photoreforming efficiency of materials 

based on TiO2 [108d, 133, 149]. Most likely for this reason, the commercially available P25 is 

acclaimed by many as one of the most photocatalytically active titanium dioxide materials known 

and a desirable benchmark [42]. Ohno et al. studied the morphology of P25 by transmission 

electron microscopy (TEM) and concluded that segregated agglomerates of either anatase or rutile 

nanoparticles (diameters ≈ 25 and 85 nm, respectively) existed in the pristine powder, whereas they 

tended to separate and closely blend with each other by dispersion in liquid media by sonication 
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[149d]. After selectively isolating rutile or anatase from P25, Jovic et al. observed that 

photocatalysts prepared from either crystalline phase performed less efficiently than the original 

material, confirming the synergistic effect of the mixed phases [150]. This has also been confirmed 

for the H2 production from methanol on TiO2 nanomaterials composed of anatase and rutile at 

varying compositional ranges prepared by flame pyrolysis, whereby phase junctions were formed at 

an intimate inter-particle level [147]. Although some authors question whether an actual synergy 

takes place [42], there is wide consensus about efficient charge separation across anatase-rutile 

phase junctions being responsible for the notable photocatalytic activity of P25 and other similar 

TiO2 nanomaterials [149a]. The main point of discrepancy among researchers in this field is in 

which direction (anatase-to-rutile or vice versa) electrons are preferentially transferred. A number 

of studies claim that more photo-generated electrons flow from anatase to rutile, according to the 

presumably lower energy of the conduction band for the latter [147, 149a, 149b]. However, a recent 

study combining materials simulation techniques and X-ray photoemission experiments support the 

hypothesis of photo-generated charge separation and increased lifetime by electron flow from rutile 

to anatase through inter-phase junctions (Figure 21) [151]. Other factors, often resulting in opposing 

effects, come into play for samples treated at high temperature. Along these lines, it has been 

demonstrated that upon heat-induced partial transformation of anatase to rutile, activity is increased 

when normalised per surface unit, albeit decreased on a mass basis due to sintering and reduced 

external area [152]. 

5.1.3.1. Other phase-junction TiO2 materials. In addition to the extensively studied anatase/rutile 

nanocomposites, titanium dioxide materials having intimately contacted TiO2(B) nanotubes and 

anatase nanoparticles have also been proven to exhibit high photocatalytic activity for hydrogen 

production from ethanol [113b]. Other works showed evidence along the same lines about the 

benefits of anatase formation on TiO2(B) nanowires by controlled annealing, in these cases for 

aqueous methanol as the substrate for photocatalytic H2 production [113a, 128d]. In these works, it 

was argued that the presence of phase junctions between both crystalline TiO2 forms might be 

responsible for efficient charge separation and, in consequence, high photocatalytic activity, even 

outperforming P25. One of these reports thoroughly investigated the charge transfer mechanisms 

across the junction by EPR spectroscopy, and concluded that electrons flow from anatase to 

TiO2(B) [128d]. Finally, anatase/brookite materials prepared by hydrothermal treatment of P25 

displayed superior ethanol photoreforming activity (when normalised relative to surface area) than a 

reference titania material synthesised by a sol-gel method, a fact which was ascribed to a larger 

amount of active sites in the nanocomposites with anatase-brookite junctions [124]. Hydrothermal 
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transformation of a titanium lactate precursor in the presence of urea under may also lead to 

anatase/brookite materials exhibiting high ethanol or glycerol photoreforming activity [126]. 

5.1.4. Heterojunction photocatalysts based on TiO2. Due to the limited visible light absorption 

capacity of TiO2, but keeping in mind its stability and favourable kinetics for charge transfer 

processes onto adsorbed species, numerous research projects have been devoted to combine, at the 

nanometric level, this semiconductor with others which may enhance activity under wavelengths 

longer than the absorption edge of titanium dioxide (ca. 400 nm). The role of the second 

semiconductor may be viewed in these composite materials as that of a photosensitiser. Accounts 

on this topic can be found in dedicated reviews [153]. Herein, aspects on the preparation of 

nanocomposites consisting of TiO2 and at least another semiconductor, and on their performance for 

photocatalytic hydrogen production from biomass-derived feedstocks, are concisely described. 

As a semiconductor exhibiting strong visible light absorption, cadmium sulfide has been frequently 

employed in photocatalytic systems. Coupling CdS with TiO2, provided that electrons and/or holes 

can be transferred across heterojunctions between them, is in principle an interesting strategy to 

achieve activity under visible light. In this context, Lianos and co-workers developed films 

consisting on separated cathodic and anodic areas on conductive fluorine-doped tin oxide layers; on 

the anodic part, CdS was deposited on a TiO2 layer, and it was observed that the dependence of 

photoactivity (hydrogen production form aqueous ethanol) of the resulting system with incident 

wavelength approximately matched the absorption spectrum of the sulfide material, thus suggesting 

that light absorption on CdS and subsequent charge separation might activate the reaction [154]. 

However, Pt/CdS/TiO2 analogue materials in suspension did not perform efficiently for ethanol as 

the substrate [154b]. Enhancement of visible light activity was also demonstrated, in the particular 

case of H2 production from aqueous lactic acid, on Pt/TiO2 sensitised with CdS by successive 

impregnation with Cd(II) and sulfide solutions [155]. Mighri, Do and co-workers prepared TiO2 

nanorods with deposited CdS as the photocatalytic support for nickel nanoparticles, and the 

resulting materials used for ethanol photoreforming [156]. A related procedure was also performed 

for the CdS sensitisation of titanate nanodisks [157]. 

A recent strategy to favour the separation and transport of the charges generated in TiO2 upon 

irradiation is the use of mediator materials which contact both the semiconductor and the active 

sites for charge transfer reactions, as opposed to the more conventional direct deposition of the co-

catalyst. Although probably not accurately classified as heterojunctions, the close interaction 

between semiconductor and such mediators has been claimed to enable efficient charge transport. 

Among these electron mediators, highly conducting carbon materials such as graphene [158], 
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carbon nanotubes [159] or nanocones [160] are the most prominent examples. The high dispersion 

ability of carbon nanocones has enabled the preparation of titania-based photocatalysts whereby 

intimate contact between the carbon and TiO2 phases results in high ethanol photoreforming activity 

and long durability [160]. It should be noted, though, that decomposition by actual reforming of 

graphitic carbon or hydrocarbons is possible under appropriate irradiation conditions, as proved 

elsewhere [161]. 

5.1.5. Doped TiO2 for enhanced visible light absorption. In classic semiconductor theory, 

doping means introduction of structural or electronic modifications to the material, such that 

additional electronic states are thereby created between the valence and conduction bands [162]. In 

the context of photocatalysis, the promotion of electrons to higher states can be thus supplied by 

photons of lower energy (i.e., longer wavelength) for doped semiconductors than for the pure 

pristine materials. For this reason, it is not surprising that a number of research teams have delved 

into the preparation of doped titania materials which can be activated by visible light. Three 

different strategies have been implemented for conferring visible light activity to TiO2: (i) 

introduction of metals, (ii) introduction of non-metals, and (iii) partial reduction. In all cases, 

modification of TiO2 is preferentially done to the bulk of its structure (so as to ensure homogeneous 

distribution of the newly created electronic states) and at relatively low (in some instances called 

impurity) levels. In spite of the fact that doping TiO2 usually results in a coloured material with a 

red-shifted absorption edge, not always this guarantees the effective and homogeneous electronic 

modification of the material, since in some cases absorption can be exclusively caused by isolated 

(parasitic) sites, not contributing to the bulk electronic bands, as is the case for certain d–d 

transitions [163]. The many reports on doped TiO2 have focused on a wide range of applications for 

the final material, as extensively reviewed elsewhere [7a, 7e, 153b, 163-164]. Herein, mainly those 

dealing with photocatalytic reforming for enhanced production of H2 under visible light are 

summarised. 

5.1.5.1. Metal-doped TiO2. The introduction of metal dopants into TiO2 is generally achieved during 

the primary growth of the structure by providing the appropriate metal cations to the synthetic 

media, although post-synthesis methods have also been reported [153b]. In principle, metal atoms in 

a 4+ oxidation state can replace Ti(IV) atoms without altering the electroneutrality of the material, 

whereas introduction of lower oxidation state metals should be accompanied with the formation of 

oxygen vacancies, and conversely, metal atoms in ≥ 5+ oxidation states are expected to require 

additional oxygen atoms in order to maintain bulk charge balance. Further to the charge constraints, 

ionic radii are an important factor dictating the compatibility of the dopant metal with the matrix 
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structure, and often, miscibility is limited up to a maximum content, above which, phase 

segregation can occur. It has been frequently postulated that despite enhancing light absorption 

ranges, single metal doping and the related formation of oxygen defects may facilitate charge 

recombination, and thus, result in decreased photocatalytic activities [5d]. 

A few reports have been devoted to the enhancement of photoreforming efficiencies by metal 

doping of TiO2. For example, Sun et al. prepared TiO2 materials containing Fe and/or Ni by 

solvothermal methods and subsequent annealing [165]. The same authors added Ag to similar 

synthetic procedures [166]. They found that, whilst Fe and Ni were incorporated into the bulk 

structures (as suggested by shifts in Raman bands) [165-166], Ag was segregated in the form of 

metallic nanoparticles during the high temperature treatment, and both modifications lead to 

enhanced H2 production from aqueous ethanol under light from a Xe lamp [166]. Samokhvalov and 

co-workers reported metal-doped titania materials (M:TiO2, M =  Cr, Co, Ni or Cu) for glycerol 

photoreforming under Hg lamp light, and observed that the activity was dependent on the metal in 

the following order: Cr < Co < Ni < Cu [167]. This increasing trend in activity was ascribed to 

decreasing electron-hole recombination, as observed to reduced photoluminescence [167]; similar 

reasoning was put forward in the aforementioned works [165-166]. The group of Saif, Mozia, et al. 

investigated on the incorporation of low amounts (≤ 0.07% mol relative to Ti) of lanthanides (Eu or 

Sm), which were in part believed to form segregated oxides. They observed the increased activity of 

the doped materials, relative to P25 as a reference, for the decomposition of aqueous acetic acid 

under UV-rich light, with preferential formation of CH4 and CO2 [168]. 

5.1.5.2. Non-metal-doped TiO2. Modification of titanium dioxide with low concentrations of non-

metals is considered to render materials with enhanced visible light absorption capabilities due to 

the formation of electronic states between the valence and conduction bands of the parent structure, 

and to the corresponding reduction of the band gap, as stated in a seminal report by Asahi and co-

workers [169]. Based on theoretical calculations [169-170], it was anticipated that nitrogen doping 

would exert a more pronounced improvement of the activity under visible light due to a better 

overlapping of nitrogen-induced electronic levels with the top of the valence band, as compared to 

other elements such as fluorine, carbon, sulfur or phosphorus (Figure 22), yet its direct influence on 

the efficiency of proton reduction to H2 is questionable, since the conduction band position is not 

changed [170]. Nitrogen doping has become widely applied for the preparation of efficient titania 

materials able to harvest visible light [164c]. The fact that nitrogen is the most appropriate non-

metal dopant was experimentally confirmed by the more efficient photodegradation of gaseous 

acetaldehyde on materials doped by nitrogen sputtering techniques as compared to pristine TiO2 
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samples [169]. Annealing under NH3 (at temperatures ranging from 550 to 600 °C) has also been 

reported as a method for producing N-doped titania, and the resulting materials proved to be active 

for the decomposition of 2-propanol under visible light [171]. A similar N-doping method was 

performed on nanofiber materials, giving rise to anatase containing nitrogen atoms in either 

substitutional or interstitial positions, as suggested by shifts in XRD peaks, X-ray photoelectron 

spectroscopy (XPS) data or TEM [129]. Harsher conditions (annealing at 750 °C) have been 

reported to induce substitution of oxygen with nitrogen and, eventually, partial transformation of 

TiO2 into TiN; an increase in H2 production photoactivity from aqueous ethanol was observed for 

these materials with increasing nitridation times [172]. 

In addition to nitrogen, other non-metals have been studied as TiO2 dopants. Carbon-doped anatase 

powders prepared by oxidative annealing of TiC proved to be active for the decomposition of 

gaseous 2-propanol under visible light (400–530 nm) [173]. The production of boron-doped anatase 

or rutile films prepared by chemical vapour deposition have proven (after platinum deposition onto 

them) to be more active for the UV-promoted ethanol photoreforming than non-doped analogues 

[174]. This was ascribed to boron in substitutional oxygen positions favouring the exposure of 

highly active {200} facets. According to a reported sol-gel method, phosphorus can be introduced 

in the structure of TiO2 as a cationic dopant, and the resulting material was proven to exhibit 

extended visible light absorption ranges and glycerol photoreforming activity [175]. 

As opposed to boron, nitrogen, phosphorus or carbon as heteroatoms, sulfur is isoelectronic to 

oxygen and thus may replace O sites in TiO2 without altering the bulk electroneutrality of the 

material. One possible method for producing such sulfide-doped TiO2 exhibiting enhanced visible 

light absorption is pulsed laser desorption; after further Ni deposition, these films showed superior 

photoreforming activity than the undoped analogues [176]. As opposed to sulfide doping, the 

incorporation of sulfur as a cationic dopant (S4+ and S6+ according to XPS data) to the titania 

structure by annealing in the presence of thiourea has been reported, although no details on possible 

nitrogen impurities were provided [177]. Such S-doped materials were claimed to be more active 

under visible light as compared to N-doped (similarly prepared using urea instead of thiourea) or 

non-doped counterparts, albeit the reported H2 production rates were low (< 1 µmol gcat
−1 h−1). 

Theoretical calculations have revealed that non-metals (C, N or B) in substitutional positions tend to 

introduce states containing unpaired electrons above the valence band, and may favour the 

formation of defects, whereas the same atoms in interstitioal positions favour the donation of 

electrons and the formation of O-heteroatom species [170]. In general, the conduction band is 

barely affected by doping with non-metals, and hence, influence on H2 production should not be 
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regarded as a direct consequence, but rather as result of altered oxidation processes. Furthermore, 

attention should be also paid to possible structural changes upon doping. 

5.1.5.3. Self-doped TiO2. Several methods have been reported for self-doping of titanium dioxide, 

that is, for partially reducing the material with the formation of oxygen vacancies and Ti(III) 

centres. This can be achieved by (i) thermal treatment under a reductive atmosphere [100f, 178], (ii) 

in the bulk of the material by combustion/pyrolysis methods [179], or (iii) by partial oxidation of 

titanium metal [180]. Strongly reductive conditions (H2, 20 bar, 200 °C, 5 d) give rise to the known 

“black TiO2”, whereby Ti(III) and defect sites are selectively formed near the surface of anatase 

crystals in a disordered manner [178a]. After platinum deposition, the black TiO2 photocatalyst 

showed significant H2 production activity (10 mmol gcat
−1 h−1) by methanol photoreforming under 

simulated solar light. The enhanced visible light absorption observed for black TiO2 materials has 

inspired an extensive research activity in recent years [178b]. The generation of both Ti(III) and 

oxygen defects on gold- and/or platinum-loaded titania materials have been postulated, based on 

cyclic voltammetry data, under less harsh conditions (flowing H2, 25 °C, 1 h), and the resulting 

materials proven to be active for the photoreforming of oxygenated substrates (ethanol or glycerol) 

under visible light [100f, 100g]. A contrasting report claims limited performance at room 

temperature of platinised black TiO2 for methanol photoreforming at wavelengths above 420 nm; 

this was ascribed to kinetic limitations which could be overcome by increasing reaction 

temperatures [181]. 

5.2. Photocatalysts based on oxides other than TiO2 

In their review on photocatalytic H2 production, Chen and co-workers stressed the appropriateness 

of oxide semiconductors based on metals in d0 or d10 configurations, among which TiO2 is the most 

frequently studied [7e]. As discussed above, the conduction band edge of TiO2 is marginally higher 

in energy than the H+/H2 redox potential, and band bending in solution may favour to a certain 

additional extent the H2 formation reaction. However, the reducing power of photogenerated 

electrons in the conduction bands of several other transition metal oxides is often insufficient for the 

H2 generation reaction to take place (e.g. WO3, V2O5, FeO, CoO, CuO or ZnO, see diagram in 

Figure 19) [182], or else, their band gaps too wide (e.g. ZrO2, Figure 19) [41]. Considering mixed 

oxides, a significant deal of attention has been directed to titanium-based materials, chiefly 

titanates, which have conduction band edges above the reduction potential of the hydrogen ion [5d, 

41]. Related photocatalysts such as vanadates, niobates or tantalates have also been studied. Prior 

art related to the use of these kinds of oxides for photoreforming reactions is summarised in this 

section. 
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5.2.1. Simple oxides other than TiO2. Among oxides of metals in d0 configurations, tungsten(VI) 

oxide is an interesting as a semiconductor photocatalyst due to its favourable band gap for (partial) 

visible light absorption [183], although its conduction band edge is low for H2 production. In fact, 

Domen et al. described the lack of stability of WO3 due to photoreduction while attempting the 

dehydrogenation of 2-propanol [184]. However, WO3 has been proven to catalyse the light-

activated decomposition of oxalic acid into CO2 and H2 in the presence of Cu(II) [185]. Another 

substrate, more directly available from biomass processing, glycerol, can be fully photoreformed 

under visible light on WO3 modified with Au and Pt nanoparticles [186]. In this report, photo-action 

spectra clearly demonstrated that band gap excitation of both WO3 (< 450 nm) and Au (450–

600 nm) were essential for the photocatalytic activity of the material. Sclafani et al. tested several 

insulators and semiconductors under strong UV-visible light for acetic acid decomposition and 

observed activity for most of them, including ZnO, TiO2 and WO3, but not for MoO3, MnO2, Cr2O3 

or Fe2O3 [44a]. For SnO2, a wide band gap (3.6 V) semiconductor, self-doping with Sn(II) [187], or 

co-doping with Sb and Ce [188], has been reported as a method to induce visible light activity. 

The photoactivity of bare ZnO for H2 production from aqueous formaldehyde or methanol has also 

been reported recently [189]. Composites of ZnO nanorods grown on graphene have also proven 

active for the photoreforming of aqueous glycerol under Xe lamp light [190]. The performance of 

ZnO nanorod arrays under similar conditions could be enhanced by one to two orders of magnitude 

after formation of a ZnS shell during a hydrothermal treatment in the presence of thiosulfate anions 

[191]. Laser irradiation has been studied as a method to produce syngas from various alcohols using 

NiO as the photocatalyst [192]. The use of Cu2O, which absorbs a significant portion of visible light 

due to its narrow band gap (2.2 eV) [41], as a photocatalytic material has attracted some attention. 

Its activity for H2 production from aqueous formic acid or alcohols under UV-free light was 

demonstrated to be similar to that of CdS, with the added advantage of suppressing CO formation 

[193]. 

In contrast to the aforementioned reports, which deal with photocatalysts in suspension, Fornasiero 

and co-workers have developed chemical vapour deposition methodologies for the preparation of 

nanostructured metallic oxide layers of a variety of materials, including Cu2O [194], CuO [194-

195], ZnO [195], Fe2O3 [196] or Co3O4 [197] as photocatalysts for H2 generation. These systems, 

despite being less known regarding mechanistic aspects, show great promise due to their high 

activities on a weight basis and the fact that no noble metals are needed [7c]. The authors argued 

that the unexpected activity of some oxides (e.g. Fe2O3) is due to a cathodic shift of their conduction 

band from having an insufficient energy for proton (or water) reduction, to a favourable reducing 
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power [196b]. A similar method was applied Zhang et al. to produce VO2 films exhibiting 

photoactivity for ethanol photoreforming [198]. As a particularly interesting fact, the authors of this 

report claimed the growth of a new structure of the metal with significantly different band gap 

(2.7 eV) to that of the previously known VO2 analogue (0.7 eV). 

5.2.2. Mixed oxides. 5.2.2.1. Titanates. Mixed oxides, and in particular those having perovskite-

like structures, have been long considered for photocatalysis [105, 199]. Among these, titanates are 

the most frequently employed class of materials, given their favourable band edge positions (see 

Figure 19) [41]. They can be prepared by a variety of wet or solid-state procedures and from 

different precursors [199], including anatase as the titanium source [200]. Photocatalysts based on 

SrTiO3 as the light-harvesting component have been studied for the production of H2 from various 

oxygenated substrates [200-201], although the activity is restricted to UV radiation due to the 

relatively wide band gap of this semiconductor (3.40 V) [41]. Furthermore, Domen and co-workers 

demonstrated the efficiency of photocatalytic water splitting [202] and 2-propanol dehydrogenation 

[184] processes on NiO/SrTiO3. In a comparative study, Zieliñska et al. established the order of 

activity of titanates (MTiO3, where M is an alkaline earth metal) for the production of H2 from 

aqueous 2-propoanol under UV-rich light as follows: Sr > Ca > Ba [201d]. In general, titanate 

materials perform more modestly than most of the well-known titania-based photocatalysts (see 

Section 7 below). Mao and co-workers claimed higher H2 production rates from aqueous ethanol 

under UV-rich light, and using deposited platinum nanoparticles as co-catalyst, by introducing 

zirconium to calcium titanates (thus forming solid solutions, CaTi1−xZrxO3, x = 0–0.15) as compared 

to pure CaTiO3 [203]. The same authors also reported similar activities for photocatalysts based on 

BaTi4O9 [204]. 

5.2.2.2. Mixed oxides not containing titanium. Regarding vanadates, materials based on BiVO4 are 

the most interesting due to their visible light absorption ability. The photoreforming of glucose on 

yttrium-doped solids (BixY1−xVO4) [102] or alcohols on silver-modified BiVO4 has been reported 

[205]. Tantalates are also a class of materials occasionally proposed as semiconductors for 

photocatalysts, as in the case reported by Leung and co-workers dealing with active lanthanum-

doped MTaO3 (M = alkaline metal) materials for the photoreforming of glucose [206]. In their 

extensive investigations, Domen and co-workers reported the preparation of several niobates of 

layered structures, and their use for the photocatalytic production of H2. They observed activity 

from aqueous alcohols under UV-visible light for K4Nb6Ol7 [207] or Ca2Nb3Ol0 [208]. Finally, it 

should be also pointed out that oxinitride semiconductors may also be regarded as active materials 

under visible light. Domen’s group reported on the photoreforming of ethanol under irradiation of 
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wavelengths above 420 nm using a photocatalyst based on platinum and ruthenium supported on 

Y2Ta2O5N2 [209]. Tungstates, which have hitherto received limited attention as photocatalysts, are 

promising materials, as for example reported for glycerol photoreforming using Bi2WO6 without the 

need for additional co-catalysts [210]. Other classes of perovskite-like oxides including iron have 

been investigated as semiconductors responsive to visible light, as in the case of Cu/LaFeO3 

materials prepared by solid state synthesis and subsequent reduction, exhibiting activity for the 

photoreforming of formaldehyde [211]. 

5.3. Photocatalysts based on sulfides and other chalcogenides 

The application of metal chalcogenides as light-absorbing components in quantum dot photovoltaic 

cells is a well-established topic of research. This is mainly due to their (generally) narrow band 

gaps, which cause visible light response [162]. Furthermore, their electronic states are higher in 

energy than those of oxides, and thus, the photo-excited electrons in their conduction bands are 

more strongly reducing (see Figure 19). Thus, it is not surprising that many researchers have 

dedicated significant endeavour to designing sunlight-active photocatalysts based on chalcogenides, 

(especially sulfides) and metals in d10 configurations for H2 production [212]. 

5.3.1. Cadmium sulfide. The most frequently employed among these solids is CdS, since it 

absorbs a significant part of the violet-blue-green irradiation (< 520 nm). Both cubic and hexagonal 

phases of cadmium sulfide and related solid solutions can be prepared by appropriate syntheses 

[64]. The conduction band of CdS lies at more negative energies than that of proton reduction, and 

therefore, H2 generation is favourable, provided a suitable co-catalyst is deposited [41]. Direct 

electron transfer from photo-excited cadmium sulfide to platinum nanoparticles deposited on 

another, wide band gap, semiconductor (i.e. TiO2, ZnO, SnO2 and WO3) led to identical activities in 

water/methanol mixtures under visible light, thus suggesting similar mechanisms. From this data, 

the possibility of electron transfer from CdS via oxide particles as mediators was discarded [182]. 

Despite its response to visible light, the appropriateness of CdS is jeopardised by photocorrosion 

events leading to oxidation of sulfide anions [212-213]. This can be circumvented in the presence of 

sacrificial electron donors, among which biomass derivatives are suitable, although aqueous 

sulfides perform better. The pioneering research of Sakata and Kawai demonstrated the suitability 

of CdS with supported platinum co-catalyst for the generation of H2 from aqueous alcohols or 

saccharides under UV-visible light [214]. Among a wide range of semiconductors tested, CdS was 

second in activity after TiO2, although it was the best performer when UV light was filtered off. 

They also extended the substrate scope to organic acids, mainly lactic [84, 215], and other multi-

functional molecules [216]. Direct proof of the higher photoreforming activities of CdS as 
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compared to TiO2 has been also recently observed for lactic acid as a substrate [217]. Domen et al. 

also proved the activity of bare CdS for the dehydrogenation of 2-propanol in water under UV-

visible light [184]. Also during the early nineteen eighties, Tsubomura and co-workers reported 

efficient photoreforming of several oxygenates, including formic acid, methanol or formaldehyde 

on Pt/CdS [218]. Later, Jin and co-workers demonstrated that surface hydroxylation, which can be 

promoted by annealing under air, was essential for alcohol dehydrogenation under visible light 

[213a]. 

5.3.1.1. Enhancing the stability of CdS. Stability of CdS under irradiation is a common matter of 

concern. In this regard, cadmium photoreduction and, to some extent, leaching, were observed from 

CdS/zeolite composites during ethanol photoreforming under visible light [219]. In recent years, the 

most classic Pt/CdS system has been studied for photocatalytic H2 production from formic acid 

[220], lactic acid [221], ascorbic acid [222] or glycerol [223] under visible light. In one of these 

studies, the stability of the system was proved up to as long as 50 h [220a]. Among synthetic 

methods aiming at increasing the stability towards leaching, formation of a surface layer on ZnS 

proved beneficial over successive cycles of formic acid photoreforming [224]. Notwithstanding 

this, corrosion and agglomeration of materials based on ZnS has been reported [191a]. Another 

approach is the encapsulation of CdS nanoparticles in mesoporous silicate or aluminosilicate 

materials [220c, 225], although a certain degree of activity loss has been observed for reused 

photocatalysts [225b]. Metal organic frameworks (MOFs) have also been proposed as porous 

supports enhancing the resistance towards Cd2+ leaching [226]. The use of MOFs as electron 

mediator materials between CdS and Pt has also been reported [222]. Microwave-assisted synthetic 

methods provide unique opportunities for the generation of metal sulfide heterostructures with 

particular morphologies, as for example, those composed of CdS, MoS2-CdS or NiS-CdS 

microspheres embedding Te microtubes, which were proven to promote the photoreforming of 

lactic acid under visible light [227]. 

5.3.1.2. CdS-based solid solutions. Solid solutions of the CdxZn1−xS general formula have been 

studied as tuneable band gap semiconductors for photocatalytic H2 generation. Equimolar Cd/Zn 

was found as the optimum composition for glucose as the substrate and Pt as the co-catalyst [63]. 

Based on XPS data, surface hydroxylation was suggested for these sulfide solids in basic aqueous 

media [228]. Different Cd0.5Zn0.5S structures were synthesised by either hydrothermal methods 

(hexagonal) or precipitation (cubic); the latter exhibited higher glycerol photoreforming activities 

using Pt as the co-catalyst, although higher surface areas might have influenced H2 productivities 

[64]. In a similar research, a sonochemical synthetic method was applied for the precipitation of 



47 
 

zinc and cadmium sulfides in the presence of thiosulfate anions; the best performer, which 

contained significant amounts of γ-Zn(OH)2, corresponded to a 0.6:0.4 Cd/Zn atomic ratio [229]. 

Another report dealing with photocatalytic production of H2 from aqueous ethanol also concluded 

on Cd0.6Zn0.4S-Zn(OH)2 composites, having photodeposited platinum nanoparticles as co-catalysts, 

as the optimum system [230]. In addition to all these systems based on CdS as the main 

semiconductor, heterojunction systems whereby CdS absorbs visible light and the photo-generated 

charges migrate to titania have been described above (Section 5.1.4). 

5.3.2. Sulfides other than CdS. 5.3.2.1. Zinc sulfide. Among simple sulfides of metals other than 

cadmium, zinc sulfide is the most frequently studied. Unmodified ZnS is only active under UV light 

(Eg = 3.6 eV) [41]. Production of H2 from aqueous alcohols (mainly methanol and ethanol) under 

UV-visible light using bare ZnS as the photocatalyst material has been reported [97b, 231]. It is 

worth mentioning that dimeric products, such as ethylene glycol from methanol, were the major 

oxidation products found in the liquid phases after irradiation [97b, 231a]. Composites based on 

ZnS and Bi2S3 nanoparticles deposited on ZnO nanorods (in turn grown on graphene) have been 

designed as active systems for glycerol photoreforming under light of wide spectrum, owing to the 

complementary absorption profiles of the different semiconductors [232]. 

5.3.2.2. Mixed sulfides. Ternary chalcogenides including zinc and other metals may enable charge 

separation under visible light. For example, ZnIn2S4 was found to promote H2 production from 

aqueous glucose at wavelengths longer than 420 nm using ZnS as a coating material and Pt as the 

co-catalyst for hydrogen evolution [58]. In another report, CuInS2 (deposited on TiO2 by 

solvothermal methods) was chosen as the component for absorption of visible light for the ethanol 

photoreforming reaction [233]. The possibilities to design materials with engineered band gap for 

photocatalytic production of H2 under visible light can be extended to quaternary chalcogenides, as 

in the case of AgInZn7S9 (Eg = 3.6 eV) [234]. 

5.3.3. Other chalcogenides. In addition to the most frequently employed sulfides, other metal 

chalcogenides are interesting semiconductor materials with narrow band gaps. The most prominent 

examples of these are CdSe and CdTe. According to early studies, their activities were limited as 

compared to TiO2 [214]. Band gap engineering is possible by designing appropriate solid solutions 

of the CdSxSe1−x general formula, as reported by Kawai and co-workers [235]. They found that 

increasing the selenium-to-sulfur ratio, H2 production from aqueous ethanol under UV-visible light 

decreased until negligible values for pure CdSe, a fact ascribed to the rise in the valence band 

energy of the material, which thus becomes less oxidising. In contrast, formic acid, with a less 

positive redox potential, could be photoreformed regardless of the solid solution composition. 
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According to a recent method, surface modification of CdSe nanocrystals with appropriate pendant 

moieties with attached carboxylate functionalities renders the material water-soluble, and upon 

addition of nickel [236] or cobalt [237] species to the resulting colloidal solution, such systems 

exhibit extremely high turnover numbers for H2 production from aqueous ascorbic acid under 

520 nm light irradiation. This approach has also been applied to CdS@CdSe core/shell 

nanoparticles [238] or CdTe quantum dot systems comprising homogeneous cobalt co-catalysts 

[239], and in all cases, activities and quantum yields were significantly elevated using small 

amounts of photocatalytic material. 

5.4. Photocatalysts based on novel semiconductors 

In contrast to the widely investigated chalcogenides, other classical semiconductor classes, such as 

phosphides, nitrides, carbides, polymers or elemental substances have been seldom studied [240], 

most likely due to their relative instability in aqueous media [241]. Early work by Sakata and Kawai 

demonstrated that, based on H2 production under UV-visible light using deposited Pt as the co-

catalyst, activity follows the order: TiO2 > CdS >> WSe2 > MoS2 > CdSe > SiC > CdTe > Fe3O4 

> Si > GaAs > GaP > Fe2O3 > InP > WO3 [214]. Rather modest photoactivities and deactivation 

events have discouraged the further development of semiconductors by simple combination of non-

metal and metal elements. Corrosion of n-type Si during ethanol photoreforming was reported, 

albeit surface modification with polymeric substances and noble metals (Pt, Ag) led to certain 

improvements in performance [100e]. It has not been until very recently that completely new 

approaches in synthetic methodologies have paved the way towards novel semiconducting materials 

with appropriate robustness for realistic applications in photocatalysis. The demonstration of 

nanocarbon materials, polymers, metal-organic frameworks or covalent-organic frameworks as 

effective light-absorbing components is currently beginning to blossom. 

5.4.1. Carbon nanomaterials. In the case of nanocarbon materials, the burgeoning field of 

graphene and carbon nanotubes has positively inspired photocatalysis researchers [158b, 242], 

mostly by considering these intrinsically conductive materials (owing to their two-dimensional 

conjugated π-system) as electron mediators which may facilitate the mobility of photo-generated 

charges from the light-absorbing material to appropriate surface active sites. Moreover, the design 

of semiconducting graphene has been made possible by doping with heteroatoms such as nitrogen 

[243] or phosphorus [244], thus resulting in genuine metal-free photocatalysts for H2 production 

from methanol/water mixtures. Under similar conditions, graphene oxide has been proposed as a 

photo-active semiconducting material, although structural damage and agglomeration was observed 

after irradiation [245]. Graphitic carbon nitride (g-C3N4) is a novel semiconductor with undoubted 
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possibilities in metal-free catalysis. Its band gap (2.7 eV) allows activation under light of 

wavelengths below ca. 460 nm. Given these features, application of g-C3N4 in photocatalytic fuel 

generation is a field of research experiencing rapid evolution [246]. This has been proved for the 

production of H2 under visible irradiation from either water/alcohol mixtures [247] or aqueous 

ascorbic acid [248]. The role of g-C3N4 as a light-absorbing semiconducting material able to 

activate H2 generation has been demonstrated by comparing its activity with an isolating silica 

support (SBA-15), which resulted to be inactive under the same conditions, i.e. MoS2 as the co-

catalyst and lactic acid as the photoreforming substrate [249]. Carbon nanoparticles, obtained by 

combustion/pyrolysis of vegetable oils, have also been claimed as active photocatalyst materials 

when used in combination with photodeposited Pt for the ethanol photoreforming reaction [250]. 

An important issue to stress regarding carbon photocatalysts is their stability under prolonged 

irradiation. In fact, several researchers have noticed progressive deactivation in such cases. For 

example, H2 production rates were observed to decline during methanol photoreforming using 

nitrogen-doped graphene, a phenomenon which was ascribed to damage to the material, as 

evidenced by the observation of dense aggregated particles by TEM [243]. Yet in another report, 

carbon nitride materials containing pendant amino groups were prone to photo-degradation, as 

suggested by elemental analyses after irradiation [251]. These findings, together with the known 

susceptibility of many diverse carbon substances—including coal or hydrocarbons—for being 

themselves consumed by photoreforming events under appropriate conditions [161], should be kept 

under careful consideration whenever carbon-containing materials are included in photocatalytic 

materials, and stability studies combined with thorough characterisation of used catalysts should be 

performed where possible. 

5.4.2. Metal-organic frameworks (MOFs) and covalent-organic frameworks (COFs). 

Semiconducting properties of metal-organic frameworks have been recently demonstrated, as 

discussed by Corma, García and co-workers [252]. One particular example was experimentally 

proved in the case of zirconium-benzenedicarboxylate materials, which induced transient charge 

separation (living for > 300 μs, based on laser flash photolysis and time-resolved UV-visible 

emission) upon light absorption, generation of H2 by methanol photoreforming and to exhibit 

noticeable water stability [253]. 

An even less mature, albeit promising, class of materials is that of the entirely organic, highly 

porous and crystalline covalent-organic frameworks. Semiconducting properties have been 

demonstrated for these novel substances. In a very recent example, H2 generation photoactivity has 

been demonstrated for a two-dimensional covalent organic framework (composed of aromatic 
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triazine and hydrazide units) under visible light [254]. The structure of these materials may, in 

principle, be modified in multiple ways, and thus, their properties might be tuned accordingly. 

Therefore, a fruitful field of research can be envisaged for them in photocatalysis. 

5.4.3. Polymeric semiconductors. Depending on their structures, linear chain polymers can 

exhibit semiconducting properties. Nevertheless, their use in photocatalytic materials has raised 

limited research activity. In a particular report, poly(3-hexylthiophene) has been chosen as light-

harvesting component in composites incorporating g-C3N4 as electron mediator and Pt as co-

catalyst for the production of H2 from aqueous ascorbic acid under visible light [255]. Owing to its 

narrow band gap (ca. 2 eV), the participation of poly(3-hexylthiophene) in this polymer/polymer 

heterojunction system enabled outstanding activities (> 300 mmol gcat
−1 h−1). Despite a significant 

deactivation amounting to 30% decreased H2 production rates after several days of operation, these 

results encourage further investigations on such inexpensive carbon-based photocatalysts. 

5.5. Co-catalyst engineering for H2 production 

The efficiency of photoreforming processes, as discussed in the dedicated section (4) about reaction 

mechanisms, can be greatly enhanced by the incorporation of a H2 evolution co-catalyst on the 

light-absorbing semiconductor [256]. Surface-deposited metallic or metallic oxide nanoparticles are 

the preferred co-catalysts in most cases, although recently, sulfide or phosphide counterparts are 

gaining increasing attention. For decades, noble metals have been the basis of best performers in 

photocatalytic H2 production, although due to their elevated cost, many researchers are turning their 

focus towards earth-abundant alternatives [28, 257]. Other investigations have dealt with 

nanocarbon materials [257a], metal complexes [7a, 256, 257b], metalloenzymes [258] or 

metalloenzyme mimics [256-257, 259] as the active species for hydrogen evolution. In the 

following sections, the most relevant aspects of co-catalyst engineering for the photocatalytic 

production of H2 from biomass-derived oxygenates are summarised. 

5.5.1. Metal or metal oxide co-catalysts. As demonstrated by time-resolved transient monitoring 

(see Section 4.1 above) [45b], metallic (nano)particles deposited on the surface of the 

semiconductor often serve as traps or collectors for photo-generated electrons and catalyse 

reduction of protons (or proton-containing molecules) to H2, depending on the work function of the 

metal and on the potential of the redox processes involved [7d, 260]. The characteristics of the 

Schottky junction between metal and semiconductor are of paramount importance for this mode of 

charge transfer. Appropriate synthetic metal deposition methods include impregnation, precipitation 

or photodeposition. Impregnation involves direct contact of the semiconductor powder with a 

solution of a salt of the desired metal (or metals) and subsequent evaporation to dryness. The 
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impregnated salt is generally further transformed into metal or metal oxide nanoparticles by 

annealing. Depending on the metal, the occurrence of metal or metal oxide phases can be tuned by 

annealing atmosphere and temperature. For example, noble metals are readily reduced to their 

elemental form, whereas most non-noble metals require the presence of hydrogen. Loading metals 

by precipitation entails the formation of metallic (nano)particles in solution in the presence of 

suspended semiconductor powders. This can be achieved by (among different routes) pH-induced 

formation of oxides or chemical reduction, leading to metal oxide or metallic particles, respectively. 

Finally, photodeposition is a convenient method since it can be performed in situ at the beginning of 

the photocatalytic experiments [213b, 261]. It is based on the reduction of metallic cations by 

photo-generated electrons on semiconductor surfaces, thus leading to the growth of closely 

contacted metallic deposits. A comparative study by Haruta and co-workers stated photodeposition 

was the most suited metal loading method for the performance of M/TiO2 (M = Au or Pt) in H2 

production from aqueous ethanol under UV-vis light [262]. Changes in the oxidation state 

(generally, reduction) of the metal are frequently observed under irradiation. Many factors related to 

the co-catalyst, e.g. concentration, dispersion, morphology or oxidation state may influence the 

outcome of a photocatalytic reaction. The dependence of photoreforming activity on the amount of 

loaded metal co-catalyst is generally critical. Most often, an optimum concentration might be 

determined, below which, activity increases with increasing availability of surface metallic sites. 

Above this point, undermined photocatalysis has been attributed to a variety of factors, e.g. light-

blocking, restriction to substrate oxidation on semiconductor surfaces, or electron-hole 

recombination events on excessive co-catalyst. Bowker and co-workers specifically studied this 

issue by developing a geometric model whereby light-induced hydrogen production rates from 

aqueous methanol on Pd/TiO2 is directly dependent upon the available perimeter around the 

interface between semiconductor surface and co-catalyst particles [91a, 263]. According to this 

model, charge transfer reactions involving adsorbed substrate species would take place 

preferentially near the metal-support interface, which becomes more ubiquitous with increasing 

metal loading up to a maximum above which particles merge and the perimeter is reduced (Figure 

23) [91a, 263]. 

5.5.1.1. Noble metal co-catalysts. Noble metals are the most widely investigated components of H2 

evolution co-catalysts. This is most likely inherited from platinum electrodes as cathodes in 

electrochemical cells. Although surpassing the activity of Pt is challenging, systems relying on 

other noble and non-noble metals have also proved efficient for H2 evolution [28, 257]. Given the 

many experimental variables involved (e.g. type of substrate, illumination source and intensity, pH 

or temperature), and to varied features of the metal deposits, an absolute activity scale cannot be 
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proposed. However, a number of reports include comparisons of different metal co-catalysts 

deposited on titania under similar conditions. Investigations by Bowker and co-workers have 

suggested that methanol photoreforming efficiencies decrease in the Pd > Pt > Ir > Au >> Ru ≈ Rh 

> Ni metallic order [264], whilst Silva et al. ranked Pt as the best performer [159a]. Studies on a 

range of alcohols as substrates, the activity has been ranked following the Pd > Pt ≥ Au series, 

although when sorting the data relative to surface metal atoms, taking into account nanoparticle 

sizes, the order reverted to Au > Pd ≥ Pt [265]. Similarly, Fu et al. found that H2 production 

decreased along the Pd > Pt > Au ≈ Rh > Ag ≈ Ru series for reactions using glucose as the substrate 

[62a]. For carboxylic acids, H2 production diminished in the following order: Pt > Pd >  Rh ≈ Au 

> Cu ≈ Ag [37]. In general, according to these and other published data, it appears that Pt is the 

most effective metallic element, followed by Pd, for photoreforming catalysts. A typical TEM 

micrograph showing the dispersion of Pt nanoparticles on the titania support is reproduced in Figure 

24 [266]. 

The case of gold is particular, since some early studies reported negligible activity [71], whereas 

appropriately prepared Au nanoparticles have proven to become highly active in photocatalysis 

[267], and in particular for hydrogen evolution by photoreforming [100a, 114, 133, 150, 196b, 262, 

268]. Furthermore, gold nanoparticles may perform as sensitisers, due to the visible light absorption 

enabled by their surface plasmon resonance [186, 269]. Therefore, the uniqueness of Au 

nanoparticles resides in combining the suitability of its surface for H2 evolution and the possibility 

of initiating the photocatalytic process by generating charge carriers under visible light (500–

650 nm) [267, 269b]. Efficient reduction to metallic gold nanoparticles supported on semiconductor 

(e.g. TiO2) powders can be performed by simply annealing in air at moderate temperatures [115, 

133, 270]. The preparation of Au/TiO2 nanotube arrays by anodisation of titanium-gold alloy sheets 

and subsequent annealing in air has been reported [270]. The size of Au nanoparticles is an 

important factor for H2 production, since it affects both the absorption maximum associated to the 

surface plasmon resonance and the density of available active sites. Higher rates are generally 

observed for decreasing sizes [122, 269a], although the influence was not relevant in the 3–12 nm 

range for reactions involving ethanol as the substrate and anatase as the TiO2 phase [114]. 

5.5.1.2. Non-noble metal co-catalysts. Aiming at developing inexpensive metal co-catalysts, many 

researchers have rated their activities relative to noble metal benchmarks. Copper [28] and nickel 

[257b] are the most frequently studied Earth-abundant examples. This reflects their relatively high 

current production rates: Copper is the second metal in global annual production after iron, whereas 

both copper and nickel supplies appear to be reasonably scalable [271]. It is relevant to note that the 
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suitability of different metals for photoreforming reactions parallels the general trends of dark 

thermal aqueous phase reforming: Pt and Pd are the most suited for H2 selectivity, whereas Ni 

promotes C-C scission reactions and Cu performs best as water gas shift active metal [17c]. Copper 

and nickel have been reported to exhibit performances on a par with platinum [95]. It should be 

stressed that copper oxide deposits on TiO2 often undergo reduction under UV light [272]. Highly 

efficient titania materials can be prepared by Cu deposition-precipitation with appropriate loading 

levels and subsequent annealing in air; above a certain copper content (< 2% CuO by weight) 

whereby the metal deposits change from monolayer to nanoparticles, the system was claimed to be 

less efficient due to deeper energies of the conduction band of CuO, which thus becomes inefficient 

for H2 reduction [273]. Spectroscopic techniques have been used to determine the oxidation state as 

Cu2+ in this and other studies dealing with similar photocatalysts [274]. Conversely, the use of 

deliberately reduced (by annealing under hydrogen prior to photoreforming) materials of this kind 

has been also reported and their performances found to be superior than those of oxidised (only 

annealed under air) analogues [275]. For reduced Cu/TiO2, partial oxidation of copper was observed 

after irradiation [275], in contrast to the reduction of titania-supported copper oxide photocatalysts 

mentioned above. Overall, these indications may imply complex redox process for copper species in 

these systems, probably reaching steady-states at mixed oxidation states. Copper leaching has been 

observed in glycerol photoreforming experiments under UV light [276]. Similar issues were 

observed by Fornasiero and co-workers for photocatalysts prepared by impregnation of copper; to 

circumvent this, they designed a microemulsion-based synthetic method whereby CuOx 

nanoparticles remained embedded within the titania phases and thus protected from acidic reaction 

intermediates [272a]. Further studies in this direction for titania materials loaded by photodeposited 

Cu demonstrated that copper leaching was minor under UV light, but noticeable under solar-like 

irradiation, although the decrease in activity was not critical, owing to a steady state whereby an 

equilibrium of Cu species is reached [277]. Kondarides and co-workers have developed an 

equilibrium deposition filtration methodology for copper loading leading to highly dispersed CuO 

nanoclusters strongly interacting with the TiO2 support, and applied these materials to glycerol 

photoreforming, observing fluctuations in H2 and CO2 evolution due to light-induced Cu redox 

processes [272b]. In a different approach, Centi and co-workers described a gas-phase reactor for 

successfully photoreforming ethanol on Cu/TiO2 films [120c]. 

Nickel has also been proven as an efficient component of co-catalysts for H2 evolution from 

aqueous ethanol under UV light, exhibiting higher activities than gold for low concentrations of the 

oxygenated substrate [278]. In a comparative report, ethanol photoreforming activity was observed 

to decrease in the Cu > Ni > Ag order for in situ photodeposited metals on mesoporous TiO2 [279]. 
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A similar trend (Cu > Ni > Co, presumably in the form of their divalent oxides) was found for the 

production of H2 by glycerol photoreforming; slower CO and CH4 generation, and thus higher H2 

selectivity was achieved using the nickel co-catalyst [280]. According to a similar study entailing 

the use of BaTi4O9 as the semiconductor, the following H2 production rate order was determined: Pt 

> Co > Cu > Ni ≈ Ru [204]. The sizes of nickel nanoparticles prepared by a solvothermal method 

affected the outcome of H2 production using CdS nanorods as the light absorber under visible light 

from aqueous lactic acid, with smaller particles accelerating the reaction; furthermore, Ni proved 

only slightly less efficient than Pt, but noticeably superior than Co or Fe [281]. 

Cobalt co-catalysts on titania have been less extensively investigated than nickel or copper 

counterparts, yet their study is worth being considered. Recently, a method based on the hydrolysis 

of titanium alkoxides in the presence of cobalt salts and subsequent calcination led to segregation of 

Co in the form of highly dispersed nanoclusters on the external surface of the nascent anatase 

phases; activity of the resulting material for methanol photoreforming was proven [282]. Deposition 

of isolated tin species has also proved beneficial to enhance the performance of Pt/TiO2 

photocatalysts [283]. 

5.5.1.3. Alloy nanoparticles as co-catalysts. Alloy nanoparticles with variable composition have 

also received attention as tuneable H2 evolution co-catalysts. Bimetallic AuPd nanoparticles, 

prepared by an impregnation-reduction treatment, on anatase, were proven to be more active than 

monometallic Pd or Au counterparts for the light-induced production of H2 from aqueous ethanol 

[100f, 100g]. Similar alloy materials prepared by impregnation-annealing (without reductive 

treatment) were studied by XPS, which revealed the presence of Au(0), Pd(II) and Pd(0), whereas 

Ar sputtering was used to further reduce palladium to its metallic form [284]. Deposition methods 

using urea were also reported for the preparation of AuPd nanoparticles on TiO2 inverse opals with 

ethanol photoreforming activity [285]. Synergistic effects in the photocatalytic production of H2 

from aqueous methanol by alloying gold and palladium has also been suggested, especially for 

colloid nanoparticles prepared by chemical reduction [286]. A step further in co-catalyst design was 

given by Hutchings and co-workers, who discovered the superior performance of Pdshell-Aucore 

nanoparticles immobilised on TiO2 exhibiting high photoreforming quantum efficiencies as 

compared to random alloy or Aushell-Pdcore counterparts, using a range of biomass-derived alcohols 

or saccharides (reaching Φ ≈ 78% for glycerol, see micrographs in Figure 25) [287]. Llorca and co-

workers systematically studied gold-copper alloys for ethanol photoreforming, and found an 

optimum composition at a 3:1 Au/Cu atomic ratio [288]. Another thorough investigation on Pt-

containing alloy nanoparticles using either TiO2 or CdS as the semiconducting supports was 
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performed by Hu and Yu. They concluded that H2 production from aqueous lactic acid under visible 

light can be enhanced, especially for CdS, along the following series: Pt3Co < Pt3Au < Pt3Ni < Pt 

< Pt3Cu, presumably due to the high conductivity and electron accepting ability of the former [217]. 

5.5.2. Metal sulfide or other non-oxide co-catalysts. 5.5.2.1. Metal sulfide co-catalysts. The 

most frequently investigated non-oxide material is MoS2, which has a graphite-like layered structure 

and exhibits superior photo-stability than other metal sulfides, owing to its relatively covalent 

characteristics [289]. Its proven efficiency in electrochemical cells for H2 evolution [290] or photo-

oxidation [289] has been demonstrated. Regarding their use in photoreforming reactions, activities 

of MoS2/CdS higher than those of analogous Pt/CdS materials have been reported in several cases 

[226, 249, 291]. The outstanding activity of MoS2/CdS for H2 evolution under visible light was 

recently discovered by Li and co-workers; in part, this might be ascribed to the compatibility of 

both sulfides, which results in extremely intimate heterojunctions facilitating charge transfer 

between them (Figure 26) [291b, 292]. Optimised MoS2/CdS photocatalysts, prepared by 

impregnation of molybdenum on CdS and subsequent annealing in H2S atmosphere, showed 

excellent performance using lactic acid as the substrate [292], even better than Pt [291b], and 

relatively lower H2 production rates for molecules only containing hydroxyl functionalities [292]. 

The close contact between MoS2 and CdS can be also generated by ball milling followed by 

annealing under Ar atmosphere; in this case, the resulting materials outperformed analogue 

materials prepared by impregnation or Pt/CdS, for the production of H2 from aqueous lactic acid 

under visible irradiation [291a]. Not only CdS, but also a metal-free semiconductor, that is, g-C3N4 

can be loaded with MoS2 to result in notably enhanced photoreforming activity, which followed the 

overall MoS2 > Pt > WS2 order [249]. Another report dealt with the optimisation of WS2/CdS 

photocatalyst, and suggested that the performance of this co-catalyst can also surpass that of Pt in 

these systems [293]. Deposition of nickel(II) sulfide on CdS by hydrothermal methods yielded 

visible light photocatalysts for H2 production from aqueous lactic acid [99]. Similarly, NiS/g-C3N4 

photocatalysts can be prepared, although their activity and stability in the presence of acidic 

substrates such as lactic, oxalic or ascorbic acids was modest, partly due to photo-oxidation events 

leading to formation of elemental sulfur [251]. Another newly developed approach aiming at 

superior charge separation and stability is the design of composites containing graphene materials 

as electron mediators between the light-absorbing semiconductor and the MoS2 co-catalyst [294]. 

5.5.2.2. Metal phosphide co-catalysts. As a newly developed class of co-catalysts (not containing 

noble metals) for H2 generation in light-activated systems, transition metal phosphide nanoparticles 

are being considered. For example, metal phosphides can be deposited on CdS by solvothermal 
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procedures. Following this method, Ni2P and Co2P have been loaded on CdS nanorods, and the 

resulting composites applied to the production of H2 from lactic [295] or mandelic [296] acids, 

respectively, under visible light. Thermal reduction by hypophosphite, leading to CoP, Ni2P or Cu3P 

supported on hexagonal CdS, and further use in photoreforming of lactic acid, was reported by the 

same research group [297]. Molybdenum phosphide (MoP), also suggested as co-catalyst for the 

photocatalytic production of H2 from aqueous lactic acid, has been claimed to exhibit pseudo-

metallic character, based on XPS and UV-vis absorption spectroscopies [298]. 

5.5.2.3. Other non-oxide co-catalysts. A related set of novel photocatalysts worth exploring are 

those including chalcogenides other than sulfides, as for example, metal selenides. In this context, a 

system based on Co0.85Se, and including CdS as the light-harvesting semiconductor, graphene as a 

mediator, and poly(ethyleneimine) as an in situ reducing agent, has been synthesised by 

solvothermal methods, and its activity for lactic acid photoreforming (similar to that displayed by 

Pt/CdS) proved [299]. 

Another scarcely known group of co-catalysts, is that of the transition metal borides. Among these, 

nickel boride phases have been supported on CdS and the derived materials used in reaction 

conditions similar to those described above for the phosphides [300]. The results obtained for 

transition metal phosphides and borides are promising and widen the portfolio of inexpensive H2 

evolution co-catalysts for photoreforming applications. However, and as for any new class of 

materials, thorough stability tests and mechanistic studies are yet required to assess their validity. 

5.5.3. Nanocarbon-based co-catalysts. The discovery of nanostructured forms of carbon 

displaying unique morphologies and physical properties is currently a field of major research 

activity. Graphene materials (including graphene oxide, reduced graphene oxide or heteroatom-

doped graphene), graphitic carbon nitride, carbon nanotubes or carbon nanocones belong to this 

class of novel materials. The possibility of these materials to catalyse water (or proton) reduction to 

H2 is a compelling prospect regarding metal-free photocatalysis [158b, 242]. However, and as 

discussed in section 5.4.1 above, stability and reusability of any carbon material is (albeit feasible 

[160, 246b]) always a matter of concern under long-term irradiation. 

Photocatalysis using carbon materials as the genuine component providing H2 evolution sites has 

been recently investigated by several groups. García and co-workers have focused on the synthesis 

of graphenes by direct pyrolysis of polysaccharides at high temperatures under inert atmospheres 

followed by ultrasound-assisted exfoliation. By this procedure, they have produced N-doped [243] 

and P-doped [244] graphenes from chitosan or alginate in the presence of a phosphate salt, 

respectively, and proved them as valid metal-free photocatalysts—and also interestingly, in the 
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absence of any additional semiconductors—for the production of H2 by methanol photoreforming, 

although at modest rates. Deactivation was observed after long irradiation for N-doped graphene, a 

fact which calls for the necessity of thorough stability examination of these systems and 

characterisation of the used photocatalysts. Graphite oxide has also been claimed as a photocatalyst 

for H2 generation from water/methanol mixture, although again, aggregation and decomposition of 

the material under UV-vis irradiation was observed [245]. Coupling graphene with classical 

semiconductors is a stimulating strategy to prove their suitability as co-catalysts for photocatalytic 

H2 production. In this context, preparation of TiO2 materials with deposited nanocarbon has been 

reported. A particular report by Fan et al. dealt with RGO/TiO2 and CNT/TiO2 composites (RGO = 

reduced graphene oxide, CNT = carbon nanotube) and demonstrated the photoreforming of 

different alcohols on such composites; the former proved to be more efficient, whereas 

hydrothermal methods were more suited as compared to light-assisted or chemical reduction [158a]. 

Production of H2 from aqueous ethanol under UV-vis light was detected for RGO/TiO2 prepared by 

hydrothermal treatment of titanium(IV) alkoxides in the presence of graphite oxide [294d]. Other 

researchers have reported H2 evolution from aqueous glycerol using materials consisting of ZnO 

nanorods grown on RGO [190], ZnO/RGO, ZnS/ZnO/RGO or ZnS-Bi2S3/ZnO/RGO composites 

[232], and from lactic acid/water on RGO/CdS under visible light [301]. Ionothermal methods have 

also been applied to the synthesis of RGO/TiO2 composites for the photocatalytic production of H2 

from water/ethanol mixtures under UV-vis light [302]. Despite the enormous outlook for structural 

modification of nanocarbon materials, photo-stability still appears as a serious issue. Regarding 

their use in photoreforming, post-irradiation characterisation, mechanistic investigations and careful 

analyses of turnover figures and mass balances are a must for future design. 

5.5.4. Molecular metal complexes as co-catalysts and organic sensitisers. The transfer of 

photo-generated charges from semiconductors to molecular species displaying catalytic activity for 

water (or proton) reduction is a distinct possibility which may benefit from well-defined 

mechanisms and ready diffusion of the substrate in nearly homogeneous environments [256-257, 

259]. Among these molecular co-catalysts, knowledge of metal complexes can be applied [303]. 

Metalloproteins, especially hydrogenases as those present in natural photosynthetic systems, are 

also appealing [259b]. For example, CdTe colloids coupled with nickel-iron hydrogenases have 

been employed for the light-induced production of H2 from aqueous ascorbate [304]. Other 

approaches, such as homogeneous systems comprising polyoxometalates and platinum co-catalysts 

for ethanol photoreforming have been described [305]. Similarly, sensitised rhodium or iridium-

ruthenium complexes perform as H2 evolution catalysts from ascorbate in aqueous solutions under 

visible light [306]. The well-known tris(2,2’-bipyridyl) ruthenium(II) sensitiser, coupled with 
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platinum colloids, has been claimed as the active species catalysing ascorbate oxidation under 

irradiation from a Xe lamp [307]. Using the same substrate, remarkably high turnover numbers have 

been found for molecular nickel catalysts either in entirely homogeneous systems (using an organic 

dye as sensitiser) [308] or colloidal CdSe [236], both under monochromatic (520 nm) irradiation. 

Cobalt complexes can be also considered as co-catalysts when coupled with CdTe quantum dots as 

light-absorbing semiconductors (an example is depicted in Figure 27) [239]. A sophisticated 

supramolecular approach, consisting in the fabrication of nanoribbon hydrogels composed of an 

organic chromophore and nickel catalysts, has been recently reported for the photocatalytic 

production of H2 using ascorbic acid as the substrate [309]. 

The use of organic sensitisers is a well-known strategy to enhance visible light absorption in 

sunlight harvesting processes, albeit a commonly encountered difficulty in this context is their 

limited long-term stability under irradiation. In the field of photocatalysis for H2 generation, organic 

dyes can effectively promote visible light performance of TiO2 materials. A very recent report on 

this topic describes the judicious synthesis of durable phenothiazines incorporating robust thiophene 

linkers and alkyloxy pendant groups, their firm adsorption on Pt/TiO2 solids, and the remarkable 

stability (per area unit after three 20 h cycles) of the resulting dye-sensitised photocatalysts during 

H2 production from ethanol/water mixtures under UV-vis light [310]. 

Metal complexes offer clear and precise control over their structures and allow for reliable 

mechanistic and kinetic investigations to be performed. The high turnover numbers reported for 

photocatalytic H2 production using such systems are encouraging and may assist the design of 

extremely active photoreforming systems. However, the scope of biomass-derived substrates can 

still be widened in this area. 

 

6. Effect of reaction conditions on photoreforming efficiency 

In the preceding sections, the diversity and complexity of the photoreforming processes resulting in 

the transformation of a wide range of biomass-derived oxygenated substrates into hydrogen and 

various oxidised species, has been underlined. Obviously, every substrate behaves differently 

according to its molecular structure, which governs its reactivity and its adsorption tendency on the 

active surfaces. This has been detailed regarding mechanistic aspects in Section 4, and specific 

reaction pathways will be further discussed below (Section 7) for each substrate. In the following 

sub-sections, the operational parameters (i.e. light intensity, pH, temperature, substrate and catalyst 

concentration or presence of any additives) exerting more influence are outlined, and their 

importance illustrated with examples. 
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The majority of the research reviewed herein has been performed using powdered photocatalysts 

dispersed in liquid media. In such experimental set-up, the photocatalyst particles can be viewed as 

small-scale open-circuit photoelectrochemical systems whereby the photo-generated charges 

separately migrate to either reduction or oxidation surface sites, without the influence of any 

external potential bias [107b, 213b, 260]. Photocatalyst suspension systems have become extremely 

popular due to their simplicity, although immobilised films of the material are inherently more 

practical due to more convenient separation and more uniform irradiation of the solid material. 

Photoelectrochemical cells [107b, 213b, 311], consisting of (photo)electrodes separated by a 

conducting wire, together with membrane photoreactors [312], entail more intricate experimental 

arrangements, although they bear the advantage of allowing separate gas evolution. 

6.1. Effect of light sources and irradiance 

6.1.1. Light sources. Sunlight is a renewable and essentially inextinguishable source of energy. 

Therefore, use, transformation and/or storage of solar energy are commonly sought-after goals as 

alternatives to other renewable or non-renewable contenders. In this regard, researchers worldwide 

are thinking of photocatalysis as a riveting technological approach to generate (solar) fuels by 

harvesting irradiation from the Sun. Photoreforming of biomass-derived oxygenates has been 

proved to proceed readily under natural sunlight with partial solar energy storage [128a, 164a, 272c, 

313]. In one of these reports, it was proven that heating caused by sunlight is beneficial regarding 

H2 production rates (up to 105 mmol gcat
−1 h−1) from aqueous glycerol suspensions of an 

inexpensive photocatalyst, i.e. Cu/TiO2, with concomitant temperature increases (93 °C) [313d]. 

Irradiation from the Sun contains a small proportion of UV light (< 400 nm, 3–5% on an energy 

basis, albeit the percentage of photons of wavelengths is even lower), whereas the rest belongs 

mainly to the visible and infrared parts of the spectrum [42]. Infrared radiation consists of low 

energy photons unlikely to induce electronic transitions in semiconductors, although it may result in 

vibrational transitions which are usually quenched with heat release. Titanium dioxide, the most 

frequently employed semiconductor for photocatalytic materials, absorbs light at wavelengths 

below ca. 400 nm (Eg ≥ 3.2 eV) [23]. For this reason, intense research efforts have been usually 

dedicated to extending the activity of photocatalysts into the visible range (see Sections 5.1.5 and 

5.3.1). Frequently, solar simulators are used to test the photocatalytic performance of newly 

designed materials; this technology is likewise popular for the production of H2 by photoreforming 

[9, 24, 100a, 100f, 100g, 120c, 124, 178a, 195-196, 243, 269a, 277, 314]. Simulated solar light is 

generally produced using Xe arc lamps as the light source and filters to adjust the spectrum to the 

standard AM 1.5 average solar radiation at ground level in temperate zones, at an approximate 
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irradiance of 1 kW m−2, reported by the American Society for Testing and Materials [42]. Xenon 

lamps emit over almost continuous wavelengths roughly parallel to the solar spectrum; for that 

reason, they are often employed as a convenient irradiation source for photocatalytic experiments 

(for a comparison of the emission spectra of a Xe lamp and a solar simulator, see Figure 28). Often, 

borosilicate glass labware filtering wavelengths below ca. 320 nm is used in combination with Xe 

lamps, whereas cut-off filters (blocking light below 400–430 nm) are generally employed for UV-

free irradiations. Another common type of light sources with emission spectra composed of several 

bands in the UV-visible range is that of Hg (or Hg-Xe) arc lamps. Due to their strong emission at 

near-UV frequencies, these lamps have been widely used for titania-based photocatalysis. 

6.1.2. Photo-action spectra. The choice of the light source should be in accord with the 

absorption profile of the semiconductor. In order to ascertain whether a reaction is initiated by 

absorption of light of a particular material, the most appropriate method is to record the 

corresponding photo-action spectra, that is, the activity as a function of the incident wavelength. 

This can be accomplished by determining the quantum efficiency using monochromatic light at 

various wavelengths. For example, the activity of TiO2 materials only under illumination of photons 

having energies equal or greater than its band gap (ca. 3.2 eV) has been unambiguously proven for 

photoreforming reactions [59, 314b]. Analogously, materials designed to initiate charge separation 

and transfer under visible light can be validated by recording their photo-action spectra at the 

appropriate wavelengths. This is the case for CdS [154a] or Au nanoparticles [186, 269b], 

absorbing below 520 nm or across a broad range centred at 550–560 nm, respectively. 

6.1.3. Effect of light intensity. Irradiance—radiant power per surface area—of incident light 

exerts obvious influence on photocatalytic reactions. Since charge separation in a semiconductor is 

caused by incident photons, increasing irradiance at an appropriate wavelength generally results in 

higher reaction rates [243, 315]. However, at high irradiances, higher fractions of the incident 

radiation are expected to be wasted due to physical phenomena such as scattering or reflection. At 

lower irradiances and in ideal systems where a major proportion of photons are absorbed by the 

photocatalyst, linear dependences of reaction rates vs. intensity should be observed in the extreme 

case where either all photons lead to charge transfer, whereas square-root dependences are expected 

in scenarios where electron-hole recombination dominates; between both situations, intermediate 

behaviours might be observed [70]. As an example of a reaction undermined by electron-hole 

recombination, the formation rate of radicals from acetic acid linearly increased with the square-

root of UV-visible light irradiance [68a]. An exception to these trends is the unusual exponential 
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relationship for laser irradiations in methanol photoreforming, ascribed to the possibility of 

biphotonic processes [243]. 

According to the aforementioned reasoning, quantum efficiencies tend to increase towards limiting 

zero irradiance, whereby all photons would impinge the photocatalyst surface. Lianos and co-

workers proved this for Pt/TiO2 films—having maximum exposed area and thus minimising light 

scattering— and also showed that increasing power density of the incident radiation reaches a 

plateau above an optimum value [316]. Theoretically, the performance of any photoreforming 

system should be enhanced by increasing irradiance below such threshold. A set of experiments in 

this line demonstrated that this is the case for relatively low light intensities (up to 50 mW cm−1) at 

a range of different temperatures for glycerol photoreforming using Cu/TiO2 as the photocatalyst 

[313d]. 

6.2. Effect of temperature 

As for any other chemical reaction, photoreforming rates increase with temperature according to the 

activation energy of the limiting step, as defined by the Arrhenius equation. In a process such as 

that studied herein, triggered by light absorption, the elementary reaction steps entail charge transfer 

between the irradiated solid and adsorbed species at the surface active sites. As deduced by time-

resolved spectroscopic studies, transient photo-generated charges rapidly evolve (at times spans 

shorter than 1 ms after photon absorption), either be it annihilation by recombination, or transfer to 

appropriate redox pairs [45b, 51-53, 55]. These processes are notably faster than desorption and 

diffusion events required to renew the layer of adsorbed products with fresh substrates, and which 

are expected to be accelerated with temperature according to Arrhenius relationships. Therefore, 

provided the irradiation flux is intense enough to maintain a significant population of charge 

carriers in the semiconductor, photoreforming efficiencies experience a temperature dependence 

associated with desorption of products and diffusion/adsorption of substrates. This was elegantly 

illustrated and quantified by Hussein and Rudham in their study on dehydrogenation of alcohols on 

Pt/TiO2 at varying temperatures and light intensities: Whilst at high irradiances reaction rates 

increased with temperature according to the Arrhenius equation (log(𝑟) ∝  1 𝑇⁄ ) with activation 

energies (Ea) around 20 kJ mol−1, at lower intensities activities reached a maximum above a definite 

temperature, thus displaying a nil activation energy range (Figure 29) [70]. Based on similar results, 

other authors argued that oxidation of adsorbed substrates or H2 desorption are the rate-limiting 

steps at lower and higher temperatures, respectively [104]. However, recent kinetic models are 

consistent with a mechanism where substrate surface coverages, directly related to adsorption-



62 
 

desorption phenomena, are the main factors affecting reaction rates in accord with Langmuir-type 

models (see Section 4.2) [77]. 

In their work on complete photoreforming of several biomass-derived substrates on powdered 

Pt/TiO2 in water, Kondarides and co-workers clearly demonstrated that efficiencies can be enhanced 

by gently heating the suspensions [9, 24, 38a, 317]. For example, H2 production rates could be 

incremented by almost 50% when going from 40 to 60 °C, while a less noticeable effect was 

observed at 80 °C [24, 317]. The authors stressed that light-driven reaction steps are not expected to 

be affected by such a slight temperature increase; rather, adsorption/desorption dynamics, diffusion, 

“dark” oxidation steps involving photo-generated charges or stabilisation of transient intermediates, 

all having relatively small activation energies, are more likely to be accelerated by gentle heating 

[24]. Temperature ranges between 30 and 70 °C were explored for the photoreforming of ethanol on 

Pt/TiO2 confirming this effect (Ea = 30.8 kJ mol−1) [120a]. Even more pronounced boosts in H2 

production rates by increasing from 25 to 90 °C (7- and 40-fold when using pristine or copper-

loaded TiO2 nanotubes, respectively) have been recently reported under UV light (365 nm) using 

aqueous glycerol as reaction media [313d]. Photocatalytic decomposition of acetic acid on Pt/TiO2 

materials was also proven to be favoured by slight temperature increases [89a]. The production of 

H2 and radicals (which subsequently coupled together) from ethanol and methanol in aqueous ZnS 

suspension irradiated with UV-visible light also increased upon heating from 30 to 50 °C [231a]. As 

explored for the aqueous glycerol photoreforming using ZnS/ZnO nanorods, H2 production rates 

almost doubled by increasing the temperature from 40 to 80 °C [191b], or as described in a further 

study, also from 5 to 25 °C [191a]. 

Gas-phase approaches allow wider temperature ranges to be considered. According to a recent 

report, photoreforming reactions under simulated solar light using a vapour phase methanol/water 

feed and a Pt/TiO2 photocatalyst carried out at increasing temperatures (150–300 °C) resulted in 

drastic increases in H2 production rates [181]. Dark experiments demonstrated that both 

photocatalytic and thermocatalytic processes took place simultaneously, albeit the former proved 

significantly more efficient. The authors claimed that the photocatalytic process itself can be 

thermally accelerated by enhancing oxidation kinetics. 

Based on the enhancement of photoreforming upon increasing temperature, dual harvesting of solar 

irradiation by both genuine light activation of the semiconductor and local heating is a phenomenon 

exerting obvious benefits on H2 generation. Suitably designed reactors and irradiation configuration, 

including solar concentrators [318], are likely to be of paramount importance in optimising the 

efficiency of the photocatalytic processes under consideration. 
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6.3. Effect of pH 

The acidity or basicity of aqueous media may affect the outcome of a photocatalytic process in 

various ways. This is due to the interplay of several physicochemical phenomena influenced by pH, 

including band energy positions of the semiconductor, the surface charge and electrokinetic 

potential (which can be measured as zeta potential) of the photocatalyst surface, speciation of the 

substrate, adsorption or chemisorption processes, redox potentials of both substrate molecules and 

protons, stabilisation of either reaction intermediates or products, or particle aggregation [108b, 

262, 268c]. Given the complexity of pH influence and the many photocatalyst/substrate 

combinations possible, trends or models are unlikely to be of general utility. Herein, an account is 

presented on the dependence of photoreforming efficiency upon pH, outlining the most plausible 

reasoning where appropriate. 

The bulk structure of a semiconductor is not expected to change significantly upon pH variations, 

although surface phenomena and charge transfer events are prone to become affected by the nature 

of the interface. In this context, band energy positions may change with pH. According to 

electrochemical measurements, a cathodic shift in the conduction band (and consequently, also in 

the valence band) potential of CdS materials at increasing pH has been suggested and claimed to be 

the cause of higher ethanol photoreforming rates; the slope of the shift appeared to be lower than 

the Nernstian dependence of the water oxidation potential (see Figure 30), a fact which would lead 

to favourable [OH]• formation and thus, unleash further reaction with the substrate [319]. On the 

other hand, the valence band position of TiO2 is known to follow standard Nernstian behaviour, 

parallel to that of water oxidation and reduction, i.e. the changes are equal and the thermodynamics 

of charge transfer between semiconductor and solution should not be significantly affected [5d, 81]. 

Tsubomura and co-workers determined the flat-band potential of CdS at different pH values and 

found that it remained constant and thus more cathodic under acidic regimes, a fact which would 

result in favoured proton reduction [218]. However, they observed different H2 production trends on 

illuminated Pt/CdS photocatalysts depending on the substrate: formic acid was more rapidly 

reformed at acidic pH—in line with the above hypothesis—and negligible activity was observed at 

pH > 13, probably due to impaired adsorption of formate on the negatively charged surfaces; 

surprisingly, alcohol photoreforming efficiencies were almost zero in neutral or acidic solutions 

despite the more cathodic character of CdS [218]. 

Narrower pH range (< 2) was determined to be suitable for the photocatalytic production of H2 from 

formic acid on Cu/TiO2, although the cause might be related to co-catalyst changes [320]. Decrease 

in H2 production by photoreforming of oxalic acid upon increasing basicity, ascribed as in the case 
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above to inhibited adsorption onto negatively charged semiconductor surfaces, has been reported by 

other researchers [60]. Similar behaviour was reported for feeds rich in acidic substrates using 

Pt/TiO2 [321] as the photocatalyst, such as phenolic species in olive mill wastewater [321], or for 

lactic acid on Ni/CdS [281]. Acetic acid and longer chain analogues may undergo reactions under a 

wider and more complex scope of pathways. For example, acetic acid decomposition on Pt/TiO2 is 

faster under acidic conditions [37, 61, 89], in agreement with the less favourable repulsion with the 

titania surfaces, yet the activity was significant at pH values as high as 13, with higher selectivities 

for photoreforming (lower CH4 formation via photo-Kolbe process) probably due to more efficient 

formation of [OH]• in an environment rich in [OH]− under intense UV-visible irradiation (Figure 

31) [37, 216]. The more limited availability (or reducibility) of protons at high pH has been also 

suggested as a possible cause to the drop of photocatalytic H2 production activity [102, 219, 239b, 

322]. 

Several other investigations have revealed enhancement in H2 production on titania photocatalysts 

for substrates not containing acidic functionalities (and thus not prone to deprotonation) by 

increasing pH [9, 24, 36, 58, 108b]. Although the reasons have been seldom ascertained, consensus 

about the oxidation of ubiquitous hydroxyl anion to the corresponding radical is claimed in several 

reports [37, 108b, 323]. Other researchers point to possible tendency of irradiated TiO2 to corrode in 

acidic media [324], or better adsorption of substrates on the photocatalyst under basic conditions 

[58, 64, 325]. A particular example of this is a system based on Cd0.5Zn0.5S as the semiconductor 

and glycerol as the biomass derivative [64]. Contradiction to these results was reported by Silva and 

co-workers for a similar system, although using Pt/CdS as the co-catalyst and an aqueous medium 

of high ionic strength [223b]. The pH of the solution is susceptible to experience changes during 

irradiation, as for the photoreforming of some biomass-derived substrates such as alcohols, which 

produce carboxylic acids and ultimately CO2, and thus, lead to pH decreases [262]. It should be 

noted that any CO2 formed under basic pH tends to remain in solution [36, 108b]. 

Neutral conditions have been proven advantageous in several studies on the photoreforming of 

biomass-derived substrates, as for example, for the use of cellulose or lignocellulosic feedstocks 

[313b]. Occasionally, the point of zero charge for TiO2 (pH ≈ 6) has been claimed as the optimum 

situation for enhanced adsorption, and thus, increased H2 evolution rates. Behaviours of this kind 

have been reported for alcohols as the substrates when using titania photocatalysts [94a, 140b, 262, 

268c, 280, 326], whereas the opposite pattern has been reported for CdS analogues [213a]. 

Probably, adsorption events are favoured on the likewise neutral titania surface. In the case of 

ethanol photoreforming on Cu/TiO2 materials, the optimum was observed to be at pH = 10, in part 



65 
 

due to the susceptibility of copper to leach out of the catalyst under more acidic media [327]. A 

similar hypothesis was postulated for nickel on CdS at pH < 3 [281]. 

As mentioned above, the impact of pH variations on the photocatalytic H2 production efficiency, 

and to a more general extent on the complete reforming, might operate by the sum of many different 

phenomena, and postulating general trends is a troublesome task. Dramatic effects are evident for 

almost all the systems outlined in this section, and thus, it is clear that pH is a decisive factor to take 

into account. Criteria can be proposed regarding some of the physicochemical events affected by 

pH, mostly speciation and related adsorption, or potential of both substrate redox pairs and 

semiconductor valence/conduction bands. Regarding the former phenomena, it appears that 

carboxylic acids tend to be less readily photoreformed under strongly basic conditions, due to the 

unfavourable adsorption of anionic carboxylate forms. On the other hand, H2 production from non-

acidic substrates such as alcohols is generally more efficient at neutral or slightly basic pH. Another 

important factor to ponder is the stability of any particular photocatalytic material under irradiation 

at deliberately modified pH and/or ionic strength of the solution. 

6.4. Effect of substrate concentration 

Transformation of oxygenated substances by photoreforming generally requires the participation of 

water as the oxidation reagent for stoichiometric production of H2. Therefore, the water/substrate 

ratio is a factor of vital importance for the selectivity of the process. Individual steps in overall 

reforming may proceed without the involvement of water, as is the case for alcohol 

dehydrogenation or formic acid decomposition. Notwithstanding this, the presence of water at the 

photocatalyst surface may always influence reaction kinetics by acting as an oxidising species 

forming of intermediate hydroxyl radicals (see Section 4.3.2) or as a suitable medium for proton 

transport [77, 328]. In the following paragraphs, the effect of substrate concentration, or in other 

words, its ratio relative to water, on H2 production rates and selectivities is summarised. 

Irradiation of M/TiO2 (M = noble metal) suspensions in pure water under UV-visible light results in 

low H2 production rates, whereas addition of little amounts of oxygenated substrates, such as 

hydroxylated molecules, causes dramatic increases in its evolution, as expected owing to their 

propensity towards oxidation [98, 154a, 268c]. In the absence of water, the production of H2 is 

limited to some extent, yet significant and selective, as in the case of sunlight-driven ethanol 

photoreforming [100a]. Yasuda and co-workers have demonstrated that any oxygenated substrate 

can be completely photoreformed at (decreasing) limiting zero concentration [39]. In line with this, 

Taboada et al. studied the vapour-phase reaction of ethanol/water mixtures at ratios between 0 and 

100 on Au/TiO2 under UV light; they observed that photoreforming to H2 and CO2 was favoured at 



66 
 

low ethanol concentrations, whereas dehydrogenation producing H2 and acetaldehyde proceeded 

preferentially at ethanol-rich regimes [329]. Comparable but more complex tendencies were found 

in the liquid phase using Pt as the co-catalyst [330]. In contrast, activities have been reported to 

decrease drastically for methanol-rich vapours as feedstocks [77, 328]. Similar trends were outlined 

for aqueous glycerol photoreforming on titania catalysts modified with surface copper oxides 

[272b]. An optimum concentration of substrate might be found for the majority of photoreforming 

systems, as for example regarding the production of H2 from aqueous ethanol under UV light on 

Pt/TiO2 (ca. 80% by volume, Figure 32) [98, 330], on M/TiO2 (M = Cu [327] or Ni [278]), 

methanol on Pt/TiO2 [330], CuO/TiO2 [272d], Au/TiO2 nanotube arrays [270] or MOF 

photocatalysts [253], or glycerol on M/TiO2 (M = noble metal) [331]. In the case of glycerol and 

using Pt/TiO2 as the photocatalyst, drastic decreases were observed above 50% by volume, probably 

due to the strong adsorption of the polyhydroxylated substrate [330, 332]. The pattern for Pt/CdS 

under visible light irradiation is comparable, except for ethanol rich regimes, which proved 

detrimental for activity [213a]. 

In aqueous solutions of low to medium substrate concentrations, the photoreforming efficiencies 

usually follow a Langmuir-Hinshelwood kinetic model, as discussed in Section 4.2.1 [58, 62a]. At 

this point, temperature increases would exert a further accelerating effect (see Section 6.2) [201a]. 

Reported examples of the Langmuir-Hinshelwood behaviour include acetic acid decomposition on 

Fe-modified TiO2 [333], production of H2 from methanol [43, 140b], glycerol [24, 334], cellulose 

[313b], sucrose [62b] or olive mill wastewater [321] on Pt/TiO2, from methanol [272d] or glycerol 

[272b, 272c] on CuO/TiO2, from methanol on RGO/TiO2 [158a], and from glycerol on 

Pt/Cd0.5Zn0.5S [64]. 

The effect of water/substrate ratios is obvious from the many reports dealing with this, either in 

liquid or vapour reaction media. Selli and co-workers studied this for vapour-phase methanol 

photoreforming; water played simultaneous roles by performing as a hydroxyl radical source via its 

oxidation by holes, and as a proton-conduction medium ensuring transport to reduction sites (see 

Section 4.3.2) [77, 328]. In aqueous media, water supply to photocatalyst surfaces is guaranteed, 

whereas in the gas phase, diffusion limitations are minimised [43, 100c, 103, 268b]. Substrate 

availability is also a requirement for efficient photoreforming, whilst too high concentrations prove 

deleterious for activities and selectivities to complete reforming (and thus, to H2). Thus, optimum 

systems are those where water/substrate ratios fall within intermediate regimes. 

6.5. Effect of catalyst concentration 
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As for any photocatalytic process, reaction rates of aqueous phase photoreforming are directly 

dependent upon the available amount of light-harvesting material, and likewise, on the amount of 

incident photons. Quantum yields are expected to reach maximum values at irradiances and catalyst 

concentrations such that the largest proportion of photons are efficiently absorbed, i.e. such that 

light scattering, transmission and reflection are minimised. Pichat and co-workers proved that this 

was the case by measuring production rates of H2 and light intensity for variable masses of Pt/TiO2 

photocatalyst in the course of methanol photoreforming experiments; after a linear dependence 

region, maximum efficiencies corresponded to total photon absorption [43]. Compatible results 

have been independently reported, in occasions concluding that the optimum catalyst concentration 

lies around 2 g L−1 [108d, 140b, 313b, 325]. In the case of ZnS/ZnO nanorods arrays for glycerol 

photoreforming, however, the optimum was 1 g L−1  [191a]. Other investigations, considering mass 

transfer effects in the desirable turbulent regimes for actual solar photoreactors, have suggested 

lower catalyst concentrations in the order of 10−1 g L−1 for more efficient operation [335]. 

Obviously, the most appropriate catalyst concentration for suspensions depends on the light-

absorbing features and aggregation behaviour of the powder. An important point to note in this 

context relates to the form of expressing the photocatalytic activity. When reported on a per mass 

basis (e.g. moles of H2 per gram of catalyst per hour), the derived data may depend on the catalyst 

amount, especially for concentrations above the optimum. Therefore, using limited amounts of 

photocatalyst usually proves advantageous in this regard [336], although comparing data weighted 

by mass might be misleading and does not guarantee that a maximum H2 production rate is attained 

in absolute terms. In optimising photoreforming reactions, assessment based also on total amount of 

evolved H2 is desirable. These examinations are especially relevant for novel photocatalytic 

systems, for which little information is available [243]. 

 

7. Biomass-derived substrates for hydrogen production by photoreforming 

Hydrogen fuel can be obtained by light-activated reforming of biomass-derived substrates at high 

efficiencies and using the Sun as the only energy source. This process outperforms thermocatalytic 

analogues in terms of selectivity—whilst attaining similar rates—due to the considerably lower 

(ambient or near-ambient) temperatures of operation at which degradation is limited [25]. As 

compared to the more desirable overall water splitting, photoreforming of oxygenated substrates has 

been proven at significantly higher rates and longer-term stability. Part of the incident sunlight 

energy can be stored in the final H2 fuel. Given these arguments, the production of H2 from biomass 
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appears as a worthwhile technology for both valorisation of biomass streams in biorefineries and 

harvesting of solar energy. 

Critical assessments are strict requirements to dictate whether specific biomass-derived substrates 

are suitable for H2 production. In this regard, the energy efficiency of the overall sum of processes, 

starting from raw biomass and concluding with hydrogen, is a parameter of paramount importance. 

A significant body of published work on the development of photocatalysts for H2 production has 

been performed using pure oxygenated substances. From the perspective of efficient biomass-to-

fuels technologies, research devoted to the use of the rather complex raw feedstocks, such as 

primary biorefinery products (wood, sawdust, rice husks, etc.), is of vital relevance. Agricultural, 

industrial or communal waste streams are interesting candidates given the possibility for both 

treatment/disposal and valorisation via H2 production. In this section, the use of pure substances 

with potential to be produced from biomass, including alcohols, polyols, aldehydes, ketones, 

carboxylic acids or saccharides is reviewed and critically evaluated. Photoreforming H2 production 

rate data have been collected from the literature, transformed to consistent units (µmol gcat
−1 h−1), 

and summarised in consolidated tables (Table 2–Table 8) for convenient comparative purposes, 

especially with regard to the different classes of photocatalytic materials employed. It should be 

noted that reported activity data have been produced under extremely varied reaction conditions 

(i.e. light intensity, catalyst and substrate concentrations, temperature, pH). Yet, the summary of H2 

yields presented herein provides a clear and informative report and allows comparisons to be made 

between different systems. 

 

7.1. Photoreforming of alcohols 

Although alcohols are not major components of raw biomass, a range of hydroxylated or 

polyhydroxylated substances can be found in processed streams. The main example is glycerol, 

which is a multi-ton by-product of the biodiesel (fatty acid methyl esters) industry [10, 337]. 

Several simple alcohols, being ethanol the most common, can be obtained by fermentation of 

saccharides [1a, 1d]. Complex pyrolysis biofuels may also contain variable amounts of methanol, 

ethanol and other alcohols [19-20]. In addition to photoreforming processes, selective 

photocatalytic oxidations of alcohols either in the presence or absence of oxidising agents can 

enrich the toolbox of green organic synthetic protocols [31, 338]. 

7.1.1. Methanol. Currently, methanol production largely relies on the catalytic transformation of 

synthesis gas, which is in turn obtained from fossil hydrocarbons by steam reforming [339]. 

Although biomass is also a viable source of synthesis gas by steam reforming or gasification [1a, 
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339], the related processes are energy intensive. The practical and economical utility of the biomass 

→ syngas → methanol → hydrogen route appears questionable. Methanol can be also present in the 

complex mixtures of oxygenated substances produced by direct pyrolysis of raw lignocelluloses, 

although in low amounts (see Table 1). However, the development of technologies to obtain 

hydrogen from methanol at low energy expenditure might be worthwhile when considering this 

alcohol as a hydrogen carrier for feeding fuel cells [340]. 

The use of water/methanol mixtures for the light-induced production of H2 has been extensively 

applied in the field, given the availability of the substrate and the high efficiency of the process on a 

wide variety of photocatalysts. A number of literature examples on the design of photocatalytic 

materials for H2 production rely on methanol as a substrate. In many cases, these reports have 

focused on H2 production rates, thus providing valuable information on the suitability of co-

catalysts for proton (or water) reduction. In this regard, comparative studies have allowed 

elucidating the performance on different metal nanoparticles and drawing activity rankings, as that 

for noble metals (Pt > Rh > Pd > Ru >> Ag) in a particular example using TiO2 as the light-

harvesting semiconductor [108d]. In the absence of metal co-catalysts, reforming products have also 

been detected, although at substantially lower rates and with concomitant reduction of titanium 

[47a]. Worth noting is the exceptionally high H2 production rates from methanol photoreforming 

(up to 571 mmol gcat
−1 h−1, Φa = 78%) observed at high temperatures (280 °C) on Pt/TiO2 under 

simulated solar light [181]. The fate of methanol, that is, the formation of products by oxidation 

half-reactions, their production rates and selectivities, has been scarcely investigated in research 

works aiming mostly at intensifying H2 production. A comprehensive summary of the numerous 

experimental results on photocatalytic H2 production from aqueous methanol is out of the scope of 

this review. Rather, selected data covering different classes of photocatalysts and, especially, 

quantification of oxidation products, are listed in Table 2. 

As expected from the photoreforming pathway (see Figure 18 for the generic route), H2 is produced 

on all occasions by the reduction of protons. In neat methanol, these protons obviously stem from 

the hydrogen contained in the substrate, whereas in aqueous media, exchange between water and 

the alcohol takes place to some extent and the H2 produced may (unsurprisingly) originate on both 

substances. Isotopic labelling experiments have confirmed these hypotheses. A patent fact in this 

regard is that D2 is mainly produced when using a diluted solution of CH3OH in D2O, although a 

minor but noticeable amount of HD is also detected due to protonic exchange [38b, 77]. In 

principle, this phenomenon ought to be common to any substance containing hydroxyl groups. The 

maximum amounts of hydrogen gas generated do not generally exceed those predicted by the 
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stoichiometry of the reforming reaction [9, 38]. By using Au/TiO2 photocatalysts and small amounts 

of methanol, overall water splitting has been claimed [133]. Later, in-depth investigations on similar 

long-term irradiations of Pt/TiO2 suspensions in aqueous methanol resulted in production of H2 and 

CO2 as the sole gaseous products [38b]. In general terms, the main reaction pathway for reactions of 

methanol/water mixtures under UV-visible light on titania photocatalysts appears to be that 

represented by the reforming sequence (Figure 18) whereby one mole of methanol gives rise to 

three moles of H2 and one mole of CO2 (equation 5). 

Thorough analyses of methanol photoreforming products have been undertaken on several 

instances. In addition to H2 and CO2, the main substances formed are formaldehyde and formic 

acid. Both products tend to remain in the aqueous phase for reactions performed on liquid 

suspensions [38b], and may undergo further reforming (oxidation) toward eventual CO2 evolution. 

In the first of these investigations, performed on different M/TiO2 (M = noble metal) and under UV-

rich light the authors detected considerable amounts of CO and traces of CH4 among the products 

[328]. In a subsequent work carried out using a light source emitting less UV and more visible light 

(iron halide-mercury lamp), only traces of CO were detected [77]. It is likely that the origin of CO 

be photolytic reactions on formaldehyde (dehydrogenation) or formic acid (dehydration). Li and co-

workers observed that small amounts of inorganic anions ([SO4]2− or [H2PO4]−) inhibited CO 

formation from methanol under UV-visible light (Xe lamp) by adsorption on Pt defect sites, which 

were thus thought to be responsible for formic acid dehydration. 

A significant degree of consensus among different literature sources is apparent about the reaction 

sequence. As illustrated in Figure 33, methanol is first dehydrogenated to formaldehyde, which can 

be in turn oxidised to formic acid by action of photo-generated holes or hydroxyl radicals, whereas 

final decarboxylation results in evolution of H2 and CO2, and thus, in complete mineralisation [77]. 

Accumulation of formaldehyde at short reaction times, a fact which supports dehydrogenation as 

the first step, has been reported [76]. The transformation of formaldehyde into formic acid has been 

also postulated as consisting of two steps, namely hydration to methanediol and subsequent light-

induced oxidative dehydrogenation [76]. Further reforming of formaldehyde (and of formic acid) 

might proceed at comparable or faster rates than the initial dehydrogenation. In such a case, only H2 

and CO2 would be detected as products, as reported by Kondarides and co-workers for Pt/TiO2 

photocatalysts operating under UV-vis light and flowing argon [38a]. Another report by the same 

group described the formation of methanediol, formaldehyde and formic acid, yet as adsorbed 

species which did not undergo release into the liquid phase [38c]. Bowker and co-workers 

anticipated such behaviour and stated that formaldehyde and methanol reacted at similar rates on 
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Pd/TiO2, whilst formic acid decomposed even in the absence of light; the authors claimed that 

build-up of reaction intermediates is unlikely to happen [57]. Instead, a mechanism implying 

adsorbed CO (see Figure 15) as the main transient intermediate was postulated [91a, 263]. It is 

reasonable to presume that the distribution of products at steady state for a given photocatalyst 

depends upon the experimental irradiation set-up. From a mechanistic perspective, the study of 

methanol photoreforming is a valuable endeavour, not only regarding the transformation of the 

substrate itself, but also taking into account several reaction pathways starting from higher 

oxygenates (e.g. ethanol, acetic acid or lactic acid) may entail transient methanol formation. 

7.1.2. Ethanol. Biomass is today a major source of (bio-)ethanol through fermentation of 

saccharides, which can in turn be obtained from lignocellulosic feedstocks via either enzymatic or 

acidic hydrolysis [1a, 1c, 1d, 341]. The use of bio-ethanol as a fuel itself or as a fuel additive for 

internal combustion engines is a mature technology. As in the case of methanol, ethanol also occurs 

in bio-oils generated by direct pyrolysis of raw lignocelluloses, although at low concentrations (see 

Table 1) [19-20]. Regarding future developments on the implementation of fuel cells for 

transportation and power generation, ethanol has been also considered as a viable H2 carrier. The 

transformation can be achieved by thermocatalytic steam reforming [34a, 34b, 35], albeit high 

temperatures (300–750 °C) and excess steam are generally required to achieve low CO selectivities 

and limited carbon deposition on the catalysts. As rationalised in Section 2.3, photocatalytic 

reforming of ethanol may provide a compelling alternative to this [340], given that it can be 

promoted by renewable sunlight and proceed at temperatures close to ambient with low extent of 

degradation events and immeasurable CO formation. 

Ethanol has been chosen as a valid substrate for the photocatalytic generation of H2 using a large 

number of light-responsive materials. Data from the abundant prior art dealing with photocatalytic 

H2 generation using ethanol are listed in Table 3. A diverse portfolio of photocatalysts has been 

deployed by the many research teams devoted to materials design for such a purpose. Hydrogen 

production rates fall within a wide range. A general inspection of the data in Table 3 suggests that 

activities increase across different classes of semiconductors in the following order: sulfides < 

mixed oxides < titanium dioxide. For the latter, H2 production rates may readily surpass 

10 mmol gcat
−1 h−1. This approximate series is valid for systems based on suspensions of 

photocatalyst powders. On a different approach, higher productivities have been achieved using 

nanostructured oxide layers grown by chemical vapour deposition, reaching values in the order of 

102 mmol gcat
−1 h−1 [196a, 197]. 
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On the oxidative side, the identity of ethanol photoreforming products as reported across different 

data sources in the literature (see Table 3) is as expected from the generic reaction pathway depicted 

in Figure 18. In a first step, dehydrogenation promptly proceeds in a two-electron transfer process 

eventually leading to the formation of acetaldehyde. Quantification at early stages during 

irradiations of Au/TiO2 suspensions in liquid ethanol has shown that H2 and acetaldehyde can be 

produced in essentially equimolar amounts, according to the expected stoichiometry, along with 

minor amounts of CO2 and other gaseous products [100a]. Whilst gaseous H2 is evolved, 

acetaldehyde tends to remain in the liquid and partly react with ethanol to yield 1-ethoxyethanol 

(that is, the corresponding hemiacetal form), as observed by 1H NMR. Other reports have noted the 

formation of the diethoxy acetal [100g, 277]. Regarding stoichiometry, formation of nearly 

equimolar amounts of H2 and acetaldehyde has also been reported under similar conditions using 

Pt/TiO2 [43], or from ethanol vapour in continuous flow reactors on Au3Cu/TiO2 under UV light 

[288]. In this latter report and another companion publication [329], it was proven that the presence 

of water influenced the reactivity pathway towards decreased acetaldehyde and increased CO2 

formation (Figure 34). In other words, the first dehydrogenation step toward acetaldehyde is 

favoured in pure ethanol, whereas the subsequent photoreforming steps proceed more extensively 

by action of water. Consistent with these findings and argumentations, it is not rare to encounter 

reports describing intermediate situations whereby H2 is the major product—as the main reduction 

product—and a range of oxidised species are co-produced [120c, 262, 268b]. Traces of acetic acid 

have been detected on several occasions, most likely due to acetaldehyde oxidation [38a, 100a, 

262]. The formation of acetaldehyde and acetic acid by photocatalytic ethanol dehydrogenation-

oxidation processes has been recently coupled to condensation reactions in a cascade fashion 

leading to the selective formation of benzimidazoles of pharmaceutical interest, thus demonstrating 

that these processes may be applicable to green organic syntheses [338]. 

Complete photoreforming of ethanol, and thus, maximum production of H2, is a distinct possibility 

provided the appropriate conditions are applied. This has been proved for Pt/TiO2 photocatalysts 

when operating under a flow of Ar as an inert carrier gas being bubbled through an aqueous ethanol 

solution under simulated sunlight.33,54 Time profiles of H2 and CO2 production, shown in Figure 35, 

reveal that the former is released at rates peaking after short irradiation times, whereas evolution of 

the latter is delayed. The authors explained this phenomenon by possible retention of CO2 by either 

adsorption on the photocatalyst surface or by dissolution in the liquid phase. A further possible 

interpretation can be deduced by considering the generic photoreforming reaction sequence (Figure 

18): If one assumes that dehydrogenation into acetaldehyde is the first step, only H2 would be 

released into the gaseous phase during the initial stages of the process, whilst subsequent reactions 
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entailing the photoreforming of acetaldehyde by photo-generated holes (or hydroxyl radicals) would 

cause CO2 to evolve at latter stages. As seen in Figure 35, fluctuations in H2 and CO2 production are 

observed throughout irradiation, a fact presumably caused by the rise and decline of different 

intermediate species having diverse propensity for participating in charge transfer reactions. Finally, 

after H2 evolution rates dropped to zero, significant (yet decreasing) CO2 generation was still 

observed. A possible reason behind this fact might be related to the adsorption of carbonate species 

on the surfaces of titania, albeit slow oxidation of intermediate carbon species cannot be ruled out. 

Regarding the photoreforming mechanism, the complete, stoichiometric transformation of ethanol 

into H2 and CO2 demonstrates the efficiency of the light-induced reforming process on TiO2 

materials, including critical steps such as C-C cleavage and the subsequent oxidation of the 

resulting methyl radicals, in competition with coupling reactions leading to alkanes (chiefly 

methane and ethane). 

The initial charge transfer reaction between ethanol and a photo-generated hole results in oxidation 

of the former into a radical and annihilation of the latter. As described in Section 4.4.2, the ethanol-

derived radical is likely to occur as the 1-hydroxyethyl species. Coupling of these radicals to yield 

2,3-butanediol under UV-vis irradiation has been described [97a, 231a]. In one of these studies, the 

authors claimed that low surface area titania in Pt/TiO2 favoured the coupling reaction, which 

proceeded more effectively than further oxidation, enabling isolation of 2,3-butanediol (selectivities 

up to 96.6%, see Figure 36). In contrast, high surfaces areas were related to selective conversion 

into acetaldehyde, acetic acid and CO2, presumably due to enhanced oxidation of retained 

intermediate radicals within inter-particle porosity. Chen et al. described an analogous process from 

methanol and ethanol in aqueous media on ZnS resulting in 1,2-propanediol formation [231a]. 

These reports illustrate the possibility of preferentially shifting the reaction pathways of alcohols 

towards radical coupling reactions leading to C-C bond formation. 

Decarbonylation of acetaldehyde has been suggested as a possible reaction leading to CH4 and CO 

[114, 285, 342]. The formation of small amounts of CO has been observed under UV-visible light 

(Hg lamp) on Au/TiO2, whereas simulated sunlight resulted in suppressed evolution of such gas, 

most likely due to the lack of short wavelength frequency photons (< 300 nm), whereas methane, 

ethane and ethylene were minor co-products under both light irradiation conditions [100a]. Control 

experiments in the absence of the photocatalyst resulted in limited yet measurable evolution of H2, 

CH4, C2H4, C2H6, CO and CO2 under UV-visible light, whilst the photoreforming process was 

predominant in the presence of Au/TiO2. A thorough study on the photoreforming of ethanol and 

other biomass-derived oxygenated substrates led to conclude that suppression of CO production was 
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enabled by tin and ruthenium deposits on the titania support by enhancing oxidation processes 

[283]. It should be noted that irradiations in that work were performed using UV-rich light, a factor 

which may favour photolytic events. Fluorine-doped Co3O4 layers prepared by chemical vapour 

deposition were proven to be highly photoactive for the production of H2 from aqueous ethanol with 

concomitant and notable production of acetaldehyde, CO2 and methane; proportionally higher CH4 

production rates were measured under simulated sunlight relative to UV [197]. Ethylene was 

produced at significant yields by using CuOx/TiO2 as the photocatalyst, a fact which was attributed 

to the presence of acidic sites on titania surfaces [277]. 

As exemplified in this section, light-activated transformation of ethanol on appropriate 

photocatalysts may follow different routes at varied degrees of selectivity. Dehydrogenation into 

acetaldehyde and H2, radical coupling towards C-C bond formation, and partial or complete 

photoreforming have been described in the literature under different irradiation conditions and using 

different materials. Ultimately, it appears that photocatalytic technologies provide diverse reaction 

pathways and may enable production of H2 at high selectivities and/or yields. 

7.1.3. Glycerol and other polyols. The rapid development of the biofuels industry involving 

multiton scale production of fatty acid methyl or ethyl esters has brought about a large surplus in 

the generation of glycerol as a side product with limited market use, and therefore, drastic price 

decreases [10]. It is predicted that production of glycerol may reach 1.3 107 t a−1 in 2022 [337]. 

Other polyols can be readily obtained by the catalytic hydrogenation of saccharides: Sorbitol, 

mannitol or xylitol are derived from glucose, fructose or xylose, respectively, to name a few 

examples of such processes [10]. These polyhydroxylated molecules have been studied as versatile 

feedstocks for the production of fuels [1a-d, 17a] and chemicals [10]. One of the most relevant 

primary processes among glycerol valorisation schemes is the reforming to generate gaseous 

mixtures containing H2 [337, 343]. The production of synthesis gas is a compelling approach 

regarding subsequent transformation to liquid fuels by Fischer-Tropsch technologies, whereas 

complete aqueous phase reforming of polyols bears the potential of maximising H2 yields and 

minimising CO production [17a, 17c, 21]. 

Interest in the photocatalytic reforming of glycerol is experiencing a notable boost owing to the 

high selectivities and efficiencies attainable by such technology [337, 344]. In contrast to 

thermocatalytic aqueous phase reforming, which entails side pathways generating methane and 

other alkanes as by-products, essentially quantitative (stoichiometric, see equation 21) production of 

H2 has been proven by means of photoreforming [9, 24, 39a, 345]. From an economical and 
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environmental perspective, the photocatalytic production of H2 from crude glycerol represents a 

valuable opportunity, whilst also a technological challenge due to the impurities present [276, 287]. 

C3H8O3 + 3 H2O → 7 H2 + 3 CO2   (G0 = 5.3 kJ mol−1)  (21) 

On the quest of high H2 production rates by photocatalysis, a large number of researchers have 

turned their eyes to glycerol as an effective substrate, due to its availability and low price. Data on 

the photoreforming of glycerol, including the production of H2, CO2 and several intermediates and 

by-products are summarised in Table 4. Glycerol possesses three hydroxyl groups prone to 

dehydrogenation, and thus might enable the attainment of H2 yields surpassing those of other 

alcohols and polyols, as reported by Bowker and co-workers [90b, 346]. Reports comparing 

performance under similar conditions reveal that ethanol can produce H2 at faster rates than glycerol 

(as for example ca. 5.4 and 2.8 mmol gcat
−1 h−1, respectively, for irradiations of Pt/TiO2 suspensions 

in 1.0–1.1 M aqueous solutions) [9]. These apparent inconsistencies may not be such if one 

considers the variability of different experimental set-ups, and in general, the ranges of maximum 

H2 production rates are around the same order as those for methanol and ethanol. It is worth 

reminding here that glycerol concentration may exert a significant influence on H2 production rates 

(see Section 6.4); several concordant reports point to drastic decreases in activity at increasing 

concentrations in glycerol-rich regimes [330, 332]. Regarding highly active systems, Shankar and 

co-workers have reported noticeable efficiencies (around or above 102 mmol gcat
−1 h−1) for 

photocatalysts based on titania-deposited copper nanoparticles using fairly concentrated (5% by 

volume) glycerol solutions in water, under either Hg lamp light [301] or natural sunlight [336]. 

Regarding the reduction half-reaction, glycerol was suggested as the primary source of protons for 

reduction on titania bearing nickel co-catalysts, as inferred by the large proportion of H2 produced 

from reactions in D2O [280]. 

Glycerol is a widely studied, paradigmatic example of complex oxygenates, and thus, lessons 

learned from mechanistic investigations on its photoreforming may be of utility for other 

counterparts. Theoretically, transformation of a substance of this class bearing multiple oxygenated 

functional groups by strict reforming into H2 and CO2 should proceed as sketched in Figure 18 

[272c]. Lalitha et al. suggested a consistent reaction sequence for glycerol (Figure 37) [272c, 337]. 

Obviously, and as stressed in Section 4.5, a range of side reactions, such as radical coupling, 

dehydrations or decarbonylation (to generate C-H or C-C bonds, double C=C bonds and CO, 

respectively) may take place during irradiation. Among the numerous reaction intermediates, some 

may remain adsorbed on the photocatalyst surface, some others may be too labile and thus 
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consumed rapidly via further reforming events, and only the most stable would desorb and become 

detectable. 

Kondarides and co-workers studied in-depth the mechanism of glycerol photoreforming on Pt/TiO2 

by a combination of chromatographic and spectroscopic techniques [345]. The only products 

detected in the gaseous phase were H2 and CO2, whereas acetaldehyde, ethanol, acetol and methanol 

(in decreasing production rate order, see Table 4) were found in the liquid phase at early stages (and 

then consumed), in addition to traces of glyceraldehyde, glycolaldehyde, acetone and acrolein. 

Furthermore, DRIFTS studies revealed the presence of adsorbed carboxylate species. They 

rationalised that dehydration and hydrogenation reactions might be responsible for the formation of 

acetol, in turn giving rise to other species bearing terminal methyl groups. Furthermore, comparison 

of the outcomes of aerobic and anaerobic irradiations revealed that the oxidation pathways are 

essentially common to both processes. Further work by the same group using Cu/TiO2 

photocatalysts described fluctuations in H2 and CO2 evolution related to cyclic changes in the 

oxidation state of copper, although the different photoreforming rates of the structurally varied 

intermediates might have also had an influence [272b]. Fornasiero and co-workers examined the 

speciation of liquid phase intermediates of the photoreforming of glycerol on Cu/TiO2 under UV-

visible light; they detected dihydroxyacetone and glycolaldehyde and minor amounts of 

glyceraldehyde, ethylene glycol, acetol and dimethyl-1,4-dioxane [126, 277]. The multiple detected 

intermediates and the variability in their formation rates corroborate the complexity of the oxidation 

reaction sequence for glycerol, and by extension, for any polyhydroxylated substance. Intermediates 

tend to be formed and consumed rapidly, a fact which often prevents their identification; in 

particular, carboxylic derivatives occur tightly bound to the photocatalys surfaces, whereas 

aldehydes and polyols might desorb into the liquid phase to a certain extent. 

The formation of CO is believed to originate in thermal dehydration reactions, as is the case for the 

conversion of formic acid [337]. Significant amounts of CO and CH4 were obtained on NiOx/TiO2, a 

fact which might be in part due to the strong UV-vis light source (500 W Hg lamp) used [280, 347]. 

The authors reported the absence of intermediates in the liquid phase, probably owing to their high 

reactivity, and thus, fast consumption. A less powerful Hg lamp resulted in the absence of evolved 

CO and small amounts of CH4 [277]. A highly active Sn/RuO2/TiO2 photocatalyst also promoted 

the evolution of CO and lower amounts of CH4 under similar irradiation conditions [283]. 

Ethylene glycol, the simplest polyol, has interest in photoreforming regarding mechanisms and 

reaction pathways. Despite not being a major biomass product, pyrolysis bio-oils usually contain 

small amounts of ethylene glycol (Table 1) [19-20]. In addition, it may be produced as an 
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intermediate derived from biomass-derived substrates such as ethanol or glycerol. The presence of 

two hydroxyl groups gives rise to notable activities towards photocatalytic H2 production (see Table 

4). For example, UVA irradiation on Au/TiO2 suspensions has been reported to yield H2 at rates up 

to 23 mmol gcat
−1 h−1) [115]. Light of lower UV intensity may also induce significant evolution of 

H2 using Pt/TiO2 as the photocatalyst [108d]. The formation of other photoreforming products of 

ethylene glycol has been scarcely studied. Oxidation half reactions would presumably generate 

glycolaldehyde as the primary dehydration product, and further transformation would follow the 

general trends described above for glycerol. By using a mechanical mixture of platinum powder and 

anatase, nearly equimolar amounts of H2 and glycolaldehyde were produced under UV-visible light, 

in addition to a smaller amount of acetaldehyde which might result from a dehydration-

hydrogenation sequence [59]. 

Higher polyols derived from saccharides by hydrogenation are also interesting candidates for 

photocatalytic H2 production. Their validity as hydrogen sources by reforming is reinforced by the 

large number of adjacent hydroxyl moieties. On one side, possibilities for multiple dehydrogenation 

steps would assumedly lead to fast and selective evolution of H2 into the gas phase at early stages. 

Moreover, the structural disposition of the hydroxyls enables the oxidation processes involved in 

photoreforming to proceed smoothly [39a]. As a matter of fact, long term irradiations of polyols, 

such as erythritol and arabitol, tend to result in the essentially stoichiometric production of H2 and 

CO2, and thus, maximum yields of the former [39a]. Selected data for these experiments are listed 

in Table 4. 

7.1.4. Comparison to other alcohols and polyols. Photoreforming efficiencies and selectivities 

of hydroxylated molecules are clearly dependent on their structure. Direct comparisons under 

analogous conditions have allowed trends and patterns to be outlined. It has been proposed that the 

reactivity of alcohols varies in the order secondary > primary > tertiary [59]. However, different 

researchers have concluded differently, stating primary alcohols as the most efficient for H2 

evolution [43, 104]. The number and proximity of hydroxyl groups in a given carbon backbone also 

determines the distribution of reaction products. In this context, UV-vis light irradiations in the 

presence of Pt/TiO2 resulted in a predominantly reforming reaction pathway for glycerol, in contrast 

to 1,3-propanediol or 2-propanol, which evolved to yield radical coupling products such as methane 

and ethane [80a, 96]. Along the same lines, a systematic study on a number of hydroxylated 

substrates using Pd/TiO2 photocatalysts revealed that alcohols bearing isolated OH groups, and 

conversely, higher proportions of aliphatic moieties, produced more alkanes. For example, glycerol 

yielded mainly H2 and CO2, whereas 1,2-propanediol and 1-propanol also produced CH4 and C2H6, 
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respectively [90]. Shiragami et al. drew equivalent conclusions from their study on a range of 

different hydroxyl-containing molecules and suggested a step-wise oxidation mechanism consistent 

with that depicted in Figure 18 [39a]. They also suggested that structures with neighbouring 

hydroxyl groups, such as biomass-derived polyols and saccharides, are more efficient 

photoreforming substrates. Independent investigations by several researchers have agreed on the 

higher activity towards H2 production for polyols as compared to counterparts having less hydroxyl 

groups [90b, 115, 130]. However, on other occasions low molecular weight primary alcohols 

(especially methanol) produced H2 at higher rates [70, 108d]. 

7.2. Photoreforming of aldehydes 

As compared to alcohols, substrates containing carbonyl groups, that is, aldehydes and ketones, 

participate in reforming events from a completely different starting point. Hydroxyl groups may 

rapidly evolve under appropriate photocatalytic conditions to produce H2, as stressed in the previous 

section. Conversely, carbonyl groups do not provide a direct transformation route to generate the 

protons required for reduction to H2. Instead, they must undergo a previous electron abstraction step 

and (at least) either a C-H or C-C bond cleavage in the case of aldehydes or ketones, respectively 

(see Figure 18). For that reason, their peak H2 production rates are generally lower than those of 

alcohols and polyols. 

Regarding their availability as biomass-derived feedstocks, simple aldehydes and ketones are not 

primarily encountered—as opposed to more complex aldoses and ketoses which pertain to the class 

of saccharides—albeit they are contained at significant levels in pyrolysis bio-oils (Table 1) [19-

20], as many other oxygenates. In fact, they may make up 20–30% of the total mass of bio-oils by 

weight; for example, glycolaldehyde, acetaldehyde, hydroxyacetone, glyoxal, formaldehyde or 

lactaldehyde are contained in high proportions (up to 13, 8, 7, 5, 3 or 2%). This latter fact makes 

them worthy of study for the photocatalytic H2 production regarding a possible valorisation 

approach for bio-oils. Nonetheless, carbonyl compounds (especially aldehydes) are labile and 

participate in oxidation, condensation or polymerisation reactions, rendering the bio-oil a fairly 

unstable medium even upon storage at room temperature [20]. Therefore, photoreforming of at least 

the water-miscible portion of these biorefinery streams before bulk degradation might be a viable 

solution regarding energy generation. 

7.2.1. Formaldehyde. The simplest (and unique C1) aldehyde, i.e. formaldehyde, is a relatively 

abundant intermediate in biomass processes. Its free form is not a primary biomass derivative. 

Rather, it readily transforms into other substances by a plethora of reactions. Hydration in water and 

alcohol addition yield methanediol and hemiacetals/acetals, respectively, without modification of 
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the carbon atom oxidation state. Pyrolysis bio-oils may contain formaldehyde in amounts around or 

above 3% by weight [19-20]. Furthermore, oxidation and reforming processes of biomass-derived 

oxygenated substances usually entail the formation of formaldehyde as an intermediate. 

Photocatalytic examples of these transformations are not exceptions [38b, 66d, 76-77, 116b, 328]. 

The conversion of formaldehyde by reforming involves the participation of one equivalent of water 

and the formation of H2 (2 eq) and CO2 (1 eq). The overall transformation can be deconstructed into 

two elementary steps: (1) partial reforming into H2 and HCO2H, and (2) dehydrogenation-

decarboxylation of HCO2H into H2 and CO2. Methanol reforming theoretically proceeds via a 

formaldehyde pathway (see Figure 33); condensation of both species may lead to the formation of 

hemiacetal and acetal adducts. Analogously, formaldehyde generation is possible for any higher 

oxygenate following the reaction cascade shown in Figure 18. Thus, the study of formaldehyde 

photoreforming has interest regarding fundamental mechanistic investigations, as well as per se if 

the photocatalytic production of H2 from pyrolysis oils is considered. The relatively scant literature 

on this topic is reviewed herein, and the most relevant data are listed in Table 5. 

Shiragami et al. demonstrated that the stoichiometric production of H2 by formaldehyde 

photoreforming is achievable by using Pt/TiO2 photocatalysts and a UV-vis light source [39b]. The 

efficiency in H2 production is apparently lower by one or two orders of magnitude (values on the 

order of 1 mmol gcat
−1 h−1, see Table 5) than in the case of alcohols. However, outstanding 

performances have been reported for some systems based on simple oxides other than titania and in 

the absence of co-catalysts. For example, bare Cu2O microcrystals have served as efficient 

photocatalytic materials for the production of H2 (2.7 mmol gcat
−1 h−1) from aqueous formaldehyde 

under UVA light [348]. Intermediate formate species were also detected in the liquid phase. 

Another simple oxide, ZnO, promoted the evolution of H2 from aqueous formaldehyde (or 

methanol) at high rates (> 30 mmol gcat
−1 h−1). These two examples indicate that formaldehyde (and 

by extension, probably higher aldehydes too) might be sensible to the nature of the oxide 

semiconductor, probably entailing different photoreforming (especially regarding oxidation 

processes) routes. Moreover, Matsumura et al. studied the photoreforming of methanol, 

formaldehyde and formic acid on Pt/CdS materials. Interestingly, they only observed the formation 

of H2 and traces of methanol—claimed to be the result of disproportionation events—from 

formaldehyde, whereas formic acid also yielded CO2 and CO [218]. 

Mechanistic studies on formaldehyde photoreforming are scarce, and it would be thus worth to 

extend them aiming at a deeper understanding of the underlying phenomena behind the fate of more 

complex biomass-derived oxygenates at the latter steps of their photocatalytic transformation. 
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7.2.2. Acetaldehyde. Although it is not strictly speaking a primary biomass derivative, 

acetaldehyde can be readily generated both in nature as a metabolite and artificially from renewable 

resources. Furthermore, pyrolysis bio-oils may contain significant amounts (approaching 10% by 

weight) of its free or adduct variants [19-20]. From this perspective, research on the photocatalytic 

production of H2 from acetaldehyde is a stimulating—yet seldom explored—task. 

The first step in ethanol photoreforming is generally dehydrogenation, whereby oxidation to 

acetaldehyde takes place. Its detection and quantification under such circumstances has been 

reported by a number of independent research teams and under varied experimental conditions [43, 

59, 70, 100a, 100d, 120c, 197, 262, 268b, 277, 288, 349]. Therefore, the series of subsequent 

reactions are coincident (see Section 7.1.2) and starts with oxidation to acetic acid, which in turn 

tends to evolve by decarboxylation. The presence of the methyl group generates a diversity of 

possible transformations under irradiation on typical photocatalysts. Methyl radicals produced by 

decarboxylation would remain adsorbed to the surface of the solid and may undergo either further 

oxidation or coupling to other radicals. If the latter species is the hydrogen radical, methane would 

be formed. On the other hand, coupling to a second methyl would result in the generation of ethane. 

This will be discussed in more detail in the Section devoted to acetic acid (7.3.2) below. In the 

theoretical scenario of complete reforming, three equivalents of water would be consumed and five 

and two equivalents of H2 and CO2, respectively, would be produced (see equation 22). 

CH3CHO(g) + 3 H2O(l)→ 5 H2(g) + 2 CO2(g)  G0 = − 55.9 kJ mol−1  (22) 

Data for acetaldehyde photoreforming are shown in Table 5, where the fact that only a few reports 

are available is apparent. Patsoura et al. specifically studied the fate of acetaldehyde in aqueous 

Pt/TiO2 suspensions under simulated solar light, and concluded that H2 production rates are 

substantially lower than for alcohols (including methanol and ethanol) and acids (formic and acetic) 

[38a]. As shown in Figure 38, the rate of production fluctuates over long term irradiation: Initially it 

increases and rapidly reaches a plateau to plummet later; nonetheless, a second stage of H2 

evolution is observed at reaction times between 6 and 20 h. This may indicate that different 

intermediates are likely to undergo photoreforming at different rates. However, the total amount of 

H2 produced was only a fraction (ca. ¼) of the total predicted by the stoichiometry of overall 

reforming, as opposed to acetic acid, which is essentially converted into the maximum amount of H2 

[38a]. Mao and co-workers also compared the photoreforming efficiency of ethanol, acetaldehyde 

and acetic acid under UV-rich light [120a]. When using ethanol as the substrate, H2 production 

decelerated with time, a phenomenon which was ascribed to the lower activity of the acetaldehyde 

and acetic acid intermediates formed. In contrast to the aforementioned study, they observed higher 
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rates for acetaldehyde than for the acid. This trend is in agreement with another report dealing with 

Pd/TiO2 as the photocatalytic material [90b]. 

It appears that acetaldehyde and formaldehyde—and probably other aldehydes too—perform less 

efficiently than alcohols for photocatalytic H2 production. In addition to the absence of hydroxyl 

groups, a plausible reason behind this observation is the tight adsorption of distinct species (i.e. 

dioxymethylene moieties formed by condensation of the initial aldehyde on oxide supports, or 

carboxylate species derived from oxidation) on the photocatalyst surface. Further spectroscopic and 

mechanistic studies might provide answers to these uncertainties. 

7.2.3. Other aldehydes and ketones. Carbonyl groups are ubiquitous in biomass components, 

although mostly in the form of cyclic aldoses and ketoses in saccharides. Photoreforming of those 

compounds will be discussed in the following section. Free aldehydes and ketones may be present 

in pyrolised lignocelluloses, and as such, some interest may lie in their role in the potential 

photocatalytic production of H2 from bio-oils. Glycolaldehyde is a particularly abundant chemical 

in pyrolysis oils (see Table 1) and may thus be considered as a model substrate for photoreforming 

[19-20]. 

Production of H2 on Pt/TiO2 photocatalysts under UV-visible light from aqueous glyceraldehyde, 

which is likely to be a primary intermediate in the reforming of glycerol, has been studied [39b]. 

Essentially complete reforming was observed, a fact which reflects the tendency of the substrate to 

efficiently undergo transformation by photocatalysis yielding the theoretical maximum amount of 

H2. However, production rates were considerably lower (ca. 2.2 mmol gcat
−1 h−1, Table 5) than those 

of the parent glycerol (ca. 5.1 mmol gcat
−1 h−1, Table 4). Pichat et al. observed that propanal reacted 

at about two orders of magnitude slower rates that its parent alcohol (1-propanol) on Pt/TiO2, thus 

confirming the more limited propensity for photoreforming of aldehydes as compared to alcohols 

[43]. 

7.3. Photoreforming of carboxylic acids 

The carboxylic functionality is, in addition to hydroxyl and carbonyl, one of the oxygen-containing 

motifs featuring distinct adsorption and reactivity phenomena during photoreforming. Carboxylates 

tend to bind strongly to classical oxide semiconductor (e.g. TiO2) surfaces, provided the 

electrostatic attraction is favourable. In this line, high pH values disrupt such interaction and 

provoke detrimental effects on efficiency (see Section 6.3). The initial reaction in the 

photoreforming sequence is decarboxylation, and as a result, CO2 release is expected even at short 

irradiation times, presumably accompanied by proton reduction. 



82 
 

Components of raw biomass, chiefly hemicellulose, contain simple carboxylic compounds forming 

part of complex biomacromolecules as esters. It is not surprising then that processing (e.g. 

hydrolysis, pyrolysis) of lignocelluloses leads to the release of carboxylic acids, being acetic acid 

the most abundant example, followed by formic. Fermentation of saccharides also renders broths 

rich in carboxylic compounds, among which lactic acid is the most prominent example [10]. 

Furthermore, carboxyl groups are expected to form, at least transiently, by the photoreforming of 

any oxygenated substrate. In this section, a summary of this area of research is given (see data in 

Table 6). 

7.3.1. Formic acid. According to the photoreforming sequence depicted in Figure 18, formic acid 

is the latter intermediate before complete mineralisation of oxygenated organic backbones 

regardless of which substrate is taken into account. Therefore, it is a model compound in oxidation 

or reforming processes. In the latter case, the unique pathway it can take is its decomposition 

(decarboxylation/dehydrogenation) into H2 and CO2 (equation 23). 

HCO2H(l) → H2(g) + CO2(g)    G0 = − 33.0 kJ mol−1  (23) 

HCO2H(l) → H2O(l) + CO(g)    G0 = − 12.9 kJ mol−1  (24) 

Photocatalysts ranging from TiO2 or other oxides to CdS can enable the decomposition of formic 

acid into H2 and CO2 at comparable rates. The classical Pt/TiO2 composite readily catalyses the 

reaction under UV-visible light either in gaseous [315, 328] or liquid phases [218], whereas 

photocatalysts based on copper oxides [193] or cadmium sulfide [224] also perform suitably under 

visible light. The action of simulated solar light on aqueous Pt/TiO2 suspensions results in very 

sharp rise in H2 production and much more rapid decomposition than for acetic acid (see Figure 38) 

[38a]. Formic acid decomposition on Pd/TiO2, even in the absence of light, has been proven [90b]. 

The highest H2 production rate (ca. 20 mmol gcat
−1 h−1, Table 6) was reported by using a mixture of 

platinum black and CdS; inclusion of selenium in the form of solid solution proved detrimental for 

the reaction [235]. 

One of the possible side reactions involving formic acid is dehydration to generate CO and H2O 

(equation 24). Kakuta and Abe claimed that whereas Pt/Cu2O or bare Cu2O effectively induced 

photoreforming, CdS led to the formation of significant amounts of CO under visible light [193]. 

Independent investigations confirmed this phenomenon for a photocatalytic system based on a 

mechanical mixture of platinum and cadmium sulfide [218]. Lower proportions of CO were formed 

using Pt/TiO2 despite the fact that the irradiation used was rich in UV frequencies [218]. 
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Formic acid is a peculiar oxygenated substrate regarding photocatalytic H2 production. In general, it 

readily reacts by releasing H2 and CO2, yet in the presence of chalcogenide materials or under UV-

rich light CO evolution has been observed. As a substrate, its importance is confined to the use of 

bio-oils as feedstocks. From a fundamental perspective, the role played by formic acid might be 

interesting regarding mechanisms or adsorption and deactivation events. 

7.3.2. Acetic acid. The use of acetic acid for the photocatalytic production of H2 entails selectivity 

issues, given its tendency to decompose by the photo-Kolbe process into CO2 and CH4, instead of 

reacting via preferable reforming pathways. Similar difficulties have been encountered in the steam 

reforming approach (where it has been used as a model compound for bio-oils), which in addition 

entails the generation of CO as a by-product [18]. Acetic acid is commonly produced to some extent 

in most processed raw biomass streams, including pyrolysis oils and hydrolysates of lignocellulosic 

feedstocks. 

In the early years of the development of photocatalysis, Bard and co-workers observed that aliphatic 

carboxylic (including acetic) acids underwent fast decarboxylation on illuminated aqueous Pt/TiO2 

suspensions [89a, 107], causing the preferential production of CO2 and CH4. In this photo-Kolbe 

scenario, the formation of methyl radicals was proven by EPR spectroscopy [68a, 89b]. Further 

coupling with hydrogen radicals yields methane, whereas homo-coupling yields ethane (see Figure 

17). This dichotomy between both mechanisms was also raised by Falconer and co-workers, based 

on the study of gas phase reactions on bare titania [350]. Particularly high selectivities towards 

ethane were reported by using a photoelectrochemical set-up, where methyl and hydrogen radicals 

are expected to be generated on different electrodes [351]. Sato and co-workers reported similar 

results regarding high ethane selectivities by gas phase reactions on UV-irradiated Pt/TiO2 in cases 

where water vapour was deliberately added, presumably due to the favoured hydride abstraction by 

[OH]• species [108c, 315]. In none of these and similar reports did the authors consider 

photoreforming of acetic acid, albeit they noticed imbalances if only photo-Kolbe events were 

considered and attributed them to the oxidation of minor amounts of ethanol and acetaldehyde, 

presumably formed from the substrate [44a, 89b]. 

Abrahams et al. observed intermediate situations between photo-Kolbe and regimes where H2 

production was enhanced, also using Pt/TiO2 as photocatalyst. They claimed that materials 

containing mixed anatase and rutile (at high proportions of the former) were more active and more 

selective towards H2 [119]. A study on the photocatalytic oxidation of acetic acid revealed that 

abstraction of hydrides on the α carbon by photo-generated [OH]•—instead of direct 

decarboxylation—took place on TiO2, as suggested by EPR spectroscopy data [352]. An 
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unambiguous proof to this hypothesis was delivered by Sakata et al. in his thorough examination of 

the photocatalytic reactions of carboxylic acids and water on several photocatalysts under UV-

visible (> 320 nm) irradiation [37]. They demonstrated that pathways other than the photo-Kolbe 

route took place and were favoured at high pH. In fact, formation of alkanes (CH4 and C2H6) was 

practically suppressed in basic solutions, probably due to more favourable oxidation of water or 

hydroxide anions into hydroxyl radicals, which in turn would oxidise methyl radicals into methanol, 

and thus reduce their population and availability for radical coupling reactions (Figure 17). This 

was confirmed by the detection of traces of methanol [37], a key intermediate in the photoreforming 

series of reactions, as depicted by dashed lines in Figure 18. Other reports describing the formation 

of methanol or ethanol (among other products) include experiments under UVA irradiation on 

suspensions of titania-based photocatalysts [168, 333, 353]. Consistent with these findings, 

complete photoreforming of acetic acid has been reported in systems whereby continuous purging 

with an inert gas was applied [38a]. 

In brief, the fate of acetic acid in the presence of irradiated titania photocatalysts appears to be 

highly dependent on the experimental conditions. The tendency to generate methyl radicals 

unleashes a range of different possible reaction pathways. Coupling reactions involving methyl 

radicals yield alkanes, whereas oxidation by [OH]• species generates methanol, an intermediate 

which can undergo further reforming. The latter case is greatly promoted in basic aqueous media or 

under inert gas flow. Thus, photoreforming under appropriate conditions can be an excellent 

technology towards the efficient production of H2 from acetic acid (and other carboxylic 

counterparts). 

7.3.3. Lactic acid. The production of lactic (2-hydroxypropanoic) acid from biomass is growing 

at a fast pace in current years [10]. The main process involves the fermentation of saccharides, 

especially glucose, although chemical routes starting from cellulose are being recently developed 

[354]. The importance of lactic acid as a platform for the production of a number of chemicals in 

food, cosmetics and pharmaceutical industries is indisputable. In energy schemes, lactic acid may 

become a viable source of fuels and fuel additives [1c]. 

Regarding its use in the photocatalytic production of H2, many researchers have chosen lactic acid 

as an electron donor for the development of novel active materials (especially in the case of sulfide 

co-catalysts, see Section 5.5.2). A summary of relevant data in this field is shown in Table 6. From 

a fundamental perspective, the presence of both hydroxyl and carboxyl residues makes comparative 

studies on their behaviour under photoreforming conditions pertinent. Two different elementary 

steps can happen: (i) dehydrogenation of the hydroxyl group to generate pyruvic acid, and (ii) 
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decarboxylation leading to C2 derivatives. A representation of these pathways is schematically 

depicted in Figure 39. In either case, the corresponding oxidation half-reactions are expected to be 

accompanied by reduction of released protons, and hence, the rates of H2 production will be 

affected by the efficiency of any of the two routes. 

A thorough investigation on the photocatalytic reactions of α-hydroxyacids using TiO2 and CdS as 

the light-absorbing semiconductors after platinum photodeposition was performed by Harada et al. 

[84, 215-216]. They observed that the former material mainly favoured decarboxylation, leading to 

acetaldehyde, acetic acid and ethanol as the derived oxidation co-products (formed at 900, 126 and 

39 μmol gcat
−1 h−1, respectively, in addition to CO2 at 1008 μmol gcat

−1 h−1), whereas formation of 

pyruvic acid by the competing route was minor (17 μmol gcat
−1 h−1). In contrast, cadmium sulfide 

exclusively promoted the dehydrogenation step, as suggested by the formation of pyruvic acid as 

the only liquid phase product, accompanied by minor formation of CO2. Apparent quantum yields 

for H2 production reached 71 and 38% for Pt/TiO2 (360 nm) and CdS (440 nm), respectively [215]. 

Several hypotheses based on differing band energy positions or adsorption modes were proposed 

for this clear selectivity switch [84]. Independent surface studies have revealed that the pyruvic acid 

product exhibits little tendency to adsorb on CdS, and thus, it would remain stable under irradiated 

suspensions of the sulfide solid [39b]. Other systems based on cadmium sulfide agree on the 

exclusive formation of pyruvic acid [99, 355]. All these conclusions are extremely valuable for 

discerning different photocatalytic behaviours of either oxide or non-oxide (chiefly sulfide) 

semiconductors. Should the aim be complete reforming, the former (especially TiO2) appear as 

more suitable. 

As mentioned above, lactic acid has been selected as a model substrate for the development of 

highly active photocatalysts for H2 production (see data in Table 6). Despite the presumably lower 

efficiency of CdS materials for complete photoreforming, they have been proven as more efficient 

than TiO2 analogues under visible light irradiation. This was the case for a systematic study on alloy 

nanoparticles as co-catalysts, which displayed significant H2 evolution rates (up to 15.9 mmol gcat
−1 

h−1 for Pt3Co/CdS) [217]. Record high activities (56 mmol gcat
−1 h−1) have been reported for 

Pt/CdS/RGO where graphene acted as an electron mediator component [221]. Apparent quantum 

efficiencies are generally elevated for CdS when using lactic acid [84, 99, 215, 294b, 294c], a fact 

which has unsurprisingly motivated intense research in the design of sulfide photocatalysts [212], 

mostly promoted after pioneering research by Li and co-workers [291b]. A further point to note is 

the recent interest raised in other non-oxide materials, mainly metal phosphides, as co-catalysts for 

H2 production from aqueous lactic acid, enabling rates as high as 200 mmol gcat
−1 h−1 [297-298]. 
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Yet not purely a primary biomass product, recently boosted motivation in studying the 

photocatalytic production of H2 from lactic acid has resulted in a fruitful area of research 

concerning materials design. Since the presence of both carboxylic and hydroxyl functionalities is 

expected during the photoreforming of any oxygenated substrate, a simple molecule containing 

them—i.e. lactic acid—appears as a perfect model. Indeed, delving into the mechanistic aspects has 

revealed the distinct performances of the two main semiconductors in photocatalysis, that is, TiO2 

and CdS. Whilst the latter shows more limited activity for photoreforming, high H2 production rates 

can be achieved by rational nanocomposite design. 

7.3.4. Other acids. A wide range of compounds containing acidic functionalities might be 

produced in biorefineries. The above examples (formic, acetic and lactic) have provided valuable 

information on the mechanisms and efficiencies of photoreforming processes involving carboxylic 

acid substrates. Comparison to other acids has been undertaken in several investigations to reinforce 

the derived knowledge. 

Discrimination between the photo-Kolbe and the photoreforming pathways (see 7.3.2), based on 

data for acetic acid, was aided by analogue experiments performed on higher aliphatic carboxylic 

acids.53 Despite the predominant formation of the corresponding alkanes (ethane, propane and 

butane for propanoic, butanoic and pentanoic acids, respectively, see Table 6) by decarboxylation, 

H2 formation was observed for the whole series and increased with increasing chain length, thus 

suggesting that other mechanisms might be at play. Even in the case of fatty acids, H2 evolution 

activity has been achieved by using the stearic (octadecanoic) counterpart as an example [108a]. 

Processing of biomass feedstocks may result in the oxidation of saccharides into acidic derivatives. 

Furthermore, these are also likely to be produced during photocatalytic reactions of the parent 

substances, and hence, study of their behaviour under such conditions is relevant. Gluconic and 

threonate salts have been used as substrates for photoreforming on Pt/TiO2, and both resulted in 

production of H2 and CO2 [39b]. 

Oxalic acid is the most highly oxidised form of carbon, with the exception of CO2. Its 

decomposition should in principle lead to the formation of H2 and CO2 in a 1:2 molar ratio. 

Photocatalysis is as a viable technology for this process. Oxalic acid produced H2 at faster rates than 

formic, formaldehyde [81], or ethanol [356] on Pt/TiO2 under UV-rich light. A dedicated 

investigation on the system revealed that the fate of oxalic acid is governed by the general features 

of photoreforming: It is negligible in the absence of metal co-catalyst and kinetics follow a 

Langmuir-type behaviour [60]. 
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Finally, it is worth noting that ascorbic acid is gaining increasing attention as a sacrificial electron 

donor in photocatalytic H2 producing systems, most likely due to its propensity towards oxidation. 

Many researchers have used it for the evaluation of homogeneous [236-239, 257b, 304, 306-308], 

or novel heterogeneous photocatalysts [222, 248, 254-255, 309, 319]. It is accepted that ascorbate is 

more strongly reducing than the parent acidic form [322]. Despite its utility as an electron donor 

and its renewable sources, ascorbic acid is a low-production high-cost substrate, and thus, its 

suitability for mass production of H2 (or other fuels) is questionable. 

7.4. Photoreforming of saccharides 

Since they make up the major proportion of plant biomass as the building block monomers of 

structural biomacromolecules, saccharides are the focus of most primary transformations in 

biorefineries [10]. Production of H2 from these crucial platform molecules has been intensely 

investigated, especially by steam or aqueous phase reforming [1d, 14, 15b, 17c, 21]. In this section, 

the alternative photoreforming process is reviewed. 

Relevant data on the photocatalytic production of H2 using saccharides as the substrates are 

summarised in Table 7. Given their structural complexity, detailed mechanistic studies regarding 

their photoreforming are cumbersome, and in general reported data is limited to the evaluation of 

the performance by quantification of H2. Some researchers have explored the possibility of 

complete transformation by including CO2 yields in their accounts. Data in Table 7 reveal that 

production rates tend to be somewhat lower than those obtained for simple oxygenates (i.e. 

alcohols, aldehydes and acids), most likely due to the presumably more hindered interaction of 

complex saccharides with photocatalyst surfaces. Nevertheless, relatively high (101–

102 mmol gcat
−1 h−1) H2 production rates are attainable. 

7.4.1. Monosaccharides. From a practical perspective, free monomeric sugars are valuable model 

substrates for the examination of photoreforming. The multiple hydroxyl groups in their structures 

guarantee the possibility of H2 generation by dehydrogenation. Complete transformation is feasible 

[9] via the sequence of steps described in Figure 18. Particular cases for glucose (the most relevant 

example), other hexoses, and pentoses are outlined below and in Table 7. 

Kawai and Sakata first demonstrated the photocatalytic production of H2 from glucose (among other 

saccharides) in aqueous media [108a]. More recently, the complete photoreforming of glucose and 

fructose has been proven by using Pt/TiO2 under simulated solar light and continuous flow of an 

inert gas [9, 317]. St. John and co-workers had anticipated this in a seminal study on glucose [357]. 

Significant production of H2 and CO2 was achieved, albeit the quantities were somewhat below the 
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theoretical maxima. Nonetheless, extrapolation to the limiting case of infinite dilution revealed that 

stoichiometric reforming is still possible [39b]. 

In their pioneering work, St. John et al. noted the potential for light-induced generation of H2 from 

waste streams generated by saccharide transformations, taking glucose as a model substrate. They 

stated that a range of hydroxycarboxylic acids derived from partial oxidation or other biomass-

processing treatments (e.g. paper, pulp or sugar) industries are noxious by-products. Moreover, they 

also claimed these species as “virtually impossible to separate from the aqueous phase, and have 

such low heat content that they are poor boiler fuels. Their photoelectrochemical (or photocatalytic) 

gasification to H2 and CO2 using photocatalysts has potential for cleaning up waste streams, while 

simultaneously providing a source of H2 without the generation of an explosive H2/O2 mixture” 

[357]. This reflects the potential of photocatalysis for simultaneous wastewater decontamination 

and H2 production. 

In addition to glucose, other hexoses such as fructose, galactose or mannose have also served as 

substrates for the photocatalytic production of H2 from aqueous Pt/TiO2 suspensions [9, 159a, 287, 

317]. Activities were similar to those reported for glucose (see Table 7). Pentoses are another class 

of interesting biomass-derived substances—especially xylose, a hemicellulose monomer—which 

has received some attention. In particular, xylose [39b, 39c], arabinose [159a, 317] and ribose [317] 

have been employed; results are similar than those for the rest of studied monosaccharides (see 

Table 7). 

7.4.2. Disaccharides. Disaccharides are valuable substances in food and pharmaceutical 

industries. A number of examples, such as sucrose or lactose, can be directly produced from crops, 

whereas others (e.g. cellobiose or maltose) can be produced by hydrolysis of polysaccharides. 

Photocatalytic production of H2 from model disaccharides is slightly less efficient than from 

monomers (see data in Table 7), likely due to their high molecular weight. This unsurprising trend 

reveals that increasing structural complexity and size is a factor determining the rates of H2 release. 

Lactose (a glucose-galactose dimer) can be completely transformed by photoreforming on Pt/TiO2 

yielding maximum amounts of H2 [9, 317]. Production of H2 and CO2 as the only products when 

using sucrose (a glucose-fructose dimer) as the feedstock under similar conditions suggested that 

total mineralisation was taking place [36, 358]. Rates of hydrogen evolution as high as 

3.1 mmol gcat
−1 h−1 have been reported from aqueous sucrose under Xe lamp light using nitrogen- 

and boron-doped, platinum-deposited titania materials [359]. Similar yields were achieved on non-

doped analogues under UV-rich irradiation [62a]. Photocatalysts based on CdS have also served as 

relatively efficient materials for the photoreforming of sucrose [214]. By using maltose or 
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cellobiose, two glucose dimers, H2 production rates around or above 3 mmol gcat
−1 h−1 have been 

reported [9, 317]. 

7.4.3. Polysaccharides. The principal proportion of plant biomass is composed of 

polysaccharides—cellulose and hemicellulose. Their use in raw form for the generation of energy 

and heat has been practiced since millennia. Isolation of cellulose has undoubted industrial and 

technological importance due to the widespread use of paper. Starch—another glucose polymer—is 

widely available, albeit its use as feedstock for fuel production is ethically reprehensible given its 

importance in nutrition. Deconstruction of raw lignocelluloses into monomeric or oligomeric 

derivatives by hydrolysis is currently opening up a promising strategy towards liquid biofuels. 

Transformation into H2 can be effected by thermochemical methods under harsh conditions. In this 

section, the chances of direct photoreforming of polysaccharides for the production of H2 are 

discussed. Related data are compiled in Table 7. 

Both starch and cellulose react to some extent in suspensions containing Pt/TiO2 photocatalysts 

irradiated with UV-vis or simulated solar light. Under identical conditions (Xe lamp as the light 

source), starch produced more hydrogen than cellulose (80 and 13 μmol gcat
−1 h−1, respectively), 

probably owing to the more intricate supramolecular structure of the latter [108a]. In their 

pioneering research, Kawai and Sakata demonstrated that, although at low quantum efficiencies, 

nearly stoichiometric and complete transformation (photoreforming) of both starch and cellulose 

can be made possible at long irradiation times from aqueous suspensions containing RuO2/Pt/TiO2 

[36]. They also showed that addition of NaOH accelerated the evolution of H2. In the particular case 

of starch, enhanced production rates (4 mmol gcat
−1 h−1, more than a five-fold increase, UV-vis 

irradiation) were reported after microwave pretreatment of the substrate [62a]. Even without 

pretreatment and under simulated sunlight, the efficiency of similar systems was significant [9]. 

Partial cellulose hydrolysis under acidic conditions is also a viable method for boosting the 

efficiency of photocatalytic H2 generation (production rates increased from 0.6 to 

0.9 μmol gcat
−1 h−1) [317]. Speltini et al. studied the reaction of cellulose on Pt/TiO2 under UVA 

light or simulated solar light [313b]. It is interesting to note that based on analyses of the liquid 

phases, they identified small amounts of glucose and 5-(hydroxymethylfurfural); they rationalised 

their formation and subsequent dehydration by hydrolysis on surface acidic sites on titania, 

respectively. Formation of coloured by-products was believed to be caused by further degradation. 

The authors claimed that these species might have had a sensitising effect enhancing the 

photocatalytic process [125]. A specially designed experimental set-up based on a cylindrical 

corrugated photo-reactor coated with anatase and using concentrated aqueous ZnCl2 media was 
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reported to enable the direct transformation of cellulose to 5-(hydroxymethylfurfural) under UV 

light [360]. The solubilising power of the highly ionic solution facilitated the depolymerisation of 

cellulose, whereas the high exposed photocatalyst area ensured light harvesting. 

Surprisingly, structurally recalcitrant, nearly raw, biomass-derived feedstocks such as cellulose can 

be directly converted to H2 and other co-products by simple photocatalytic processes and using 

solar-like irradiation. Photoreforming has been demonstrated on the archetypal benchmark Pt/TiO2 

material. Gentle processing of the substrate enhances production rates. This field is, despite the 

currently moderate efficiencies, technologically interesting and may be applied to more complex 

feedstocks or waste materials, as discussed below. 

7.5. Raw biomass feedstocks for photocatalytic H2 production 

Considering economic factors, ideal biomass-to-hydrogen strategies should involve the use of raw 

or gently processed feedstocks [4a]. Preferred conversion technologies are those whereby low-cost 

or waste materials are the source of H2. The most suitable processes known are performed under 

harsh temperature-pressure conditions [4c, 14-15] or require the manipulation of microorganisms 

(fermentation) [4c, 15b, 361]. Light-activated processes are of relatively lower efficiency than 

thermal methods, although they entail lower environmental impact [361]. Biomass photoreforming 

has been proven to perform in a relatively acceptable fashion for complex primary biomass products 

(see the preceding section). The use of raw feedstocks has been rather unexplored to date, as 

illustrated in the data listed in Table 8. The account given herein aims at attracting focus towards 

this technology. 

Based on the discovery of cellulose photoreforming on Pt/TiO2 [36], Kawai and Sakata applied this 

approach to the generation of H2 from a range of raw biomass products, including algae, rice plant, 

turf, olive oil, and even insects and animal excrements [108a]. Hydrogen evolution was observed 

from all these unconventional feedstocks for long irradiation times under light from a source (Xe 

lamp) emitting mostly in the visible frequency. Production rates averaged over 10 h of reaction 

were in the 101–102 µmol gcat
−1 h−1 range (Table 8), that is, approximately two orders of magnitude 

lower than for pure oxygenated molecules, as expected given the high chemical complexity of raw 

biomass. They further extended the validity of the method to other complex feedstocks such as bee 

wax, sweet potato, grass, wood, seaweed, lignin or pitch [108b, 214]. Furthermore, the same authors 

demonstrated that photoreforming of fossil fuels (coal, oil sands, hydrocarbons) [161b-d, 214] or 

even synthetic chemicals and polymers [108a, 214] is also possible in aqueous suspensions 

containing Pt/TiO2. 
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The valorisation of agricultural waste by transformation into fuels is an attractive opportunity. In 

this line, photocatalytic production of H2 from residual crop by-products rich in lignocellulosic 

biomass has been taken into consideration by Speltini et al., who demonstrated hydrogen 

production from rice husks or alfalfa stems [313b]. They found that alfalfa stems produced 

significant amounts of H2 (24 µmol at 4 h irradiation time) after minor pretreatment (drying, milling 

and sieving). On the contrary, identical pretreatment largely suppressed H2 evolution in the case of 

rice husks, a fact ascribed by the authors to exceeding light absorption or scattering by the resulting 

suspension. However, yields comparable to those for alfalfa were obtained for untreated rice husks 

under both UVA and natural sunlight (Table 8), rendering the process truly renewable in terms of 

feedstock and energy source. Humic substances, a rather undefined blend composed of decaying 

organic matter, have also served as the substrate for photocatalytic H2 production under simulated 

solar light [362]. 

7.6. Photocatalytic decontamination of waste streams with concomitant H2 production 

One of the most appealing and industrially relevant applications of photocatalysis is the removal of 

air and water pollutants by taking advantage of the oxidising and anti-microbial action of 

semiconductor materials, especially TiO2 [66a]. Several researchers independently noted that, 

although these systems perform very efficiently in aerobic conditions, the same processes may also 

take place in the absence of oxygen. In aqueous media, water itself acts as an oxidising agent which 

is in turn reduced to hydrogen gas [9, 38a, 98, 108a, 363]. Therefore, this approach, in essence 

happening via photoreforming of the organic matter present as pollutants can be beneficial in 

multiple senses, since decontamination is carried out with concomitant production of a clean fuel, 

and relying solely on a renewable, virtually inextinguishable, source of energy as is sunlight. 

Wastewater streams in the food industry are interesting options for valorisation since they are likely 

to contain significant amounts of poly-functionalised organic substances. Regarding photocatalytic 

H2 production, this concept has been proven for olive mill wastewater by Spetlini and co-workers 

[321]. They demonstrated relatively high H2 production rates on Pt/TiO2 under UVA irradiation; 

unfortunately, simulated solar light resulted in low activities range (Table 8), which could however 

be improved by addition of an organic photosensitiser [321]. Not surprisingly, oil deposits on the 

catalyst surface led to fouling, and degreasing of the feed was required for sustained activity. 

Malato and co-workers went a step further and proved the direct use of municipal wastewater in a 

real solar photoreactor at Plataforma Solar de Almería (Spain) [318]. The engineering and design 

included a tubular reactor ensuring a turbulent flow; this favoured light harvest from the suspended 

photocatalyst (optimum concentration around 0.01 g L−1) and prevented sedimentation. Parabolic 
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concentrators were employed in order to focus sunlight irradiation and maximise it around the entire 

surface of the perimeter. Several other parameters, such as temperature, pH and characteristics of 

the reactor wall were examined. Regarding the latter topic, borosilicate glass was suggested as the 

optimum candidate given its reasonable transparency (> 285 nm) and low cost. Other researchers 

have demonstrated the feasibility of human urine for the solar production of hydrogen in 

photoelectrochemical cells [364]. 

As a model waste generated in livestock farms, swine sludge has been considered for combined 

photocatalytic H2 production and remediation. This by-product is a challenging and complex matrix 

containing oxygenated and nitrogenated (among other) substances. Kida et al. performed a previous 

digestion in hot compressed water, after which simple oxygenates—such as methanol and formic 

acid—were identified and claimed to become the reactive substrates for H2 production on a 

LaMnO3/CdS photocatalyst under mainly visible light irradiation [365]. Speltini and co-workers 

opted for a simple centrifuge pretreatment to remove water-insoluble impurities, yielding a clear 

matrix having nearly neutral pH (7.9) and a relatively elevated organic content (chemical oxygen 

demand = 46.4 g L−1) [325]. Production of H2 was surprisingly higher under simulated sunlight than 

under UVA irradiation (Table 8), a phenomenon which was hypothesised as an effect of in situ 

sensitisation by coloured sludge components. 

To summarise, several issues are worth being stressed about the direct photocatalytic production of 

H2 from raw biomass or wastewaters in aqueous suspensions. Although efficiencies are lower than 

for pure substrates, the strategy is successful for a diverse range of feedstocks and can be powered 

by direct sunlight. Therefore, this technology would be applicable not only to biorefineries, but also 

to municipal, industrial or farming wastewater treatment plants. Overall, the opportunity of 

valorising low-value agricultural by-products or even polluted streams with concomitant production 

of H2 as a clean fuel appears promising. 
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Table 2. Methanol Photoreforming Data  

   
P/W 

 
production rates/µmol gcat

−1 h−1 - - 

photocatalyst reaction medium light source (I/mW cm−2) T/°C H2 CO2 HCHO HCO2H CH4 CO Φa/% reference 

TiO2(mesoporous) H2O/MeOH(l, 9:1) Xe (> 320 nm) 300 - 85 - - - - - - [47a] 

Pt(4%)/TiO2 H2O/MeOH (l, 1:1) Xe (> 320 nm) 500 - 3000 - - - - - - [366] 

Pt(2%)/TiO2 MeOH(v) Xe (350-400 nm) 500 25 6 0.03 - - - - - [80f] 

Pt(2%)/TiO2 MeOH/H2O(v, 6.7:1) Xe (350-400 nm) 500 25 24 4.17 - - - - - [80f] 

Pt(4.85%)/P25TiO2 MeOH(l) Hg 125 - 4524 - - - - - - [43] 

Pt(4.85%)/P25TiO2 H2O/MeOH(l, 1:1) Hg 125 - 3810 - - - - - - [43] 

Pt(5%) + TiO2(rutile) H2O/MeOH(l, 1:1) Hg 100 - 2022 - - - - - - [132] 

Pt(5%) + TiO2(rutile) MeOH(aq, 0.1 M) Hg 500 - 40 - 28 - - - - [59] 

Pt(0.6%)/SiO2 + P25TiO2 MeOH(aq, 0.5 M) Xe (350-420 nm) 900 - 1072 - - - - - - [367] 

Pt(0.5%)/P25TiO2 MeOH(l) Hg (> 366 nm) 250 20 - - 2267 - - - - [70] 

Pt(0.1%)/P25TiO2 H2O/MeOH(l, 9:1) Hg 450 - 4000 - - - - - - [208] 

Pt(0.5%)/P25TiO2 MeOH(aq, 0.85 mM) solar simulator 280 40 269 32 - - - - - [38a] 

Pt(0.5%)/P25TiO2 MeOH(aq, 1 M) LED (365 nm) (3) - 4005 248 - - - - - [38c] 

Pt(0.5%)/P25TiO2 MeOH(aq, 0.1 M) LED (365 nm) (3) - 2025 - - - - - - [38c] 

Pt(1%)/TiO2(anatase) MeOH(l) Hg 100 33 2356 - - - - - - [368] 

Pt(0.3%)/P25TiO2 H2O/MeOH(l, 100:3) Hg 450 60 25556 - - - - - - [369] 

Pt(0.1%)/P25TiO2 H2O/MeOH(l, 4:1) Xe 300 - 1492 - - - - - - [94b] 

Pt(0.1%)/TiO2(74% rutile) H2O/MeOH(l, 4:1) Xe 300 - 7094 - - - - - - [94b] 

Pd(0.5%)/TiO2 H2O/MeOH(l, 1000:1) Xe 400 - 555 - - - - - - [346] 

Pt/blackTiO2 H2O/MeOH(l, 1:1) solar - - 10000 - - - - - - [178a] 

Pt(0.3%)/P25TiO2 H2O/MeOH(l, 3:2) Hg (300–400 nm) - - 5767 - - - - - - [370] 

17% Pt + 33% graphite-silica + P25TiO2 H2O/MeOH(l, 3:2) Hg (300–400 nm) - - 4800 - - - - - - [370] 

Pt(0.5%)/SiO2-TiO2 H2O/MeOH(l, 20:3.7) Xe 200 - 13 - - - - - - [371] 

Pt(0.5%)/TiO2 H2O/MeOH(l, 4:3) Hg 300 - 8560 - - - - - - [120b] 

Pt(0.5%)/TiO2 H2O/MeOH(l, 4:3) Hg 300 - 8800 - - - - - - [372] 

Pt(0.6%)/TiO2(mesoporous) H2O/MeOH(l, 10:1) Hg (> 320 nm) 300 - 6925 - - - - - - [140b] 

Pt(0.5%)/TiO2(porous) H2O/MeOH(l, 5:1) Hg 500 30 13000 - - - - - - [120a] 

PtO(1%)/TiO2(nanosheets) H2O/MeOH(l, 7:3) Xe 300 - 4400 - - - - - - [8a] 

Pt(0.5%)/TiO2(nanowires) H2O/MeOH(l, 9:1) Hg 450 r.t. 162 - - - - - - [113a] 

Pt(0.5%)/TiO2(anatase/brookite,72:28) MeOH(aq, 4.93 M) Xe 1000 - 4213 - - - - - - [121b] 

Pt(0.5%)/TiO2(brookite) MeOH(aq, 4.93 M) Xe 1000 - 3973 - - - - - - [121b] 

Pt(0.1%)/TiO2-x H2O/MeOH(l, 3:1) Xe (> 400 nm) 300 - 50 - - - - - - [179] 

Pt(0.4%)/TiO2(anatase/rutile 39:62) H2O/MeOH(l, 9:1) Xe (> 320 nm) 300 - 4250 - - - - - - [147] 

Pt(1%) + TiO2(nanofibers) H2O/MeOH(l, 9:1) Xe 300 - 10860 - - - - - - [128d] 

Pt/TiO2(anatase) H2O/MeOH(l, 1:1) Xe 300 25 16500 - - - - - - [326] 

Pt(1%)/P25TiO2/SiO2 H2O/MeOH(v, 7:3) solar simulator (100) 280 571000 - - - - - 78 [181] 

Pt(1%)/P25TiO2/SiO2 H2O/MeOH(v, 7:3) solar simulator (> 420 nm) (100) 280 497000 - - - - - 65.7 [181] 

Pt(0.3%)/Gd(0.5%):TiO2 H2O/MeOH(l, 50:1) Hg 300 - 13200 - - - - - - [373] 

Pt(0.3%)/Eu(0.5%):TiO2 H2O/MeOH(l, 50:1) Hg 300 - 10800 - - - - - - [373] 

RuO2/Pt/TiO2 H2O/MeOH(l, 1:1) Xe 500 - 1733 - - - - - - [100b] 
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RuO2/Pt/TiO2 H2O/MeOH(l, 1:1) Hg 500 - 30000 - - - - - - [100b] 

Pt(0.05%)/P25TiO2 MeOH(aq, 5 M) Xe 300 - 5900 - - - - - - [94c] 

Pt(0.5%)/TiO2 H2O/MeOH(l, 1:1) Xe 450 - 4500 - - - - - - [374] 

Pt(2%)/TiO2 MeOH(l) Xe 450 - 25016 - - - - - - [108d] 

Pt(2%)/TiO2 H2O/MeOH(l, 9:1) Xe 450 - 23229 - - - - - - [108d] 

Pt(2%)/TiO2 MeOH(l) Xe 450 - 27696 - - - - - - [108d] 

Rh(2%)/TiO2 MeOH(l) Xe 450 - 19655 - - - - - - [108d] 

Pd(2%)/TiO2 MeOH(l) Xe 450 - 18762 - - - - - - [108d] 

RuO2(2%)/TiO2 MeOH(l) Xe 450 - 12508 - - - - - - [108d] 

Ag(2%)/TiO2 MeOH(l) Xe 450 - 1251 - - - - - - [108d] 

Pt(1%)/(CNT+TiO2) MeOH(aq, 2.5M) Hg 150 25 1380 - - - - - - [159a] 

Pd(1%)/(CNT+TiO2) MeOH(aq, 2.5M) Hg 150 25 162 - - - - - - [159a] 

Pt(0.5%)/TiO2/CNT(10%)(nanofibers) H2O/MeOH(l, 1:1) Hg 200 - 40600 - - - - - - [159b] 

Pt(0.5%)/TiO2 H2O/MeOH(v, 60:40) Fe-halogen-Hg - - 17500 550 9000 1650 - - - [77] 

Au(1%)/P25TiO2 H2O/MeOH(v, 69:31) Fe-halogen-Hg - - 15000 750 7000 1750 - - - [77] 

Pt(0.3%)/TiO2 H2O/MeOH(l, 3:1) solar simulator (30) - 1080 - - - - - - [133] 

Au(2%)/TiO2 H2O/MeOH(l, 100:1) solar simulator (30) - 7200 - - - - - - [133] 

Pd(1%)/TiO2 H2O/MeOH(l, 1000:1) solar 280 - 225 - - - - - - [264] 

Au(1%)/TiO2 H2O/MeOH(l, 1000:1) solar 280 - 100 - - - - - - [264] 

Pd(0.5%)/TiO2 MeOH(aq, 18.6 M) Xe 400 - 1700 - - - - - - [57] 

Pd(0.5%)/TiO2 H2O/MeOH(l, 1000:1) Xe 400 - 465 - - - - - - [90a] 

Au(2%)/TiO2 H2O/MeOH(l, 1000:1) Xe 400 - 169 - - - - - - [91b] 

Au(0.43%)/P25TiO2 MeOH(aq, 1 M) Xe 300 - 383 - - - - - - [94a] 

Pd(5%)/P25TiO2 H2O/MeOH(l, 1:1) - - - 2261 - - - - - - [375] 

PdshellAucore(1%)/P25TiO2 H2O/MeOH(l, 3:1) UV LED (365 nm) (60) - 20529 - - - - - - [287] 

Pd(0.5%)/P25TiO2 H2O/MeOH(l, 1000:1) Xe 400 - 486 - - - - - - [286] 

Au(0.5%)/P25TiO2 H2O/MeOH(l, 1000:1) Xe 400 - 347 - - - - - - [286] 

Au(1%)/TiO2 H2O/MeOH(100:6) Hg 250 - 7890 - - - - - - [103] 

Au(1%)/P25TiO2 H2O/MeOH(100:6) Hg 250 55 5400 - - - - - - [100c] 

Au(1%)/FPTiO2 H2O/MeOH(v) Hg 250 55 10200 - - - - - - [100c] 

Pt(1%)/P25TiO2 MeOH /H2O(v, 2:3) Hg 250 55 18600 2880 7160 1230 9 468 - [328] 

Au(1%)/P25TiO2 MeOH /H2O(v, 2:3) Hg 250 55 13300 1610 5170 840 1 479 - [328] 

Ag(1%)/P25TiO2 MeOH /H2O(v, 2:3) Hg 250 55 1170 32 810 60 1 56 - [328] 
P25TiO2 MeOH /H2O(v, 2:3) Hg 250 55 720 22 480 - 1 44 - [328] 

Au(1%)/TiO2(anatase) H2O/MeOH(l, 1:1) Xe 300 25 8400 - - - - - - [326] 

Au(1.5%)/P25TiO2 H2O/MeOH(l, 9:1) UV (365 nm) (6.5) - 13500 - - - - - - [115] 

Au(1.5%)/TiO2(anatase) H2O/MeOH(l, 9:1) UV (365 nm) (6.5) - 8500 - - - - - - [115] 

Au(1.5%)/TiO2(brookite) H2O/MeOH(l, 9:1) UV (365 nm) (6.5) - 6700 - - - - - - [115] 

Au(1.5%)/TiO2(rutile) H2O/MeOH(l, 9:1) UV (365 nm) (6.5) - 900 - - - - - - [115] 

Au(Au/Ti = 0.017)@TiO2(nanotubes) H2O/MeOH(l, 10:1) Xe (> 400 nm) (100) - 482 - - - - - - [122] 

Au(Au/Ti = 0.015)/TiO2(nanotubes) H2O/MeOH(l, 10:1) Xe (> 400 nm) (100) - 223 - - - - - - [122] 

Ag(0.5%)/TiO2(rutile) H2O/MeOH(l, 1:1) UVA (352 nm) 6 x 6 - 357 - - - - - - [112] 

Ag(0.5%)/TiO2(anatase) H2O/MeOH(l, 1:1) UVA (352 nm) 6 x 6 - 222 - - - - - - [112] 
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Au(0.9%)/P25TiO2 H2O/MeOH(l, 3:1) solar simulator 1000 35 7010 - - - - - - [269a] 

Sn(0.24%)/RuO2(0.68%)/P25TiO2 H2O/MeOH(l, 33:1) Hg 125 20 14889 - - - 70 500 2.8 [283] 

Sn(0.24%)/P25TiO2 H2O/MeOH(l, 33:1) Hg 125 20 843 - - - - 22 - [283] 

Pt(3%)/Sn(1%)/TiO2 H2O/MeOH(l, 33:1) Hg 125 20 61800 - - - - - - [376] 

Pt(3%)/Sn(1%)/TiO2 H2O/MeOH(l, 33:1) Hg 125 20 80800 - - - - - - [376] 

Cu(3% mol vs. Ti)/S:TiO2 H2O/MeOH(l, 9:1) Hg 125 23 18000 - - - - - - [120d] 

Cu(3% mol vs. Ti)/TiO2 H2O/MeOH(l, 9:1) Hg 125 23 8100 - - - - - - [120d] 

NiO(1.5%)/TiO2 H2O/MeOH(l, 30:1) Hg 450 - 82 - - - - - - [377] 

NiO(0.5%)/TiO2 MeOH(aq, 0.03 M) UV (300-400 nm) (60) - 9938 729 2871 70 - - - [76] 

NiO(0.5%)/TiO2 MeOH(aq, 0.03 M) UV (300-400 nm) (60) - 6489 - - - - - - [76] 

CuO(1%) + P25TiO2 H2O/MeOH(l, 9:1) black light (15. 1) - 200 - - - - - - [378] 

CuO(0.5%) + Al2O3(0.3%) + P25TiO2 H2O/MeOH(l, 9:1) black light (15. 1) - 400 - - - - - - [378] 

CuO(9.1%)/P25TiO2 H2O/MeOH(l, 9:1) Hg 450 25 18500 - - - - - - [272d] 

Fe(20%)/TiO2 MeOH (aq, 1 M) Hg - 25 2 3 - - 26 - - [379] 

RGO/TiO2 H2O/MeOH(l, 3:1) Xe-Hg 300 25 1200 - - - - - - [302] 

RGO(16.7%)/P25TiO2 H2O/MeOH(l, 4:1) Xe 200 - 740 - - - - - - [158a] 

graphite-silica(50%) + P25TiO2 H2O/MeOH(l, 3:2) UV (35) - 733 - - - - - - [380] 

TiO2−x H2O/MeOH(l, 4:1) Xe (> 420 nm) 750 - 36 - - - - - - [180] 

ZnO H2O/MeOH(l, 9:1) Xe 300 r.t. 30000 - - - - - - [189] 

Pt(0.5%)/Cu2O MeOH(aq, 2.5 M) halogen (> 420 nm) (280) - 149 - - - - - - [193] 

Cu2O MeOH(aq, 2.5 M) halogen (> 420 nm) (280) - 68 - - - - - - [193] 

Pt(0.5%)/SrTiO3 H2O/MeOH(1:1) Hg 16 x 176 45 500 - - - - - - [201a] 

SrTiO3 MeOH(aq, 1 M) Hg 150 - 24 - - - - - - [201d] 

Rh-Cr/N:ZnGa2O4 H2O/MeOH(l, 9:1) Hg 125 - 37201 - - - - - - [381] 

K4Nb6O17 H2O/MeOH(l, 4:1) Xe 500 - 275 - - - - - - [207a] 

H2.04K1.96Nb6O17 H2O/MeOH(l, 4:1) Xe 500 - 502 - - - - - - [207b] 

NiO(0.1%)/K4Nb6O17 H2O/MeOH(l, 30:1) Hg 450 - 1593 - - - - - - [207c] 

Pt(0.1%)/SiO2(pillars)-Ca2Nb3O10 H2O/MeOH(l, 9:1) Hg 450 - 10800 - - - - - - [208] 

Pt(0.5%)/CdS MeOH(aq, 1 M) Xe (> 450 nm) 750 - 38 - - - - - - [213a] 

Pt(3,8%)/CdS MeOH(aq, 12 M) Hg (> 400 nm) 500 - 152 2 - 106 - - - [218] 

Pt(5%)/CdS H2O/MeOH(l, 100:0.17) Xe 500 r.t. 400 - - - - - - [214] 

Pt(5%)/CdS H2O/MeOH(l, 100:0.17) Xe (> 430 nm) 500 r.t. 160 - - - - - - [214] 

MoS2(0.2%)/CdS H2O/MeOH(l, 9:1) Xe (> 420 nm) 300 10 60 - - - - - - [292] 

Pt(0.2%)/CdS H2O/MeOH(l, 9:1) Xe (> 420 nm) 300 10 25 - - - - - - [292] 

CdSe-CdS (nanorods)-Pt H2O/MeOH(l, 50:1) Xe 300 - 40000 - - - - - - [382] 

Ru(5%)/ZnS/CdS(Cd/Zn = 4) H2O/MeOH(l, 9:1) Xe (> 420 nm) (70) - 4900 - - - - - - [224] 

ZnS H2O/MeOH(l, 7:1) Hg (> 290 nm) 125 - 1667 - - - - - - [231b] 

CuO(layer)[a] H2O/MeOH(l, 1:1) vis - - 97 - - - - - - [194] 

Cu2O(layer)[a] H2O/MeOH(l, 1:1) vis - - 409 - - - - - - [194] 

Pt+UiO-66(NH2)
[b] H2O/MeOH(l, 3:1) Xe-Hg 200 - 863 - - - - - - [253] 

UiO-66(NH2)
[b] H2O/MeOH(l, 3:1) Xe-Hg 200 - 308 - - - - - 3.5 [253] 

P:graphene H2O/MeOH(l, 7:3) Xe 1.3 W/m2 - 12 - - - - - - [244] 

N(5.4%):graphene H2O/MeOH(l, 7:3) laser (355 nm) 0.367 25 16041 - - - - - - [243] 
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Pt(0.5%)/g-C3N4 H2O/MeOH(l, 9:1) Xe (> 420 nm) 300 - 30 - - - - - - [247] 
[a] Formed by chemical vapour deposition. [b] UiO-66(NH2): poly-Zr–(2-amino)benzenedicarboxylate metal organic framework. 

 

Table 3. Ethanol Photoreforming Data  

   
P/W 

 
production rates/µmol gcat

−1 h−1 

 
 

photocatalyst reaction medium light source (I/mW cm−2) T/°C H2 CO2 CH3CHO CH4 CO C2H4 C2H6 Φa/% reference 
P25TiO2 EtOH(l) - 10 - - - 467 1.3 - - - - [100d] 

Ti2O3 EtOH(l) - 10 - 0.04 0.10 10 - - - - - [100d] 

TiO EtOH(l) - 10 - 0.17 - 65[a] 0.9 - - - - [100d] 

Bi(0.5% mol):TiO2 H2O/EtOH (l, 1:1) UVB (312 nm) 6 × 8 - 800 - - - - - - - [383] 

Pt(4.85%)/P25TiO2 EtOH(l) Hg 125 - 2022 18 1846[a] - - - - - [43] 

Pt(4%)/TiO2 EtOH(aq, 1.7% w/v) Xe 500 - 1693 - - - - - - - [108b] 

Pt(0.5%)/TiO2 EtOH (aq, 1 M) solar 450 40 5475 - - - - - - - [9] 

Pt(0.5%)/TiO2 EtOH (aq, 0.86 mM) solar 280 80 690 60 - - - - - - [38a] 

Pt(0.5%)/TiO2 EtOH(aq, 8.91 mM) solar 280 40 4950 - - - - - - - [38a] 

Pt(0.5%)/TiO2 EtOH(aq, 0.28 mM) Hg 450 40 22500 - - - - - - - [38a] 

Pt(0.4%)/TiO2(anatase) EtOH(aq, 0.05 M) Xe 150 - 4750 - - - - - - - [384] 

Pt(0.5%)/TiO2 EtOH(l) Hg (366 nm) 250 20 - - 2267 - - - - - [70] 

Pt(0.5%)/TiO2 H2O/EtOH(l, 4: 3) Hg 300 - 8600 - - - - - - - [372] 

Pt(5%)/TiO2(anatase) EtOH(l) Hg 400 r.t. 168 - 225 - - - - - [349a] 

Pt(5%)/TiO2(anatase) EtOH(aq, 0.1 M) Hg 500 - 40 - 34 - - - - - [59] 

Pt(1%, atom)/TiO2(anatase) H2O/EtOH (l, 20:1) UV (>365 nm) (2) - 3630 - - - - - - - [152] 

Pt(0.2%)/TiO2(anatase/brookite) EtOH(l, 96%) solar simulator 150 25 930 - - - - - - - [124] 

Pt(4%)/TiO2 H2O/EtOH(l, 1:1) Xe (> 320 nm) 500 - 2667 - - - - - - - [366] 

Pt(2%)/TiO2 EtOH(l) Xe 450 - 16081 - - - - - - - [108d] 

Pt(0.3%)/P25TiO2 EtOH(aq, 1 mM) Hg (> 320 nm) 250 - 800 - - - - - - - [356] 

Pt(0.5%)/TiO2 H2O/EtOH(l, 57:43%) Hg 300 - 7667 - - - - - - - [385] 

Pt(2.1%)/TiO2 EtOH(aq, 7.34 M) UV 300-400 nm 12 × 15 - 11074 15 11[b] 79 - - 123 - [330] 

Pt(0.6%)/TiO2(mesoporous) H2O/EtOH(l, 10:1) Hg (> 320 nm) 300 - 5615 - - - - - - - [140b] 

Pt(0.5%)/TiO2(porous) H2O/EtOH(l, 5:1) Hg 500 30 8075 - - - - - - - [120a] 

Pt(1%)/TiO2(aerogel) H2O/EtOH(l, 99:1) UV 400 - 7200 - - - - - - - [141] 

Pt(2%)/F:TiO2(nanosheets) H2O/EtOH(l, 3:1) Xe (20) - 16675 - - - - - - - [121a] 

Pt(0.5%)/TiO2(nanotubes) H2O/EtOH(l, 9:1) Xe (solar simulator) 350 - 47800 - - - - - - - [143b] 

Pt(1%)/TiO2(nanofibers) EtOH(l) UVA (352 nm) 2 × 15 r.t. 23850 - - - - - - - [128c] 

Pt(1%)/P25TiO2 EtOH(l) UVA (352 nm) 2 × 15 r.t. 22050 - - - - - - - [128c] 

Pt(1%)/TiO2(nanotubes) EtOH(l) Hg (315-400 nm) 2 × 15 r.t. 34750 - - - - - - - [113b] 

Pt(1%)/P25TiO2 EtOH(l) Hg (315-400 nm) 2 × 15 r.t. 27850 - - - - - - - [113b] 

Pt(1%)/P25TiO2 EtOH(l) UVA (352 nm) 2 × 15 r.t. 22000 - - - - - - - [128b] 

Pt(1%)/TiO2(nanofibers) EtOH(l) UVA (352 nm) 2 × 15 r.t. 23800 - - - - - - - [128b] 

TiO2(nanofibers) H2O/EtOH(l, 3:1 mol) UVB (312 nm) 6 × 3.15 - 300 - - - - - - - [129] 

Pt(1%)/TiO2(nanofibers) H2O/EtOH(l, 3:1 mol) UVB (312 nm) 6 × 3.15 - 22500 - - - - - - - [129] 

Pd(1%)/TiO2(nanofibers) H2O/EtOH(l, 3:1 mol) UVB (312 nm) 6 × 3.15 - 15300 - - - - - - - [129] 
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Pt/TiO2(layer) H2O/EtOH (l, 9:1) black light (300–400 nm) (0.80) - 10759 - - - - - - - [98] 

Pt/TiO2(layer) H2O/EtOH(l, 1:1) black light 4 × 4 - 8571 - - - - - - - [316] 

Pt/TiO2(layer) H2O/EtOH(l, 1:1) black light 4 × 4 - 9214 - - - - - - - [386] 

Pt(0.5%)/(S-Eu):TiO2 H2O/EtOH(l, 99:1) UV (80) - 3120 - - - - - - - [387] 

Pt(0.5%)/S:TiO2 H2O/EtOH(l, 99:1) UV (80) - 2880 - - - - - - - [387] 

Pt(0.5%)/P25TiO2 H2O/EtOH(l, 99:1) UV (80) - 4500 - - - - - - - [387] 

Pt(0.3%)/Gd:TiO2 H2O/EtOH(l, 50:1) Hg 300 - 9600 - - - - - - - [373] 

Pt(0.5%)/S:TiO2 H2O/EtOH(l) Xe (340) - 65 - - - - - - - [177] 

Pt(0.5%)/N:TiO2 H2O/EtOH(l) Xe (340) - 112 - - - - - - - [177] 

Pt(0.5%)/TiO2 H2O/EtOH(l) Xe (340) - 173 - - - - - - - [177] 

Pd(0.5%)/TiO2 H2O/EtOH(l, 1000:1) Xe 400 - 416 - - - - - - - [90a] 

Pd(2%)/P25TiO2 H2O/EtOH(l, 1:4) UV (365 nm) (6.5) - 33800 - - - - - - - [268a] 

Pt(0.5%)/P25TiO2 H2O/EtOH(l, 1:4) UV (365 nm) (6.5) - 41100 - - - - - - - [268a] 

Au(1%)/TiO2 EtOH(aq, 5 M) Hg (276-342 nm) (30) 37 4140 60 2860 80 - - - - [262] 

Pt(1%)/TiO2 EtOH(aq, 5 M) Hg (276-342 nm) (30) 37 6160 180 3280 180 - - - - [262] 

Au(2%)/P25TiO2 H2O/EtOH(l, 1:4) UV (365 nm) (6.5) - 33400 - - - - - - - [266] 

Pt(1%)/P25TiO2 H2O/EtOH(l, 1:4) UV (365 nm) (6.5) - 31700 - - - - - - - [266] 
P25TiO2 H2O/EtOH(l, 1:4) UV (365 nm) (6.5) - 1260 - - - - - - - [150] 

TiO2 (anatase from P25) H2O/EtOH(l, 1:4) UV (365 nm) (6.5) - 1400 - - - - - - - [150] 

TiO2 (rutile from P25) H2O/EtOH(l, 1:4) UV (365 nm) (6.5) - 400 - - - - - - - [150] 

Au(1%)/P25TiO2 H2O/EtOH(l, 1:4) UV (365 nm) (6.5) - 34200 - - - - - - - [150] 

Au(3%)/TiO2 (anatase from P25) H2O/EtOH(l, 1:4) UV (365 nm) (6.5) - 21700 - - - - - - - [150] 

Au(3%)/TiO2 (rutile from P25) H2O/EtOH(l, 1:4) UV (365 nm) (6.5) - 10300 - - - - - - - [150] 

Au(1%)/TiO2 EtOH(l) Hg 125 25 28542 22 28626 109 57 45 7 - [100a] 

Au(1%)/TiO2 EtOH(l) solar simulator (100) 25 6151 12 6522 17 - 11 - - [100a] 

Au(0.2% atom)/P25TiO2 H2O/EtOH(l, 19:1) Hg >360 nm (4-5) - 10200 - - - - - - - [284] 
P25TiO2 H2O/EtOH(l, 9:1) UV (365 nm) (6.5) - 1300 - - - - - - - [115] 

Au(1.5%)/P25TiO2 H2O/EtOH(l, 9:1) UV (365 nm) (6.5) - 9800 - - - - - - - [115] 

Au(1.5%)/TiO2(anatase) H2O/EtOH(l, 9:1) UV (365 nm) (6.5) - 7300 - - - - - - - [115] 

Au(1.5%)/TiO2(brookite) H2O/EtOH(l, 9:1) UV (365 nm) (6.5) - 4900 - - - - - - - [115] 

Au(1.5%)/TiO2(rutile) H2O/EtOH(l, 9:1) UV (365 nm) (6.5) - 400 - - - - - - - [115] 

Au(0.5%)/H2Ti3O7(nanotubes) H2O/EtOH(l, 9:1) UV (365 nm) (6.5) - 200 - - - - - - - [115] 

Au(0.5%)/TiO2(rutile) H2O/EtOH(l, 9:1) UV (365 nm) (6.5) - 400 - - - - - - - [115] 

Au(0.5%)/TiO2(anatase nanotubes) H2O/EtOH(l, 1:4) UV (365 nm) (6.5) - 31800 - - - - - - - [115] 

TiO2(anatase nanotubes) H2O/EtOH(l, 9:1) UV (365 nm) (6.5) - 900 - - - - - - - [115] 

Au(1.5%)/P25TiO2 H2O/EtOH(l, 9:1) UV (365 nm) (6.5) - 32200 - - - - - - - [115] 

Au(1%)/P25TiO2 H2O/EtOH(l, 3:1) UV LED (365 nm) (60) - 6923 - - - - - - - [287] 

Pd(1%)/P25TiO2 H2O/EtOH(l, 3:1) UV LED (365 nm) (60) - 9846 - - - - - - - [287] 

Au3Pd(1%)/P25TiO2 H2O/EtOH(l, 3:1) UV LED (365 nm) (60) - 10769 - - - - - - - [287] 

Pd3Au(1%)/P25TiO2 H2O/EtOH(l, 3:1) UV LED (365 nm) (60) - 13538 - - - - - - - [287] 

AushellPdcore(1%)/P25TiO2 H2O/EtOH(l, 3:1) UV LED (365 nm) (60) - 14769 - - - - - - - [287] 

PdshellAucore(1%)/P25TiO2 H2O/EtOH(l, 3:1) UV LED (365 nm) (60) - 18154 - - - - - - - [287] 

Au(2%)/TiO2(macroporous) H2O/EtOH(l, 199:1) sunlight (1) - 400 180 0.42 0.24 - 6 - - [285] 
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Au(0.5%)-Pd(0.5%)/TiO2(macroporous) H2O/EtOH(l, 199:1) sunlight (1) - 600 - - - - - - - [285] 

Au(0.5%)-Pd(0.5%)/TiO2 H2O/EtOH(l, 1:1) Hg 125 20 7500 - - - - - - - [100f] 

Au(0.5%)-Pd(0.5%)/TiO2 H2O/EtOH(l, 1:1) Xe (solar) 150 25 1600 - - - - - - - [100f] 

Au(4%)/TiO2 EtOH(l) UV (350 nm) 6 × 15 - 6930 - - - - - - - [114] 

Au(2%)/TiO2 EtOH(l) UV (350 nm) 6 × 15 - 5357 - - - - - - - [342] 

Au(4.0%)/TiO2(anatase) H2O/EtOH(l, 1:1) Xe 510-740 nm (10) - 1.7 - - - - - - - [388] 

AuPd/TiO2 H2O/EtOH(aq, 5 M) Xe 250-380 nm (12.7) - 2670 - - - - - - - [389] 

AuPd/TiO2 H2O/EtOH(aq, 5 M) Xe 385-740 nm (151) - 2570 - - - - - - - [389] 

Au(1.5%)/P25TiO2 EtOH(l) black light (7) - 6000 - - - - - - - [22] 

TiO2(rutile) H2O/EtOH(l, 1:1) Xe 500 - 8 - - - - - - - [390] 

RuO2(9%)/TiO2(rutile) H2O/EtOH(l, 1:1) Xe 500 - 263 - - - - - - - [390] 

Pd(9%)/TiO2(rutile) H2O/EtOH(l, 1:1) Xe 500 - 767 - - - - - - - [390] 

Pt(9%)/TiO2(rutile) H2O/EtOH(l, 1:1) Xe 500 - 1880 - - - - - - - [390] 

Rh(1%)/TiO2 EtOH(l) Hg 100 33 480 - - - - - - - [368] 

Pd(1%)/TiO2 EtOH(l) Hg 100 77 3532 - - - - - - - [368] 

Pt(1%)/TiO2 EtOH(l) Hg 100 71 3480 - - - - - - - [368] 

Ag(2%)/P25TiO2 H2O/EtOH(l, 20:1) UV (>365 nm) (6.5) - 3740 - - - - - - - [391] 

Au(1%)/TiO2/cordierite(monolith) H2O/EtOH(l, 1:1) fiber optics LED (365 nm) (0.2) 25 948 54 - - - - - - [329] 

Au(1%)/TiO2 H2O/EtOH(l, 1:1) fiber optics LED (365 nm) (0.2) 25 186 - - - - - - - [329] 

Au(1%)/TiO2/cordierite(monolith) H2O/EtOH(l, 1:1) fiber optics LED (365 nm) (0.2) 25 912 - - - - - - 38.0 [392] 

Au3Cu(1%)/TiO2/cordierite  EtOH(v) fiber optics LED (365 nm) (2.6) 25 4150 - 3800 - - - - - [288] 

Au3Cu(1%)/TiO2/cordierite  H2O/EtOH(v, 99:1) fiber optics LED (365 nm) (2.6) 25 2250 300 1350 - - - - - [288] 
P25TiO2(layer) H2O/EtOH(v, 19:1.5) Xe (100) - 532 21 484 24 33 - - - [268b] 

Au(0.5%)/P25TiO2(layer) H2O/EtOH(v, 19:1.5) Xe (100) - 2125 78 1812 84 118 - - - [268b] 

Cu(0.5%)/P25TiO2(layer) H2O/EtOH(v, 19:1.5) Xe (100) - 1862 55 1625 70 98 - - - [268b] 

Cu(1% )/P25TiO2 H2O/EtOH(l, 3:17) Hg 200 r.t. 9830 - - - - - - - [327] 

Pt(1.5%)/P25TiO2 H2O/EtOH(l, 1:4) UV (365 nm) (6.5) - 29500 - - - - - - - [273] 

CuO(1.25%)/P25TiO2 H2O/EtOH(l, 1:4) UV (365 nm) (6.5) - 20300 - - - - - - - [273] 

CuOx(2.5%)@TiO2 H2O/EtOH(l, 1:1) Hg 125 20 1400 - - - - - - - [272a] 

CuOx(1%)/TiO2 H2O/EtOH(l, 1:1) Hg 125 - 1700 - 250 - - 80 - - [277] 

CuOx(1%)/TiO2 H2O/EtOH(l, 1:1) solar simulator 150 - 800 - - - - - - - [277] 

Cu(1.0%)/TiO2(layer) H2O/EtOH (v, 19:1.5) solar simulator 300 - 1950 - 1000 67 83 - - - [120c] 

Cu(1.0%)/TiO2 H2O/EtOH(l, 1:1) Hg 125 - 833 20 240 20 - - 80 - [120c] 

Cu(1.0%)/TiO2 H2O/EtOH(l, 1:1) Hg 125 - 592 20 160 15 - 15 50 - [120c] 

CuO(Ti/Cu = 9)/C(fiber, 1%)/P25TiO2 H2O/EtOH(l, 9:1) Xe (> 320 nm filter) 300 - 2000 - - - - - - - [393] 
P25TiO2 H2O/EtOH(l, 1:4) UV (6.5) - 1200 - - - - - - - [278] 

Ni(0.5%)/P25TiO2 H2O/EtOH(l, 1:19) UV (6.5) - 24000 - - - - - - - [278] 

Au(2%)/P25TiO2 H2O/EtOH(l, 1:4) UV (6.5) - 32400 - - - - - - - [278] 

Pt(4%)/TiO2(rutile) H2O/EtOH(l, 1:1) Xe 500 - 1600 - - - - - - - [394] 

Rh(4%)/TiO2(rutile) H2O/EtOH(l, 1:1) Xe 500 - 830 - - - - - - - [394] 

Pd(4%)/TiO2(rutile) H2O/EtOH(l, 1:1) Xe 500 - 610 - - - - - - - [394] 

Ni(4%)/TiO2(rutile) H2O/EtOH(l, 1:1) Xe 500 - 290 - - - - - - - [394] 

TiO2 (rutile) H2O/EtOH(l, 1:1) Xe 500 - 37 - - - - - - - [394] 
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Ni/TiO2(mesoporous) H2O/EtOH(l, 1:19) Hg 1000 - 470 - - - - - - 38 [279] 

Cu/TiO2(mesoporous) H2O/EtOH(l, 1:19) Hg 1000 - 1627 - - - - - - 50 [279] 

Ag/TiO2(mesoporous) H2O/EtOH(l, 1:19) Hg 1000 - 427 - - - - - - - [279] 

Fe(20%)/TiO2 EtOH(aq, 1 M) Hg 150 25 2 5 - 3 - - 0.1 - [379] 

Fe(5.0%)-Ni(4.0%)-TiO2 H2O/EtOH(l, 9:1) Xe (11.7) 30 361 - - - - - - - [165] 

Ag-Fe-Ni/TiO2 H2O/EtOH(l, 9:1) Xe 500 30 794 - - - - - - - [166] 

Co(0.4%)/P25TiO2 H2O/EtOH(l, 4:1) Hg 200 - 805 - - - - - - - [395] 
P25TiO2 H2O/EtOH(l, 33:1) Hg 125 20 104 - - 23 13 - - - [283] 

Sn(0.24%)/RuO2(0.68%)/P25TiO2 H2O/EtOH(l, 33:1) Hg 125 20 13556 - - 1140 800 - - 2.6 [283] 

Sn(0.24%)/P25TiO2 H2O/EtOH(l, 33:1) Hg 125 20 461 - - - 39 - - - [283] 

TiO2(anatase) H2O/EtOH(l, 33:1) Hg 125 20 160 - - - - - - - [376] 

Sn(1%)/TiO2(anatase) H2O/EtOH(l, 33:1) Hg 125 20 540 - - - - - - - [376] 

Pt(3%)/TiO2(anatase) H2O/EtOH(l, 33:1) Hg 125 20 18400 - - - - - - - [376] 

Pt(3%)/Sn(1%)/TiO2(anatase) H2O/EtOH(l, 33:1) Hg 125 20 30200 - - - - - - - [376] 

H3PMo12O40/TiO2(8%)/Co-Y[c] H2O/EtOH(l, 4.8%) W 200 70 227 - - - - - - - [396] 

H3PW12O40/TiO2(10%)/Co-Na-Y[c] H2O/EtOH(l, 1:20) Hg 100 - 251 - - - - - - - [397] 

TiO2/[MoS2(95%)/RGO(5%)](0.5%) H2O/EtOH(l, 3:1) Xe 350 - 2066 - - - - - - 9.7[d] [217] 

TiO2/[RGO(10%)](0.5%) H2O/EtOH(l, 3:1) Xe 350 - 371 - - - - - - - [217] 

CuInS2(2.5%)/P25TiO2 H2O/EtOH(l, 4:1) Xe 300 - 273 - - - - - - - [233] 

RGO(16.7%)/P25TiO2 H2O/EtOH(l, 4:1) Xe 200 - 630 - - - - - - - [158a] 

Pt(0.5%)/Cu2O EtOH(aq, 2.5 M)[e] halogen (> 420 nm) (280) - 164 - - - - - - - [193] 

Cu2O EtOH(aq, 2.5 M)[e] halogen (> 420 nm) (280) - 64 - - - - - - - [193] 

Sn(II):SnO2 H2O/EtOH(l, 3.75%) Xe (> 365 nm) 300 - 11 - - - - - - - [187] 

N:TiO2/N:In2O3 H2O/EtOH(l, 4:1) Hg 450 - 1277 - - - - - - - [172] 

ε-Fe2O3(layer) EtOH(aq, 1.0 M) solar simulator 150 - 7541 - - - - - - - [196b] 

Ag/ε-Fe2O3(layer) EtOH(aq, 1.0 M) solar simulator 150 - 9050 - - - - - - - [196b] 

Au/ε-Fe2O3(layer) EtOH(aq, 1.0 M) solar simulator 150 - 16968 - - - - - - - [196b] 

α-Fe2O3(layer) EtOH(aq, 8.5 M) Xe (> 300 nm) 150 - 10000 - - - - - - - [196a] 

β-Fe2O3(layer) EtOH(aq, 8.5 M) Xe (> 300 nm) 150 - 100000 - - - - - - - [196a] 

ε-Fe2O3(layer) EtOH(aq, 8.5 M) Xe (> 300 nm) 150 - 60000 - - - - - - - [196a] 

F:Co3O4(layer) H2O/EtOH(l, 1:1) Hg 150 - 213000 4096 7373 2458 - - - - [197] 

F:Co3O4(layer) H2O/EtOH(l, 1:1) solar simulator - - 6500 4149 7883 2351 - - - - [197] 

CuO/ZnO(layer) H2O/EtOH(l, 1:1) solar 150 25 8508 - - - - - - - [195] 

VO2(layer) H2O/EtOH(l, 83:17) Hg 500 - 28571 - - - - - - - [198] 

SrTiO3 H2O/EtOH(l, 1:1) Hg 500 - 95 - - - - - - - [200] 

Pt(1%)/CaTiO3 H2O/EtOH(l, 4:1) Hg 500 30 3800 - - - - - - - [203] 

Pt(1%)/CaTi0.93Zr0.07O3 H2O/EtOH(l, 4:1) Hg 500 30 9600 - - - - - - 13.3 [203] 

Pt(0.5%)/SrTiO3 H2O/EtOH(l, 1:1) Hg 16 × 176 15 215 - - - - - - - [201a] 

Rh(0.5%)/SrTiO3 EtOH(l) UV (1) - 42 - - 18 - - - - [201c] 
IMPt(0.5%)/SrTiO3 EtOH(l) UV (1) - 240 - - 30 - - - - [201c] 

Sr2/3Zn1/3TiO3 H2O/EtOH(l, 97:3) Xe-Hg - - 732 - - - - - - - [201b] 

Ba5/6Zn1/6TiO3 H2O/EtOH(l, 97:3) Xe-Hg - - 575 - - - - - - - [201b] 

Pt(0.1%)/SiO2(pillars)-Ca2Nb3O10 H2O/EtOH(l, 9:1) Hg 450 - 5500 - - - - - - - [208] 
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Pt(1%)/BaTi4O9 H2O/EtOH(l, 5:1) Hg 500 30 8550 - - - - - - 11.7 [204] 

CoOx(1%)/BaTi4O9 H2O/EtOH(l, 5:1) Hg 500 30 3400 - - - - - - - [204] 

CuOx(1%)/BaTi4O9 H2O/EtOH(l, 5:1) Hg 500 30 1400 - - - - - - - [204] 

NiOx(1%)/BaTi4O9 H2O/EtOH(l, 5:1) Hg 500 30 500 - - - - - - - [204] 

Pt(0.15% )/Y2Ta2O5N2 H2O/EtOH(l, 4:1) Xe (> 420 nm) 300 - 37 - - - - - - - [209] 

Ru(0.35%)/Y2Ta2O5N2 H2O/EtOH(l, 4:1) Xe (> 420 nm) 300 - 170 - - - - - - - [209] 

Pt(0.15%)-Ru(0.35%)/Y2Ta2O5N2 H2O/EtOH(l, 4:1) Xe (> 420 nm) 300 - 833 - - - - - - - [209] 

Pt + H3PW12O40 EtOH(aq, 3.4 M) Hg (> 300 nm) 1000 - 53 - - - - - - - [398] 

Pt(5%)/CdS EtOH(aq, 0.17% w/v) Xe 500 r.t. 2767 - - - - - - - [214] 

Pt(5%)/SiC H2O/EtOH(l, 1:1) Xe 500 r.t. 40 - - - - - - - [214] 

Pt(5%)/SiC H2O/EtOH(l, 1:1) Xe (> 430 nm) 500 r.t. 22 - - - - - - - [214] 

Pt(5%)/GaP H2O/EtOH(l, 1:1) Xe 500 r.t. 14 - - - - - - - [214] 

Pt(5%)/Si H2O/EtOH(l, 1:1) Xe 500 r.t. 23 - - - - - - - [214] 

Pt(5%)/CdSe H2O/EtOH(l, 1:1) Xe 500 r.t. 57 - - - - - - - [214] 

Pt(5%)/MoSe2 H2O/EtOH(l, 1:1) Xe 500 r.t. 127 - - - - - - - [214] 

Pt(5%)/MoS2 H2O/EtOH(l, 1:1) Xe 500 r.t. 120 - - - - - - - [214] 

Pt(5%)/Fe3O4 H2O/EtOH(l, 1:1) Xe 500 r.t. 31 - - - - - - - [214] 

Pt(5%)/Fe2O3 H2O/EtOH(l, 1:1) Xe 500 r.t. 10 - - - - - - - [214] 

Pt(5%)/WO3 H2O/EtOH(l, 1:1) Xe 500 r.t. 3 - - - - - - - [214] 

Pt(5%)/WSe2 H2O/EtOH(l, 1:1) Xe 500 r.t. 160 - - - - - - - [214] 

Pt(5%)/GaAs H2O/EtOH(l, 1:1) Xe 500 r.t. 16 - - - - - - - [214] 

Pt(5%)/InP H2O/EtOH(l, 1:1) Xe 500 r.t. 9 - - - - - - - [214] 

ZnS H2O/EtOH(l, 5:1) Xe 150 25 100 - - - - - - - [399] 

ZnS H2O/EtOH(l, 7:1) Hg (> 290 nm) 125 - 2500 - - - - - - - [231b] 

CdS/Y[c] H2O/EtOH(l, 1:1) Hg-Xe 500 - 33 - - - - - - - [219] 

Pt(0.5%)/CdS EtOH(aq, 1 M, pH 3) Xe (> 450 nm) 750 - 173 - - - - - - - [213a] 

Pt(1%)/Cd0.6Zn0.4S/Zn(OH)2(63%) H2O/EtOH(l, 9:1)[f] LED (450 nm) (40) 20 2256 - - - - - - - [230] 

Pt(15%) + CdS H2O/EtOH(l, 1:1) Xe (> 320 nm) 500 - 1374 - - - - - - - [235] 

Pt(15%)/CdS0.75Se0.25 H2O/EtOH(l, 1:1) Xe (> 320 nm) 500 - 1 - - - - - - - [235] 

MoS2(0.2%)/CdS H2O/EtOH(l, 9:1) Xe (> 420 nm) 300 10 230 - - - - - - - [292] 

Pt(0.2%)/CdS H2O/EtOH(l, 9:1) Xe (> 420 nm) 300 10 150 - - - - - - - [292] 

CdS(Si/Cd = 50)/MCM-48 H2O/EtOH(l, 1:1) Xe (> 400 nm) 300 - 45 - - - - - - 16.6 [225b] 

CdS(Si/Cd = 40)/Ti-MCM-48 H2O/EtOH(l, 1:1) Xe (> 400 nm) 300 - 2730 - - - - - - 36.3 [225a] 

NiO(3%)/CdS/TiO2(nanorods) H2O/EtOH(l, 4:1) Xe (> 420 nm) 300 - 34 - - - - - - - [156] 

Ru(5%)/ZnS(Cd/Zn = 4)/CdS H2O/EtOH(l, 9:1) Xe (> 420 nm) (70) - 2800 - - - - - - - [224] 

Pt(5%) + TiSe2 EtOH(l) Hg (> 320 nm) 400 - 10 3 189 3 - - - - [349b] 

Pt(0.1%)/Ag(1.7%)-Ppy(0.5%)/n-Si[g] H2O/EtOH(l, 1:1) W-halogen 300 - 25 - - - - - - - [100e] 

n-Si H2O/EtOH(l, 1:1) W-halogen 300 - 2 - - - - - - - [100e] 

Pt(0.5%)/g-C3N4 H2O/EtOH(l, 9:1) Xe (> 420 nm) 300 - 24 - - - - - - - [247] 
[a] Combined acetaldehyde, 1-ethoxyethanol and 1,1-diethoxyethane yields. [b] Acetic acid (0.2 μmol gcat−1 h−1) was also formed. [c] Y: zeolite Y. [d] Measured at 365 nm. [e] Phosphate buffer used (pH 5). 
[f] NaOH(0.1 M). [g] Ppy: polypyrrole. 
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Table 4. Selected Photoreforming Data for Polyhydroxylated Substrates (Polyols)  

   
P/W 

 
production rates/µmol gcat

−1 h−1 

 
 

photocatalyst reaction medium light source (I/mW cm−2) T/°C H2 CO2 CH3CHO CH4 CO others Φa/% reference 

Pt(0.5%)/P25TiO2 glycerol(aq, 0.368 mM) solar simulator 450 40 330 113 - - - - - [9] 

Pt(0.5%)/P25TiO2 glycerol(aq, 1.1 M) solar simulator 450 40 2813 - - - - - - [9] 

Pt(0.5%)/P25TiO2 glycerol(aq, 17.7 mM) solar simulator 450 40 1151 300 - - - - - [24] 

Pt(0.5%)/P25TiO2 glycerol(aq, 20 mM) solar simulator 450 - 1950 525 205 - - [a] - [345] 

Pt(2%)/TiO2 glycerol(aq, 0.61 g/L) Hg 100 20 5087 1387 - - - - - [39b] 

Pt(0.1%)/TiO2(74% rutile) H2O/glycerol(l, 4:1) Xe 300 - 7784 - - - - - - [94b] 

Pt(1%)/TiO2 glycerol(aq, 2.7 mM) Hg 125 30 6000 2500 - 18 - 4[b] - [96] 

Pt(4%)/TiO2 H2O/glycerol (1:1) Xe (> 320 nm) 500 - 2500 - - - - - - [366] 

Pt(0.5%)/P25TiO2 + H3PW12O40(0.62 mM) H2O/glycerol(l, 9:1, pH 1.0) halogen (> 420 nm) 300 - 143 - - - - - - [400] 

Pt(0.5%)/P25TiO2 + H10P2W17O61(66 μM) H2O/glycerol(l, 9:1) halogen (> 420 nm) 300 - 131 - - - - - - [401] 

Pt(0.5%)/P25TiO2 + K5BW11O39H4(1 mM) H2O/glycerol(l, 9:1) halogen (> 420 nm) 300 - 130 - - - - - - [402] 

Pt(0.3%)/P25TiO2 glycerol(aq, 0.65 mM, pH 12) UV (366 nm) 2 × 15 - 317 - - - - - 1.1 [325] 

Pt(2%)/P25TiO2 glycerol(aq, 8.3 mM) Hg 100 20 4285 1836 - - - - - [39a] 

Pt(1%)/P25TiO2 H2O/glycerol(l, 30:1) Xe (> 320 nm) 300 10 4280 - - - - - - [334] 

Pt(2.1%)/TiO2 glycerol(aq, 7.34 M) UV (300-400 nm) 12 × 15 - 6335 72 6 - - - - [330] 

CuO(0.4%)/P25TiO2 glycerol(aq, 1 M) Xe 250 - 863 90 - - - - - [272b] 

Pt(0.5%)/TiO2(porous) H2O/glycerol(l, 4:1) Hg 500 30 6000 - - - - - - [120a] 

Pt(2%)/F:TiO2(nanosheets) glycerol(aq, 0.1 M) Xe (20) - 8455 - - - - - - [121a] 

Pt/(B,N):TiO2 H2O/glycerol(l, 19:1) Xe 300 - 8133 - - - - - - [359] 

Pt/N:TiO2 H2O/glycerol(l, 19:1) Xe 300 - 5133 - - - - - - [359] 

Pt/B:TiO2 H2O/glycerol(l, 19:1) Xe 300 - 4333 - - - - - - [359] 

P(5%):TiO2 H2O/glycerol(l, 19:1) Hg 500 60 1400 - - - - - - [175] 

Pt(0.3%)/Gd(0.5%):TiO2 H2O/glycerol(l, 50:1) Hg 300 - 9900 - - - - - - [373] 

Pd(0.5%)/P25TiO2 H2O/glycerol(l, 999:1) Xe 400 - 895 - - - - - - [90a] 

Pd(0.5%)/P25TiO2 H2O/glycerol(l, 999:1) Xe 400 - 1075 - - - - - - [346] 

Au(2%)/P25TiO2 H2O/glycerol(l, 999:1) Xe 400 - 590 - - - - - - [346] 
P25TiO2 H2O/glycerol(l, 9:1) UV (365 nm) (6.5) - 1900 - - - - - - [115] 

Au(0.5%)/P25TiO2 H2O/glycerol(l, 9:1) UV (365 nm) (6.5) - 27900 - - - - - - [115] 

Au(0.5%)/TiO2(anatase) H2O/glycerol(l, 9:1) UV (365 nm) (6.5) - 15000 - - - - - - [115] 

Au(0.5%)/TiO2(brookite) H2O/glycerol(l, 9:1) UV (365 nm) (6.5) - 13800 - - - - - - [115] 

Au(0.5%)/TiO2(rutile) H2O/glycerol(l, 9:1) UV (365 nm) (6.5) - 3200 - - - - - - [115] 

Au(0.5%)/TiO2(anatase nanotubes) H2O/glycerol(l, 9:1) UV (365 nm) (6.5) - 29200 - - - - - - [115] 

Au(1%)/TiO2(anatase) H2O/glycerol(l, 1:1) Xe 300 25 4900 - - - - - - [326] 

Pd(1%)/P25TiO2 H2O/glycerol(l, 3:1) UV LED (365 nm) (60) - 9846 - - - - - - [287] 

Au3Pd(1%)/P25TiO2 H2O/glycerol(l, 3:1) UV LED (365 nm) (60) - 13231 - - - - - - [287] 

Pd3Au(1%)/P25TiO2 H2O/glycerol(l, 3:1) UV LED (365 nm) (60) - 14769 - - - - - - [287] 

AushellPdcore(1%)/P25TiO2 H2O/glycerol(l, 3:1) UV LED (365 nm) (60) - 14923 - - - - - - [287] 

PdshellAucore(1%)/P25TiO2 H2O/glycerol(l, 3:1) UV LED (365 nm) (60) - 19631 - - - - - - [287] 

PdshellAucore(1%)/P25TiO2 H2O/crude glycerol(l, 3:1) UV LED (365 nm) (60) - 10109 - - - - - - [287] 

Au(1%)/TiO2/cordierite honeycomb H2O/glycerol(l, 1:1 mol) UV fiber optics (365 nm) (0.2) 25 768 - - - - - 32.0 [392] 
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Au(1%)/TiO2/cordierite honeycomb H2O/bio-glycerol(l, 1:1 mol) UV fiber optics (365 nm) (0.2) 25 300 - - - - - 12.0 [392] 

CuOx(2.5%)@TiO2 glycerol(aq, 1 M) Hg 125 20 970 - - - - - - [272a] 

CuOx(1%)/TiO2 glycerol(aq, 1 M) Hg 125 - 1200 220 - - - - - [277] 

CuOx(1%)/TiO2 glycerol(aq, 1 M) solar simulator 150 - 580 - - - - - - [277] 
P25TiO2 H2O/glycerol (0.1 M) UV LED (365 nm) (4 × 80) - 16 - - - - - - [274] 

CuO(1.3%)/P25TiO2 H2O/glycerol (0.1 M) UV LED (365 nm) (4 × 80) - 2061 - - - - - - [274] 

CuO(1.25%)/P25TiO2 H2O/crude glycerol(l, 1.04%) UVA (340 nm) - 40 92 - - - - - - [276] 

Pt(1.25%)/P25TiO2 H2O/crude glycerol(l, 5.2%) UVA (340 nm) - 40 36 - - - - - - [276] 

Cu2O/P25TiO2 glycerol(aq, 0.1 M) Xe (> 420 nm) (1.5) - 240 - - - - - - [403] 

Cu(10% mol)/TiO2 H2O/glycerol(l, 9:1) halogen 500 24 5772 - - - - - - [323] 

Cu(1.5%)/TiO2(nanorods) H2O/glycerol(l, 19:1) sunlight - - 50339 - - - - - - [128a] 

TiO2(nanorods) H2O/glycerol(l, 19:1) sunlight - - 2950 - - - - - - [128a] 
P25TiO2 H2O/glycerol(l, 19:1) sunlight - - 2100 - - - - - - [128a] 

CuO(1.5%)/TiO2(nanotubes) H2O/glycerol(l, 19:1) sunlight - - 99823 - - - - - - [336] 

NiO(2%)/TiO2(anatase/rutile = 7:3) H2O/glycerol(l, 9:1) Hg 500 50 1230 41 - 19 106 - - [280] 

CuO(2%)/TiO2(anatase/rutile = 7:3) H2O/glycerol(l, 9:1) Hg 500 50 1370 70 - 300 140 - - [280] 

CoO(2%)/TiO2(anatase/rutile = 7:3) H2O/glycerol(l, 9:1) Hg 500 50 660 50 - 60 100 - - [280] 

N:Cu(2.5% vs. Ti)/P25TiO2 H2O/glycerol(l, 9:1) Hg (> 320 nm) 450 30 1615 - - - - - - [167] 

RGO(3%)/TiO2 H2O/glycerol(l, 19:1) Hg 250 - 8226 - - - - - - [301] 

Cu2O(1%)/TiO2 H2O/glycerol(l, 19:1) Hg 250 - 16656 - - - - - - [301] 

TiO2 H2O/glycerol(l, 5:1) Hg 500 50 320 90 - - 130 - - [347] 

NiO(10%)/TiO2 H2O/glycerol(l, 5:1) Hg 500 50 900 590 - - 130 - - [347] 

NiO H2O/glycerol(l, 5:1) Hg 500 50 91 917 - - 2124 - - [347] 

Sn(0.24%)/RuO2(0.68%)/P25TiO2 H2O/glycerol(l, 33:1) Hg 125 20 31500 - - 140 7300 - 5.8 [283] 

RGO(3%)-Cu2O(1%)/TiO2 H2O/glycerol(l, 19:1) Hg 250 - 110968 - - - - - - [301] 

ZnO(nanorods)/RGO(12%) H2O/glycerol(l, 19:1) Xe 300 rt 92 - - - - - - [190] 

ZnO/RGO H2O/glycerol(l, 19:1) Xe 300 rt 82 22 - - - - - [232] 

ZnO@Bi2S3/ZnS/RGO H2O/glycerol(l, 19:1) Xe 300 rt 310 80 - - - - - [232] 

Pt(0.5%)/Au(3%)/WO3 glycerol(aq, 2 mM) Xe (450-600 nm) (83) - 132 56 - - - - - [186] 

Bi2WO6 H2O/glycerol(l, 1:1) Xe 300 - 7400 - - - - - - [210] 

β-Fe2O3/Si(100) CVD glycerol(l, 1.0 M) Xe (solar, > 300 nm) 150 - 7843 - - - - - - [196a] 

ε-Fe2O3/Si(100) CVD glycerol(l, 1.0 M) Xe (solar, > 300 nm) 150 - 25463 - - - - - - [196a] 

ZnS/ZnO(nanotube arrays) H2O/glycerol(l, 9:1) Xe 350 25 384 - - - - - - [191a] 

ZnS H2O/glycerol(l, 9:1) Xe 350 25 232 - - - - - - [191a] 

ZnO(nanotube arrays) H2O/glycerol(l, 9:1) Xe 350 25 38 - - - - - - [191a] 

ZnS(ZnS/ZnO = 1.5 mol)/ZnO(nanorods) H2O/glycerol(l, 93:7) Hg 125 80 2609 - - - - - - [191b] 

ZnS(ZnS/ZnO = 1.5 mol)/ZnO(nanorods) H2O/glycerol(l, 93:7) Xe (solar simulator) 500 - 388 - - - - - - [191b] 

MoS2(0.2%)/CdS H2O/glycerol(l, 9:1) Xe (> 420 nm) 300 10 370 - - - - - - [292] 

Pt(0.2%)/CdS H2O/glycerol(l, 9:1) Xe (> 420 nm) 300 10 170 - - - - - - [292] 

Pt/CdS H2O/glycerol(l, 9:11) Hg-Xe (> 418 nm) 500 - 394 - - - - - - [223b] 

Pt(0.5%)/Cd0.5Zn0.5S glycerol(aq, 1.368 M)[e] Hg (> 420 nm) 250 - 630 - - - - - - [64] 

Pt/Cd0.6Zn0.4S:(γ-Zn(OH)2) glycerol(l, 1:1)[f] Hg-Xe (> 418 nm) 500 - 239 - - - - - - [229] 

Pt(5%) + TiO2(anatase) ethylene glycol(aq, 0.1 M) Hg 500 - 32 - 11 - - 28[c] - [59] 
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Pt(4%)/TiO2 H2O/ethylene glycol(l, 1:1) Xe (> 320 nm) 500 - 1933 - - - - - - [366] 

Pt(2%)/TiO2 ethylene glycol(l) Xe 450 - 18762 - - - - - - [108d] 

Pt(2.1%)/TiO2 ethylene glycol(aq, 7.34 M) UV (300-400 nm) (12 × 15) - 7565 138 5 - - 0.6[d] - [330] 

Pt(0.6%)/TiO2(mesoporous) H2O/ethylene glycol(l, 10:1) Hg (> 320 nm) 300 - 2255 - - - - - - [140b] 

Pt(0.3%)/Gd:TiO2 H2O/ethylene glycol(l, 50:1) Hg 300 - 11100 - - - - - - [373] 

Au(2.26%)/TiO2 ethylene glycol(aq, 1 M) Hg 500 40 14600 1920 - - - - - [268c] 

Au(1.5%)/P25TiO2 H2O/ethylene glycol(l, 9:1) UV (365 nm) (6.5) - 20900 - - - - - - [115] 

Au(1.5%)/TiO2(anatase) H2O/ethylene glycol(l, 9:1) UV (365 nm) (6.5) - 12000 - - - - - - [115] 

Au(0.5%)/TiO2(anatase nanotubes) H2O/ethylene glycol(l, 9:1) UV (365 nm) (6.5) - 22700 - - - - - - [115] 

Au(1.5%)/P25TiO2 H2O/ethylene glycol(l, 9:1) UV (365 nm) (6.5) - 23100 - - - - - - [115] 

Pt(2%)/P25TiO2 erythritol(aq, 8.3 mM) Hg 100 20 4750 2106 - - - - - [39a] 

Pt(2%)/TiO2 arabitol(aq, 1.0 g/L) Hg 100 20 2497 532 - - - - - [39b] 

Pt(2%)/P25TiO2 arabitol(aq, 8.3 mM) Hg 100 20 5631 2571 - - - - - [39a] 
[a] Acetol, methanol and ethanol formed at 28, 13, 40 μmol gcat−1 h−1, respectively. [b] Ethane. [c] Glycolaldehyde. [d] Formic acid. [e] Solution containing NaOH(1 M). [f] Solution containing NaCl(1.5 M). 

Table 5. Selected Photoreforming Data for Aldehydes  

   
P/W 

 
production rates/µmol gcat

−1 h−1 

 
 

photocatalyst reaction medium light source (I/mW cm−2) T/°C H2 CO2 Φa/% reference 

Pt(2%)/TiO2 formaldehyde(aq, 0.20 g L−1) Hg 100 20 939 384 - [39b] 

Pd(0.5%)/TiO2 formaldehyde(aq, 18.6 M) Xe 400 - 1700 - - [57] 

Pt(0.5%)/P25TiO2 formaldehyde(aq, 0.01 M) Hg 250 - 550 - - [81] 

Au(0.43%)/P25TiO2 formaldehyde(aq, 0.05 M) Xe 300 - 247 - - [94a] 

Cu2O (110) H2O/formaldehyde(l, 4:1) Xe (5) r.t. 2740 - - [348] 

ZnO H2O/formaldehyde(l, 9:1) Xe 300 r.t. 33750 - - [189] 

SrTiO3 formaldehyde(aq, 1 M) Hg 150 - 41 - - [201d] 

Ni/LaNiO3−x-La2O2CO3 H2O/formaldehyde(l, 8:1) Xe (> 400 nm) 125 50 35 - - [404] 

Cu(Fe/Cu = 4)/LaFeO3 H2O/formaldehyde(l, 7:1) Xe (> 400 nm) 125 - 343 - - [211] 

Pt(3.8%) + CdS formaldehyde(aq, 5 M, pH 5) Hg (> 400 nm) 500 - 77 [a] - [218] 

Pt(0.5%)/TiO2 acetaldehyde(aq, 0.89 mM) solar simulator 280 40 75 - - [38a] 

Pt(0.5%)/TiO2(porous) H2O/acetaldehyde(l, 4:1) Hg 500 30 3000 - - [120a] 

Pt(2%)/TiO2 glyceraldehyde(aq, 0.60 g L−1) Hg 100 20 2241 790 - [39b] 

Pt(4.85%)/P25TiO2 H2O/propanal(l, 1:1) Hg 125 - 19 - - [43] 
[a] Traces of methanol were observed. 
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Table 6. Selected Photoreforming Data for Carboxylic Acids (or Carboxylates)  

   
P/W 

 
production rates/µmol gcat

−1 h−1   

photocatalyst reaction medium light source (I/mW cm−2) T/°C H2 CO2 CH4 CO C2H6 others Φa/% reference 

Pt(0.5%)/TiO2 formic acid(aq, 1.3 mM) solar 280 40 1275 - - - - - - [38a] 

Pt(0.5%)/P25TiO2 formic acid(aq, 0.01 M) Hg 250 - 1150 - - - - - - [81] 

Pt(2%)/TiO2(anatase) formic acid(v, 6 Torr) Hg 500 r.t. 50.3 54.2 - - - - - [315] 

Pt(0.5%)/TiO2 H2O/formic acid(v, 10:1) Hg 250 55 5400 4100 - 80 - - - [328] 

Au(0.43%)/P25TiO2 formic acid(aq, 0.05 M) Xe 300 - 452 - - - - - - [94a] 

Cu/TiO2(anatase) formic acid(aq, 1 M)[a] UV 125 25 5000 - - - - - - [320] 

(Ti,Cr):MCM-41 H2O/formic acid(l, 3:1) Xe (> 430 nm) 350 - 23.2 - - - - - - [405] 

SrTiO3 formic acid(aq, 1 M) Hg 150 - 280 - - - - - - [201d] 

Pt(0.5%)/Cu2O formic acid(aq, 2.5 M, pH 5) halogen (> 420 nm) (280) - 155 158 - - - - - [193] 

Cu2O formic acid(aq, 2.5 M, pH 5) halogen (> 420 nm) (280) - 65 64 - - - - - [193] 

CdS formic acid(aq, 2.5 M, pH 5) halogen (> 420 nm) (280) - 80 78 - 19 - - - [193] 

CdS K[HCO2](aq, 0.5 M) (> 400 nm) - - 80 - - - - - - [101] 

Pt(1.5%)/CdS H2O/formic acid(l, 18:1) Hg (> 420 nm) 400 - 1128 - - - - - - [220b] 

CdS H2O/formic acid(l, 18:1) Hg (> 420 nm) 400 - 79 - - - - - - [220b] 

Pt(0.05%)/CdS H2O/formic acid(l, 18:1) Hg (> 420 nm) 400 - 4460 - - - - - - [220a] 

CdS H2O/formic acid(l, 18:1) Hg (> 420 nm) 400 - 219 - - - - - - [220a] 

Pt(3,8%) + CdS formic acid(aq, 2 M, pH 5) Hg (> 400 nm) 500 - 385 385 - 77 - - - [218] 

Pt(15%) + CdS H2O/formic acid(l, 7:1) Xe (> 320 nm) 500 - 20102 - - - - - - [235] 

Pt(15%) + CdSe H2O/formic acid(l, 7:1) Xe (> 320 nm) 500 - 12210 - - - - - - [235] 

Pt(0.34%)/CdS(2.5%)/Al-HMS[b] H2O/formic acid(l, 4:1) Xe (> 420 nm) 350 - 1705 - - - - - - [220c] 

Ru(0.99%)/CdS(21%)/Al-HMS[b] H2O/formic acid(l, 4:1) Xe (> 420 nm) 350 - 2753 - - - - - 16.6 [225c] 

Ru(5%)/ZnS(Cd/Zn = 4)/CdS H2O/formic acid(l, 9:1) Xe (> 420 nm) (70) - 5800 4520 - - - - - [224] 

ZnS(Cd/Zn = 4)/CdS H2O/formic acid(l, 9:1) Xe (> 420 nm) (70) - 1263 - - - - - - [224] 

P25TiO2 acetic acid(aq, 1 mM) Hg 100 25 - 7 - - - - - [352] 

Pt(1-5%)/TiO2(anatase) AcOH(l) Xe-Hg 1600 55 - 1600 - - - - - [89a] 

Pt(1-5%)/TiO2(anatase) H2O/acetic acid(l, 1:9) Xe-Hg 1600 55 - 4060 - - - - - [89a] 

Pt(1-5%)/TiO2(anatase) H2O/acetic acid(l, 1:1) Xe-Hg 1600 55 - 1563 1322 - 120 - - [89a] 

Pt(3%)/TiO2(anatase) AcOH/Na[AcO](aq, 4.0:0.6 M) Hg (concentrated) 500 - 24 65 43 - 4 - - [89b] 

Pt(3%)/TiO2(rutile) AcOH/Na[AcO](aq, 4.0:0.6 M) Hg (concentrated) 500 - 9 11 10 - 1 - - [89b] 

Pt(2%)/TiO2(anatase) acetic acid(v, 11 Torr) Hg 500 r.t. 46 132 54 - 43 - - [315] 

Pt(2%)/TiO2(anatase) H2O/acetic acid(v, 24:11 Torr) Hg 500 r.t. 180 453 104 - 180 - - [315] 

Pt(2%)/TiO2(anatase) acetic acid(l) Hg 500 r.t. 46 290 163 - 12 - - [315] 

Pt(0.2%)/P25TiO2 H2O/acetic acid(l, 9:1) - (1000) - 66 - 92 - - - - [119] 

Pt(7%)/TiO2(rutile) H2O/acetic acid(l, 6:1, pH 2.1)[c] 
Hg (> 320 nm, >320 

nm) 
500 - 77 - 397 - - - - [37] 

Pt(7%)/TiO2(rutile) H2O/acetic acid(l, 6:1, pH 8.8)[c] 
Hg (> 320 nm, >320 

nm) 
500 - 367 - 2 - - - - [37] 

Pt(7%)/TiO2(anatase) Na[AcO](aq, 1.7% w/v, pH 7.4)[c] 
Hg (> 320 nm, >320 

nm) 
500 - 165 27 0.24 - - [d] - [37] 

Pt(0.5%)/P25TiO2 acetic acid(aq, 0.87 mM) solar simulator 280 40 278 - - - - - - [38a] 

Pt(1%)/TiO2 acetic acid(aq, 0.65% w/v) Hg 300 40 28478 - - - - - - [61] 
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Pt(0.6%)/TiO2(mesoporous) H2O/acetic acid(l, 10:1) Hg (> 320 nm) 300 - 390 - - - - - - [140b] 

Pt(0.5%)/TiO2(porous) H2O/acetic acid(l, 4:1) Hg 500 30 1000 - - - - - - [120a] 

TiO2/glass fabric acetic acid(aq, 1 M) Hg - 25 1 114 164 - 20 - - [353c] 

Cu(10%) + TiO2 acetic acid(aq, 1 M) Hg - 25 144 640 590 - 66 - - [406] 

Fe(10%)/TiO2 acetic acid(aq, 1 M) Hg - 25 7 102 93 - 4 - - [353b] 
P25TiO2 acetic acid(aq, 1 M) Hg - 25 2 141 50 - 4 - - [353b] 

Fe(20%)/TiO2 acetic acid(aq, 1 M) Hg - 25 7 257 260 - 15 - - [333] 

TiO2 acetic acid(aq, 1 M) Hg - 25 8 100 107 - 9 - - [353a] 

Eu(0.02% mol):TiO2 acetic acid(aq, 1 M) Hg - 25 9 88 108 - 4 - - [168] 

Sm(0.05% mol):TiO2 acetic acid(aq, 1 M) Hg - 25 3 131 124 - 3 - - [168] 

ZnO2 acetic acid(v, 665 Pa) Hg-Xe 1000 50 - 0.098 0.034 - - - - [44a] 

TiO2 acetic acid(v, 665 Pa) Hg-Xe 1000 50 - 0.370 0.018 - - - - [44a] 

WO3 acetic acid(v, 665 Pa) Hg-Xe 1000 50 - 0.026 0.003 - - - - [44a] 

MgO acetic acid(v, 665 Pa) Hg-Xe 1000 50 - 0.923 0.179 - - - - [44a] 

SiO2 acetic acid(v, 665 Pa) Hg-Xe 1000 50 - 0.336 0.168 - - - - [44a] 

γ-Al2O3 acetic acid(v, 665 Pa) Hg-Xe 1000 50 - 0.336 0.086 - - - - [44a] 

SiO2 acetic acid(v) Hg-Xe 1000 50 - 0.687 1.307 - - - - [44b] 

SrTiO3 acetic acid(aq, 1 M) Hg 150 - 13 - - - - - - [201d] 

Pt(7%)/TiO2(rutile) H2O/propionic acid(l, 6:1) 
Hg (> 320 nm, > 320 

nm) 
500 - 51 - - - 490 - - [37] 

Pt(7%)/TiO2(rutile) H2O/butyric acid(l, 6:1) 
Hg (> 320 nm, > 320 

nm) 
500 - 111 - - - 332[e] - - [37] 

Pt(7%)/TiO2(rutile) H2O/valeric acid(l, 6:1) 
Hg (> 320 nm, > 320 

nm) 
500 - 174 - - - 339[f] - - [37] 

PtOx/Fe2O3@TiO2 H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 1100 - - - - - - [407] 

Pt(5%)/TaO2.18Cl0.64 H2O/lactic acid(l, 7:3) Xe 300 - 1500 - - - - - - [408] 

Ce(4%mol):Sb(10%):SnO2 H2O/lactic acid(l, 7:1) Xe (> 320 nm) 300 - 8.5 - - - - - - [188] 

Pt(5%)/TiO2(rutile) H2O/lactic acid(l, 10:1) Xe 500 - 1008 1192 - - - [g] 71[h] [84] 

Pt(5%)/CdS H2O/lactic acid(l, 10:1) Xe 500 - 1000 13 - - - 667[i] 38[j] [84] 

Pt(1%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 8170 - - - - - - [217] 

Pt3Co(1%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 15860 - - - - - - [217] 

Co(1%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 1070 - - - - - - [217] 

Pt3Au(1%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 14900 - - - - - - [217] 

Pt3Ni(1%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 12810 - - - - - - [217] 

Pt3Cu(1%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 3890 - - - - - - [217] 

Pt(1%)/P25TiO2 H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 690 - - - - - - [217] 

Pt3Co(1%)/P25TiO2 H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 1040 - - - - - - [217] 

Pt3Au(1%)/P25TiO2 H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 890 - - - - - - [217] 

Pt3Ni(1%)/P25TiO2 H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 820 - - - - - - [217] 

Pt3Cu(1%)/P25TiO2 H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 460 - - - - - - [217] 

CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 150 - - - - - - [291b] 

MoS2(0.2%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 5400 - - - - - - [291b] 

Pt(0.2%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 4400 - - - - - - [291b] 
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Ru(0.2%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 3650 - - - - - - [291b] 

Rh(0.2%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 2500 - - - - - - [291b] 

Pd(0.2%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 1800 - - - - - - [291b] 

Au(0.2%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 400 - - - - - - [291b] 

WS2(1%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 4000 - - - - - - [293] 

Pt(1%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 3600 - - - - - - [293] 

Ru(1%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 2900 - - - - - - [293] 

Rh(1%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 2000 - - - - - - [293] 

Au(1%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 400 - - - - - - [293] 

NiS(1.2% mol)/CdS H2O/lactic acid(l, 7:3) Xe (> 420 nm) 300 - 7267 - - - - - 51.3 [99] 

CdS H2O/lactic acid(l, 7:3) Xe (> 420 nm) 300 - 210 - - - - - - [99] 

Pt(1% mol)/CdS H2O/lactic acid(l, 7:3) Xe (> 420 nm) 300 - 1333 - - - - - - [99] 

CoS(1.2% mol)/CdS H2O/lactic acid(l, 7:3) Xe (> 420 nm) 300 - 1000 - - - - - - [99] 

MoS2(0.9%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 20 13151 - - - - - - [291a] 

Pt(0.2%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 20 4880 - - - - - - [291a] 

CdS/Pt(2%)/TiO2(nanosheets) H2O/lactic acid(l, 9:1) Xe  350 - 14750 - - - - - - [155] 

CdS/Pt(2%)/P25TiO2 H2O/lactic acid(l, 9:1) Xe  350 - 13750 - - - - - - [155] 

Pt(2%)/P25TiO2 H2O/lactic acid(l, 9:1) Xe  350 - 3875 - - - - - - [155] 

MoS2(2.5%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 350 - 543 - - - - - - [294c] 

Pt(0.25%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 350 - 450 - - - - - - [294c] 

RGO-MoS2(2.5%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) 350 - 621 - - - - - 54.4[k] [294c] 

Pt(0.5%)/CdS/RGO(1%) H2O/lactic acid(l, 9:1) Xe (> 420 nm) 350 - 56000 - - - - - - [221] 

CdS/{MoS2/RGO(Mo/C = 2)}(2%) H2O/lactic acid(l, 4:1) Xe (> 420 nm) 300 - 9000 - - - - - 28.1[k] [294b] 

MoS2(1.5%)/CdS/RGO(1.5%) H2O/lactic acid(l, 9:1) Xe (> 420 nm) 350 - 1980 - - - - - - [294a] 

MoS2(0.2%)/g-C3N4(mesoporous) H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 1375 - - - - - - [249] 

Pt(2%)/g-C3N4(mesoporous) H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 1000 - - - - - - [249] 

WS2(0.5%)/g-C3N4(mesoporous) H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 340 - - - - - - [249] 

CdS + Co0.85Se(5%)/RGO-PEI[l] H2O/lactic acid(l, 20:3) LED (> 420 nm) 30 × 3 - 17600 - - - - - - [299] 

Pt(0.1%)/CdS H2O/lactic acid(l, 20:3) LED (> 420 nm) 30 × 3 - 18600 - - - - - - [299] 

CdS(9%)/Pt(1%)/P25TiO2 H2O/lactic acid(l, 4:1) Xe (> 420 nm) 300 20 5482 - - - - - - [409] 

CdS(9%)/Pt(1%)/Ga2O3 H2O/lactic acid(l, 4:1) Xe (> 420 nm) 300 20 9053 - - - - - - [409] 

CdS(9%)/Pt(1%)/In2O3 H2O/lactic acid(l, 4:1) Xe (> 420 nm) 300 20 9384 - - - - - - [409] 

NixB(0.8%)/CdS H2O/lactic acid(l, 9:1) Xe (> 420 nm) (180) - 4800 - - - - - 21 [300] 

CoP + CdS H2O/lactic acid(l, 19:1, pH 3)[c] LED (> 420 nm) 30 × 3 r.t. 202800 - - - - - - [297] 

Ni2P + CdS H2O/lactic acid(l, 19:1, pH 3)[c] LED (> 420 nm) 30 × 3 r.t. 143600 - - - - - - [297] 

Cu3P + CdS H2O/lactic acid(l, 19:1, pH 3)[c] LED (> 420 nm) 30 × 3 r.t. 77600 - - - - - - [297] 

MoP(16.7%)/CdS(nanorods) H2O/lactic acid(l, 10:1) visible (> 420 nm) - - 163200 - - - - - - [298] 

NiS(9%)-CdS(37%)/Te H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 317 - - - - - - [227] 

Pt(11%)-Pd(15%)/CdS(31%)/Te H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 236 - - - - - - [227] 

MoS2(1.5%)/CdS/UiO-66(50%)[m] H2O/lactic acid(l, 9:1) Xe (> 420 nm) 300 - 32500 - - - - - - [226] 

0.5% Pt/P25TiO2 oxalic acid(aq, 0.01 M) Hg 250 - 2850 - - - - - - [81] 

0.5% Pt/P25TiO2 oxalic acid(aq, 4.9 mM) Hg 250 - 1160 - - - - - - [60] 

Pt(0.3%)/P25TiO2 oxalic acid(aq, 1 mM) Hg (> 320 nm) 250 - 3750 - - - - - - [356] 
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Pt(2%)/TiO2 H2O/glycolic (0.51 g/L) Hg 100 20 284 109 - - - - - [39b] 

Pt(5%)/TiO2(rutile) H2O/glycolic (1:10 v/v) Xe 500 - 105 76 - - - [n] - [84] 

Pt(5%)/CdS H2O/glycolic (1:10 v/v) Xe 500 - 392 3 - - - 329[o] - [84] 

Pt(5%)/TiO2 H2O/pyruvic acid(l, 1:1) Xe 500 r.t. 110 813 - - - - - [214] 

Pt(5%)/WO3 H2O/pyruvic acid(l, 1:1) Xe 500 r.t. 0 207 - - - - - [214] 

Pt(5%)/Fe2O3 H2O/pyruvic acid(l, 1:1) Xe 500 r.t. 0 197 - - - - - [214] 

Pt(5%)/MoS2 H2O/pyruvic acid(l, 1:1) Xe 500 r.t. 0 383 - - - - - [214] 

Pt(2%)/TiO2 gluconic acid(aq, 1.3 g L−1) Hg 100 20 675 296 - - - - - [39b] 

Pt(5%)/TiO2 stearic acid(aq, 1.7% w/v) Xe 500 r.t. 29 - - - - - - [108a] 

Pt(2%)/TiO2 threonate(aq, 0.68 g L−1) Hg 100 20 1989 509 - - - - - [39b] 
[a] The solution also contained HClO4 (pH = 1) and NaCl (0.1 M). [b] HMS: hexagonal mesoporous silica. [c] Sodium hydroxide used to adjust pH. [d] Acetone, propionic acid, methanol and ethanol formed at 

0.30, 0.06, 0.07 and 0.06 μmol gcat
−1 h−1, respectively. [e] Propane. [f] Butane. [g] Acetaldehyde, acetic acid, ethanol and pyruvic acid formed at 900, 126, 39 and 17 μmol gcat

−1 h−1, respectively. [h] Measured at 360 

nm for a 1:1 lactic acid/H2O mixture. [i] Pyruvic acid. [j] Measured at 440 nm for a 1:1 lactic acid/H2O mixture. [k] Measured at 420 nm. [l] PEI: poly(ethyleneimine). [m] UiO-66: poly-Zr–benzenedicarboxylate 

metal organic framework. [n] Formaldehyde, glyoxylic acid and methanol formed at 31, 24 and < 0.5 μmol gcat
−1 h−1, respectively. [o] Glyoxylic acid. 

Table 7. Selected Photoreforming Data for Saccharides  

   
P/W 

 
production rates/µmol gcat

−1 h−1   

photocatalyst reaction medium[a] light source (I/mW cm−2) T/°C H2 CO2 CH4 CO Φa/% reference 

Pt(5%)/TiO2 glucose(aq, 1.7%) Xe 500 r.t. 377 - - - - [108a] 

Pt(0.5%)/P25TiO2 glucose(aq, 0.417 mM) solar simulator 300 40 848 308 - - - [317] 

Pt(0.5%)/P25TiO2 glucose(aq, 1%) solar simulator 300 40 2400 - - - - [317] 

Pt(0.5%)/P25TiO2 glucose(aq, 0.06 M) - - - 680 - - - - [62b] 

Pt(0.3%)/P25TiO2 glucose(aq, 0.46 mM, pH 10) UVA (366 nm) 15 × 2 - 307 - - - 1.1 [325] 

Pt(0.5%)/P25TiO2 glucose(aq, 5.3 mM) UVA (366 nm) 15 × 4 - 357 - - - - [321] 

Pt(2%)/TiO2 glucose(aq, 1.2 g L−1) Hg 100 20 941 433 - - - [39b] 

Pt(0.1%)/TiO2 (74% rutile) glucose(aq, 20%) Xe 300 - 749 - - - - [94b] 

Pt/TiO2(anatase) glucose(aq, 33%)[b] Hg (7)[c] 60 453 47 - - - [357] 

Pt/(B,N):TiO2 glucose(aq, 5%) Xe 300 - 2933 - - - - [359] 

Pt(2%)/F:TiO2(nanosheets) glucose(aq, 0.5 M) Xe (20) - 6680 - - - - [121a] 

Pd(0.5%)/TiO2 glucose(aq, 0.5%) Xe 400 - 569 - - - - [90a] 

Pt(1%)/TiO2 glucose(aq, 0.05%) Hg 125 30 3556 - - - - [410] 

Pd(1%)/TiO2 glucose(aq, 0.05%) Hg 125 30 2630 - - - - [410] 

Au(1%)/TiO2(anatase) H2O/glucose(l, 5:2 w/w) Xe 300 25 1600 - - - - [326] 

Pt(1%)/TiO2 glucose(aq, 0.025%) Hg 125 30 4100 - - - - [62a] 

Pd(1%)/TiO2 glucose(aq, 0.025%) Hg 125 30 4500 - - - - [62a] 

Rh(1%)/TiO2 glucose(aq, 0.025%) Hg 125 30 2100 - - - - [62a] 

Au(1%)/TiO2 glucose(aq, 0.025%) Hg 125 30 1950 - - - - [62a] 

Ag(1%)/TiO2 glucose(aq, 0.025%) Hg 125 30 400 - - - - [62a] 

Ru(1%)/TiO2 glucose(aq, 0.025%) Hg 125 30 400 - - - - [62a] 

TiO2 glucose(aq, 0.025%) Hg 125 30 200 - - - - [62a] 

Rh(0.3%)/P25TiO2 glucose(aq, 1.25 mM) Hg 300 - 1440 - - 4 - [95] 
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Cu(0.3%)/P25TiO2 H2O/glucose (1.25 mM) Hg 300 - 1080 - - 32 - [95] 

Pt(0.3%)/P25TiO2 H2O/glucose (1.25 mM) Hg 300 - 1000 - - 8 - [95] 

Ni(0.3%)/P25TiO2 H2O/glucose (1.25 mM) Hg 300 - 980 - - 10 - [95] 

Au(0.3%)/P25TiO2 H2O/glucose (1.25 mM) Hg 300 - 600 - - 3 - [95] 

Ru(0.3%)/P25TiO2 H2O/glucose (1.25 mM) Hg 300 - 400 - - 1 - [95] 

Ir(0.3%)/P25TiO2 H2O/glucose (1.25 mM) Hg 300 - 300 - - 2 - [95] 
P25TiO2 H2O/glucose (1.25 mM) Hg 300 - 20 - - 5 - [95] 

PdshellAucore(1%)/P25TiO2 glucose(aq, 25% w/w) UV LED (365 nm) (60) - 8865 - - - - [287] 

Fe(20%)/TiO2 glucose(aq, 1 M) Hg - 25 2 4 1 - - [379] 

Ni(5%)/TiO2-SiO2 glucose(aq, 1.25 g L−1) Hg 300 r.t. 1300 - - - - [411] 

Sn(0.24%)/RuO2(0.68%)/P25TiO2 glucose(aq, 0.06%) Hg 125 20 2444 - 15 600 0.5 [283] 

Pt(1%)/(CNT+TiO2) glucose(aq, 0.02 M) Hg 150 25 99 - - - - [159a] 

β-Fe2O3(layer) glucose(aq, 0.055 M) Xe (solar, > 300 nm) 150 - 2484 - - - - [196a] 

ε-Fe2O3(layer) glucose(aq, 0.055 M) Xe (solar, > 300 nm) 150 - 4259 - - - - [196a] 

Pt(0.5%)/SrTiO3 glucose(aq, 1.5 M) Hg 16 × 176 15 210 - - - - [201a] 

NiO(0.2%)/La(2% vs. Ta):NaTaO3 glucose(aq, 0.03%) Hg 125 30 14200 - - - - [206] 

Pt(0.2%)/La(2% vs. Ta):NaTaO3 glucose(aq, 0.03%) Hg 125 30 8660 - - - - [206] 

Pt(1%)/Bi0.5Y0.5VO4 glucose(aq, 0.1 M) Xe 350 - 51 - - - - [102] 

Pt(0.5%)/ZnS(17%)-ZnIn2S4 glucose(aq, 0.1 M)[d] metal-halogen (>420 nm) 400 rt 147 - - - - [58] 

Pt(0.5%)/Cd0.5Zn0.5S glucose(aq, 0.05 M)[e] Hg (> 420 nm) 400 rt 301 - - - - [63] 

Pt(0.5%)/P25TiO2 fructose(aq, 0.204 mM) Xe (solar) 300 80 900 - - - - [317] 

Pt(0.5%)/P25TiO2 fructose(aq, 1%) Xe (solar) 300 40 1950 - - - - [317] 

Pt(1%)/(CNT+TiO2) fructose(aq, 0.02 M) Hg 150 25 51 - - - - [159a] 

PdshellAucore(1%)/P25TiO2 fructose(aq, 25% w/w) UV LED (365 nm) (60) - 6065 - - - - [287] 

Pt(0.5%)/P25TiO2 galactose(aq, 1 M) solar 450 40 4200 - - - - [9] 

Pt(0.5%)/P25TiO2 mannose (aq, 1%) Xe (solar) 300 40 1725 - - - - [317] 

Pt(2%)/TiO2 xylose(aq, 1.0 g L−1) Hg 100 20 2567 786 - - - [39b] 

Pt(2%)/P25TiO2 xylose(aq, 8.4 mM)[f] Hg 100 - 725 363 - - - [39c] 

Pt(0.5%)/P25TiO2 arabinose(aq, 1%) Xe (solar) 300 40 2625 - - - - [317] 

Pt(1%)/TiO2(anatase) arabinose(aq, 0.02 M) Hg 150 25 105 - - - - [159a] 

Pt(0.5%)/P25TiO2 ribose(aq, 1%) Xe (solar) 300 40 2175 - - - - [317] 

Pt(1%)/TiO2 sucrose(aq, 0.025%) Hg 125 30 3100 - - - - [62a] 

Pt(5%)/TiO2 sucrose (aq, 1.7%) Xe 500 r.t. 307 - - - - [108a] 

Pt(0.5%)/P25TiO2 sucrose(aq, 0.06 M) - - - 450 - - - - [62b] 

Pt(0.3%)/P25TiO2 sucrose(aq, 0.22 mM)[g] UVA (366 nm) 15 × 2 - 233 - - - 0.8 [325] 

RuO2/Pt/TiO2 sucrose (aq, 0.325 g L−1) Hg 500 - 833 417 - - - [36] 

RuO2/Pt/TiO2 sucrose (aq, 15 g L−1) Xe 500 - 47 22 - - - [36] 

TiO2 sucrose (aq, 15 g L−1) Xe 500 - 0.3 - - - - [36] 

Pd(0.5%)/TiO2 sucrose(aq, 0.5%) Xe 400 - 391 - - - - [90a] 

V(1%)/TiO2(5%)/SiO2 sucrose(aq, 10%) Ne 200 - 116 48 - - - [358] 

Au(1%)/TiO2(5%)/SiO2 sucrose(aq, 10%) Ne 200 - 113 52 - - - [358] 
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Mn(1%)/TiO2(5%)/SiO2 sucrose(aq, 10%) Ne 200 - 112 47 - - - [358] 

N(1%)-S(1%):TiO2 sucrose(aq, 10%) Ne 200 - 114 55 - - - [358] 

TiO2(5%)/SiO2 sucrose(aq, 10%) Ne 200 - 27 - - - - [358] 

Pt/(B,N):TiO2 sucrose(aq, 5%) Xe 300 - 3133 - - - - [359] 

Pt(5%)/CdS sucrose(aq, 0.17%)[h] Xe 500 r.t. 830 - - - - [214] 

Pt(0.5%)/P25TiO2 lactose(aq, 1%) Xe (solar) 300 40 3000 - - - - [317] 

Pt(0.5%)/TiO2 lactose(aq, 1%) solar 450 40 2925 - - - - [9] 

Pt(0.5%)/P25TiO2 maltose(aq, 1%) Xe (solar) 300 40 2625 - - - - [317] 

Pt(0.5%)/P25TiO2 cellobiose(aq, 0.29 M) Xe (solar) 300 40 3375 - - - - [317] 

Pt(0.5%)/P25TiO2 cellobiose(aq, 1% w/v) solar 450 40 2775 - - - - [9] 

Pt(1%)/(CNT+TiO2)
 cellobiose(aq, 0.02 M) Hg 150 25 79 - - - - [159a] 

Pt(1%)/TiO2 starch(aq, 0.025%)[i] Hg 125 30 3750 - - - - [62a] 

Pt(1%)/TiO2 starch(aq, 0.025%) Hg 125 30 700 - - - - [62a] 

Pt(0.5%)/P25TiO2 starch(aq, 1%) Xe (solar) 450 40 975 - - - - [9] 

Pt(5%)/TiO2 starch(aq, 1,7%) Xe 500 r.t. 80 - - - - [108a] 

RuO2/Pt/TiO2 starch(aq, 3 g L−1) Xe 500 - 34 16 - - - [36] 

Pt(0.5%)/P25TiO2 cellulose(aq, 1%)[j] Xe (solar) 300 40 900 - - - - [317] 

Pt(0.5%)/P25TiO2 cellulose(aq, 1%) Xe (solar) 450 40 600 - - - - [9] 

Pt(0.32%)/P25TiO2 cellulose(aq, 0.67%) UV 366 nm 15 x 4 - 225 - - - - [313b] 

Pt(0.32%)/P25TiO2 cellulose(aq, 0.67%) natural sunlight (450) - 196 - - - - [313b] 

Pt(5%)/TiO2 cellulose(aq, 1.7%) Xe 500 r.t. 13 - - - - [108a] 

RuO2/Pt/TiO2 cellulose(aq, 3 g L−1) Xe 500 - 12 7 - - - [36] 
[a] Percentages are given as weight-to-volume unless otherwise stated. [b] The solution also contained Na[H2PO4] (0.5 M). [c] Irradiance measured at 366 nm. [d] Sodium hydroxide used to adjust pH 

at 12.55. [e] The solution also contained NaOH (0.1 M). [f] Obtained from rice straw by hydrolysis. [g] Performed using tap water and at pH = 10. [h] The solution also contained NaOH (5 N). 
[i] Pretreated under microwave irradiation. [j] Pretreated by acid-catalysed hydrolysis. 
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Table 8. Selected Photocatalytic H2 Production Data from either Raw Biomass or Waste Streams  

   
P/W 

 
production rates/µmol gcat

−1 h−1 

 
 

photocatalyst reaction medium[a] light source (I/mW cm−2) T/°C H2 others Φa/% reference 

Pt(0.32%)/P25TiO2 H2O/rice husks(l/s, 0.67%) UVA (366 nm) 15 × 4 - 100 - - [313b] 

Pt(0.32%)/P25TiO2 H2O/rice husks(l/s, 0.67%) natural sunlight (45) - 95 - - [313b] 

Pt(0.32%)/P25TiO2 H2O/alfalfa stems(l/s, 0.67%) UVA (366 nm) 15 × 4 - 100 - - [313b] 

Pt(5%)/TiO2 H2O/chlorella(l/s, 0.3%) Xe 500 r.t. 24 - - [108a] 

Pt(5%)/TiO2 H2O/chlorella(l/s, 0.3%)[b] Xe 500 r.t. 90 - - [108a] 

Pt(5%)/TiO2 H2O/laver(l/s, 0.3%)[b] Xe 500 r.t. 111 - - [108a] 

Pt(5%)/TiO2 H2O/olive oil(l/l, 1.7%) Xe 500 r.t. 11 - - [108a] 

Pt(5%)/TiO2 H2O/rice plant(l/s, 0.3%) Xe 500 r.t. 8 - - [108a] 

Pt(5%)/TiO2 H2O/turf(l/s, 0.3%) Xe 500 r.t. 7 - - [108a] 

Pt(5%)/TiO2 H2O/seaweed(l/s, 0.3%) Xe 500 r.t. 25 - - [214] 

Pt(5%)/TiO2 H2O/sweet potato(l/s, 0.3%) Xe 500 r.t. 13 - - [214] 

Pt(0.2%)/TiO2 H2O/sodium humate(l/s, 0.1 g L−1) solar simulator (100) - 61 [c] - [362] 

Pt(0.5%)/P25TiO2 H2O/olive mill wastewater(l, 3.3%) UVA (366 nm) 15 × 4 - 183 - - [321] 

Pt(0.5%)/P25TiO2 H2O/olive mill wastewater(l, 3.3%)[d] UVA (366 nm) 15 × 4 - 342 - - [321] 

Pt(0.5%)/P25TiO2 H2O/olive mill wastewater(l, 3.3%) solar simulator (25) - 20 - - [321] 

Au(0.5% mol)/TiO2 municipal wastewater[e] sunlight - - 22 - - [335] 

LaMnO3/CdS sewage sludge Xe 300 - 129 - - [365] 

Pt(0.3%)/P25TiO2 H2O/swine sewage (1%)[f] UVA (366 nm) 15 × 2 - 147 - 0.5 [325] 

Pt(0.3%)/P25TiO2 H2O/swine sewage (1%)[f] solar simulator (25) - 197 - - [325] 
[a] Percentages are given as weight-to-volume unless otherwise stated; reaction media are assumed to be in the form of suspensions. [b] The solution also contained NaOH (5 N). [c] Methane, 
ethylene, ethane and oxygen formed at 3, 3, 1 and 16 μmol gcat

−1 h−1, respectively. [d] Degreased on magnesium silicate. [e] The ionic conductivity of the aqueous phase was 2.0 mS cm−1. 

[f] Performed using tap water and at pH = 10. 
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8. Conclusions and prospects 

The production of hydrogen from renewable biomass derivatives and water using appropriate 

photocatalytic materials represent paradigms of highly efficient light harvesting and chemical 

energy transformation, as illustrated by the plethora of successful examples reported during the last 

decades. Oxygenated substrates such as alcohols, aldehydes, carboxylic acids or saccharides may 

undergo selective light-induced reforming (photoreforming) into H2 and CO2 under ambient 

conditions, as opposed to thermal processes, which result in degradation issues and formation of 

side products. Photoreforming processes take place by utilising large proportions of the total 

amount of absorbed photons, or in other words, at elevated quantum yields—apparent quantum 

efficiencies approach 80%. Moreover, the generation of nearly maximum amounts of H2 relative to 

those expected from stoichiometry can be attained. This implies that the generated hydrogen carries 

with it essentially the entire energy content of the initial organic feedstock. In terms of free energy 

and calorific values, net storage of radiative energy into the formed hydrogen is possible. 

The most active materials for the photoreforming of a range of biomass-derived substrates are 

generally nanocomposites of titanium dioxide and supported metal co-catalysts which display high 

H2 evolution activity. Since TiO2 is only responsive to UV irradiation, other semiconductors 

extending the operational spectrum to the visible region are intensely sought. Among the latter, 

metal sulfides (especially CdS) are widely employed, yet prone to degrade by photocorrosion. 

Novel alternatives to this include carbon-based materials such as graphitic carbon nitride, graphene 

oxide or semiconducting polymers. Regarding co-catalysts, noble metals in the form of supported 

nanoparticles are the best performers, although researchers are boldly turning their eyes to earth-

abundant metals (chiefly copper and nickel) given their lower cost and safer supply. 

Model oxygenated substrates derived from biomass (bio-ethanol or crude glycerol) produce H2 at 

extremely high rates by photocatalysis, and therefore, they can be considered “hydrogen carriers”. 

Integration of their photoreforming into power generation systems might be envisaged. More 

complex and structurally intricate biomass derivatives tend to result in slower H2 production rates, 

and thus, their use is expected to become feasible in cases where they are part of low-cost by-

products or waste to be valorised. From this perspective, agricultural residues rich in lignocelluloses 

and wastewater streams containing significant concentration of degradable organic matter might 

become valuable resources for the generation of hydrogen. In general, any biomass photoreforming 

strategy entails an additional benefit regarding sustainability, since it can be activated by the 

essentially inextinguishable solar light as the only energy input.  
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Figure 1. Schematic representation of water splitting, biomass (CxHyOz) oxidation and biomass 

reforming reactions over an irradiated M/TiO2 (M = noble metal) photocatalyst. All reactions are 

initiated by light absorption on M/TiO2 generating separated charges (e− and h+) in the conduction 

(CB) and valence bands (VB), respectively. In anaerobic conditions, production of H2 (i) and O2 

(iii), that is, water splitting, can take place. Oxidation of oxygenated organic compounds (iv) 

proceeds in the presence of O2, which is then reduced to water (ii). Biomass photoreforming takes 

place in the absence of O2, and can be thus considered a combination of water splitting and biomass 

oxidation. Adapted from reference [9]. 

 

Figure 2. Typical routes for the production of H2 from lignocellulosic biomass, including (i) direct 

gasification pathways and (ii) indirect pathways based on the reforming of oxygenated derivatives. 

 

Figure 3. Biomass-derived oxygenated substrates, classified into generic families (in italics) 

according to their chemical structures and functionalities. The substances are related to their sources 

and the corresponding transformation processes involved: i: pyrolysis; ii: hydrolysis; iii: 

transesterification; iv: hydrogenation; v: dehydration; vi: fermentation. The most frequently studied 

oxygenates for the production of H2 via photocatalytic reforming are highlighted in bold font. 

 

Figure 4. Free energy change vs. temperature for the gas phase reforming reaction of different 

substrates in the presence of water, producing CO2 and H2; methane (solid line), ethanol (dotted 

line) and methanol (dashed line). Data have been calculated considering the following conditions: 

P(substrate) = 2 atm; eq(H2O)/eq(substrate) = 2; conversion = 0.5% molar (C) yield. 

 

Figure 5. Energy profiles of ethanol reforming (centre), ethanol combustion (left) and H2 

combustion (right). Standard free energy and enthalpy changes, normalised for one mole of ethanol, 

are represented along the schematic representation of each transformation. 

 

 

Figure 6. Heats of combustion, normalised per mole of carbon, of several model oxygenates (grey 

bars) and of the equivalent amounts of H2 (white bars) which can be obtained from them by 

reforming (values in kJ mol−1 indicated inside the bars). The relative increase in heating values is 

indicated above the H2 bars. 

 

Figure 7. Left: Transient spectra of TiO2 irradiated by a 355 nm laser pulse at different delay times. 

Right: Possible transitions in TiO2 upon absorption of photons of energy higher than its band gap 

and subsequent absorption of the photo-excited charges upon further IR absorption: intra-band 

electron transitions (a), trapped electron transition to the conduction band (b), intraband hole 

transition (c), and trapped hole transition to the valence band. According to energy differences, it 
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was suggested that electron transitions are responsible for the feature-less absorbance in the IR 

spectrum. Left: Reprinted with permission from reference [46]. Copyright (2001) American 

Chemical Society. Right: Reprinted with permission from reference [45a]. Copyright (2001) 

Elsevier. 

 

Figure 8. Left: Transient IR (2000 cm−1) absorption observed on TiO2 irradiated by a 355 nm laser 

pulse at t = 0 in the presence or absence of O2 (10 Torr). Right: Transient IR (2000 cm−1) absorption 

observed on TiO2 irradiated by a 355 nm laser pulse at t = 0 in the presence or absence of H2O 

(10 Torr). Reprinted with permission from reference [46]. Copyright (2001) American Chemical 

Society. 

 

Figure 9. Left: Transient IR (2000 cm−1) absorption observed on TiO2 and Pt/TiO2 irradiated by a 

355 nm laser pulse under vacuum at t = 0 in the presence or absence of O2 (10 Torr). Centre: 

Transient IR (2000 cm−1) absorption observed on Pt/TiO2 irradiated by a 355 nm laser pulse at t = 0 

in the presence or absence of H2O (10 Torr). Right: Transient IR (2000 cm−1) absorption observed 

on Pt/TiO2 irradiated by a 355 nm laser pulse at t = 0 in the presence of H2O/CH3OH mixtures 

(10 Torr). Left and centre: Reprinted with permission from reference [46]. Copyright (2001) 

American Chemical Society. Right: Reprinted with permission from reference [52]. Copyright 

(2003) American Chemical Society. 

 

Figure 10. UV-visible absorption spectra of TiO2 nanocrystalline films in the ground state and of 

trapped holes after excitation by a 355 nm laser (A), and time profiles of transient absorption 

(400 nm) of TiO2 in the presence of air, water or different alcohols (B). The ultra-fast hole 

consumption by alcohol (photo-)oxidation is evidenced by the decay of the transient hole signal at 

times shorter than 1 ns. Reprinted with permission from reference [56]. Copyright (2006) American 

Chemical Society. 

 

Figure 11. Initial rate of H2 evolution (r) from aqueous suspensions of Pt/TiO2 versus the initial 

concentration of glucose (C). The inset shows the linear relationship (1/r vs. 1/C) based on the 

Langmuir-Hinshelwood kinetic model. Reprinted with permission from reference [62a]. Copyright 

(2008) Elsevier. 

 

Figure 12. Suggested reactions occurring on photo-activated TiO2 under aerobic (top, adapted with 

permission from reference [66a]; copyright (1995) American Chemical Society) or anaerobic 

(bottom) conditions, resulting in overall oxidation or reforming processes, respectively. Both 

pathways involve oxidation of organic substances ({red}) into primary products ({ox}), either 

directly for adsorbates (ad) or indirectly by hydroxyl radicals for loosely adsorbed or solvated 

species (aq). In aerobic oxidation, O2 is expected to be transformed into a number of activated 

oxygen species (highlighted in bold), which may be responsible in a substantial part for the 

complete mineralisation of organic matter in thermal reactions (elementary steps illustrated in grey). 

In contrast, in the absence of O2, all electron transfer reactions are expected to be activated by light, 

and primarily oxidised species should become the reduced substrates for further oxidation steps 

(ideally until complete mineralisation), as indicated by dashed arrows. 
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Figure 13. Schematic illustration of TiO2 surfaces in the presence of water (a), and after ethanol 

physisorption in mobile water layers (b); the latter scenario evolved either to water removal and 

ethanol condensation with titanol residues to form adsorbed ethoxide upon increasing temperature 

(c), or to ethanol mineralisation under aerobic conditions and UV irradiation. Reprinted with 

permission from reference [78]. Copyright (2003) American Chemical Society. 

 

Figure 14. Schematic representation of the adsorption of molecules containing carboxylate 

functionalities on different semiconductor surfaces. Top: adsorption of formate and oxalate on TiO2 

via carboxylate or geminal “dioxo” modes, respectively. Bottom: adsorption of lactic acid on TiO2 

or CdS surfaces via strong “dioxo” bonding or electrostatic carboxylate interaction, respectively. 

Top: Reprinted with permission from reference [81]. Copyright (2003) Elsevier. Bottom: Reprinted 

with permission from reference [83]. Copyright (1998) The Chemical Society of Japan. 

 

Figure 15. Schematic representation of the proposed CO mechanistic route for the photoreforming 

of an alcohol on a Pd/TiO2 material, whereby the substrate is dissociated on the metallic particle 

into adsorbed CO, adsorbed atomic hydrogen, and an alkane. Hydrogen atoms would couple to 

form gaseous H2. Upon light absorption, the generated holes and electrons (represented by the 

O•−/Ti3+ pair) would unleash CO oxidation into CO2, and water reduction into H2, respectively. 

Reprinted with permission from reference [90b]. Copyright (2011) Elsevier. 

 

Figure 16. Schematic representation of the proposed carbonyl mechanism for the photoreforming 

of an alcohol, whereby the adsorbed alkoxide is dehydrogenated by a hole at the surface of TiO2 (a), 

and a subsequent electron transfer results in the corresponding ketone or aldehyde (b). Further 

oxidative C-C scission would lead to a carboxylic acid and an alkyl radical (R• or R’•, (c)). The acid 

would then decarboxylate into CO2 and alkane, whereas alkyl radicals may be either oxidised by 

[OH]• into alcohols or coupled to H• or other alkyl radicals to form RH or R2-type alkanes (d). 

Finally, protons formally released from the different reaction steps would be reduced with 

concomitant H2 evolution. Reprinted with permission from reference [96]. Copyright (2011) 

Elsevier. 

 

Figure 17. Suggested acetic acid photoreforming reaction network, illustrating the varied 

transformations which can take place from the methyl radical formed by the initial decarboxylation. 

Reprinted with permission from reference [37]. Copyright (1984) American Chemical Society. 

 

Figure 18. Suggested and consolidated mechanism for the reforming of oxygenated substrates (R, 

R’ = H or Cn; Cn = linear backbone having n carbon atoms), promoted by photo-generated holes (h+) 

and electrons (e−). On the oxidation side, the “helical”, pseudo-cyclic route proposed accounts for 

the sequential transformation of primary and secondary alcohols into the corresponding carbonyl 

compounds (aldehydes and ketones, respectively), the oxidative dissociation of the latter into 

carboxylic acids and alkyl radicals, and the oxidative decarboxylation of the acids. At the end of 

each cycle the alkyl radicals would be coupled to hydroxyl radicals forming new, shorter-chain 
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alcohols (R or R’ become Cn−1 chains), thus closing the helical loop (dashed arrows). Reforming of 

the smaller alcohols would continue, ideally until complete oxidation into CO2. Molecules with 

multiple hydroxyl groups, such as polyols or saccharides would be efficiently oxidised via the inner 

cycle. Protons would be reduced to hydrogen atoms and subsequently evolve as H2 (left), whereas 

radical coupling side reactions would lead to alkane by-products. All depicted species have been 

observed experimentally except those shown as shaded structures. Any of the oxidation steps 

depicted can in theory be promoted by holes or by [OH]•, and the formal representation in either 

way is only for illustration purposes. Likewise, the involvement of protons is also proposed from a 

formal point of view, and the real situation is expected to depend on the pH of the solution. 

 

Figure 19. Energy positions of conduction band edges and valence band edges for selected metal 

oxide (top) and metal sulfide (middle) semiconductors. Horizontal lines represent the redox 

potentials for water reduction and oxidation. A comparison of some metal oxides or sulfides to 

counterparts composed solely by non-metals is also depicted (bottom). Top and middle: Reprinted 

with permission from reference [41]. Copyright (2000) Mineralogical Society of America. Bottom: 

Reprinted with permission from reference [5d]. Copyright (2009) The Royal Society of Chemistry. 

 

Figure 20. Illustration showing the dependence of TiO2 phases, surface area and crystallinity as a 

function of calcination temperature. This simplistic (yet concise) representation shows that 

increasing temperatures result in higher mobility of carriers and diminished amount of surface 

active sites, in principle enhancing and impairing photocatalytic activities, respectively. Reprinted 

with permission from reference [5d]. Copyright (2009) The Royal Society of Chemistry. 

 

Figure 21. Energy diagram of rutile/anatase junctions based on XPS data. ECBM and EVBM denote 

the positions of the conduction band and valence band, respectively. ΔEC and ΔEV (valence band 

offset and conduction band offset, respectively) dictate deeper energy states for anatase, and thus, 

preferential transfer of photo-generated electron from rutile to anatase. ΔECL is the core level offset 

between the Ti 2p3/2 core levels. Reprinted with permission from reference [151]. Copyright (2013) 

Macmillan Publishers Limited. 

 

Figure 22. Calculated density of states of non-metal-doped TiO2. The doping elements were located 

at substitutional sites for O atoms, except in cases where N was located only at interstitial sites (Ni-

doped structures) or at both interstitial and substitutional sites (Ni+s-doped structures). Substitutional 

nitrogen doping was shown to add new states above the valence band, resulting in effective band 

gap narrowing. Reprinted with permission from reference [169]. Copyright (2001) American 

Association for the Advancement of Science. 
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Figure 23. The idealised model of the growth of metallic nanoparticles on a surface. As the 

diameter of the particles increases, the perimeter length reaches a maximum, to decrease again 

above that value. Reprinted with permission from reference [91a]. Copyright (2003) Elsevier. 

 

Figure 24. A typical TEM micrograph of a Pt/TiO2 material prepared by deposition-precipitation of 

platinum (2% by weight) on a P25 powder. Highly dispersed Pt nanoparticles can be seen on the 

surface of larger titania particles. Reprinted with permission from reference [266]. Copyright (2013) 

Springer. 

 

Figure 25. High resolution TEM micrographs of random AuPd alloy (a), Aushell-Pdcore (b) and 

Pdshell-Aucore (c) nanoparticles. Reprinted with permission from reference [287]. Copyright (2014) 

American Chemical Society. 

 

Figure 26. HRTEM micrographs of MoS2(1%)/CdS prepared by impregnation of molybdenum on 

the support at two different magnifications. The image on the right shows the intimate contact 

between both sulfide phases which presumably facilitates electron transfer across the junction. 

Reprinted with permission from reference [291b]. Copyright (2008) American Chemical Society. 

 

Figure 27. Structures of two hydrogen-evolving Co complexes used in conjunction with CdTe 

quantum dots. Reprinted with permission from reference [239a]. Copyright (2014) American 

Chemical Society. 

 

Figure 28. Emission spectra of a Xe lamp with no filters applied (grey) and a solar simulator, 

equipped with a Xe lamp and a standard AM 1.5 filter (black). 

 

Figure 29. Arrhenius plots for acetone formation in irradiated (366 nm) 2-propanol suspensions 

containing bare TiO2 (anatase, open circles) or Pt(0.5%)/TiO2 (filled circles) at different radiation 

intensities: 3.2 × 10−7 (i), 0.65 × 10−7 (ii), 0.14 × 10−7 mol(photons) s−1 (iii). The flat areas (Ea = 0) 

at high temperatures represent regimes where reaction rates are only limited by irradiance, whereas 

classical Arrhenius behaviour is observed at lower temperatures (sloped areas, Ea > 0). Reprinted 

with permission from reference [70]. Copyright (1987) The Royal Society of Chemistry. 

 

Figure 30. Energy diagram showing the Nernstian behaviour of the redox potentials of water 

reduction and oxidation, hydroxide oxidation and the acetaldehyde/ethanol pair, as compared to the 

less pH-dependent band positions of CdS. As a result of this situation, it was claimed that direct 
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oxidation of ethanol by photo-generated holes prevails in acidic and neutral media, whereas a two-

step mechanism via [OH]• is suggested to take place above a pH crossover value. Reprinted with 

permission from reference [319]. Copyright (2014) Macmillan Publishers Limited. 

 

Figure 31. Dependence of the rates of production of H2 and CH4 on pH from irradiated (Xe lamp, 

500 W) suspensions of Pt/TiO2 (anatase) in H2O/CH3COOH (6:1 v/v). It is worth noting the drastic 

decrease in selectivity towards methane at high pH. Reprinted with permission from reference 

[216]. Copyright (1985) Elsevier. 

 

Figure 32. Variation of the maximum H2 production rates as a function of the volume fraction of 

ethanol from irradiated (black light, 0.80 mW cm−2) Pt/TiO2 suspensions in aqueous media. 

Reprinted with permission from reference [98]. Copyright (2007) Elsevier. 

 

Figure 33. Proposed reaction sequence for methanol oxidation during photoreforming on M/TiO2 

(M = noble metal), showing the step-wise charge-transfer transformation and the adsorption-

desorption events. Reprinted with permission from reference [77]. Copyright (2011) Elsevier. 

 

Figure 34. Production rates of H2, CO2 and acetaldehyde from the reaction of gaseous 

ethanol/water mixtures on M/TiO2 (M = Au or Au3Cu nanoalloy). Dehydrogenation is favoured at 

high ethanol fractions, whereas photoreforming also takes place under water-rich regimes. 

Reprinted with permission from reference [288]. Copyright (2015) Springer. 

 

Figure 35. Time profiles of the production rates of H2 (trace b) and CO2 (trace c) from irradiated 

(simulated sunlight) aqueous Pt/TiO2 suspensions containing variable ethanol concentrations: 

0.21 mM (A), 0.43 mM (B), and 0.86 mM (C) under Ar flow (20 cm3 min−1); maximum rates can be 

observed at shorter irradiation times for H2 than for CO2. Hydrogen production rates from pure 

water (trace a) are shown for comparison. Reprinted with permission from reference [38a]. 

Copyright (2007) Elsevier. 

 

Figure 36. Scheme of the oxidative coupling of ethanol to yield 2,3-butanediol suggested the 

transient formation of 1-hydroxyethyl radicals on irradiated photocatalysts under particular 

conditions, as reported in references [97a] and [231a]. 
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Figure 37. Reaction sequence of glycerol photoreforming, based on results using titania-based 

materials, as suggested in references [272c] and [337]. Reprinted with permission from reference 

[337]. Copyright (2013) The Royal Society of Chemistry. 

 

Figure 38. Time profiles of H2 production rates from irradiated (simulated sunlight) aqueous 

Pt/TiO2 suspensions containing different oxygenated substrates: formic acid, acetic acid and 

acetaldehyde (concentrations as indicated in the graph) under Ar flow (20 cm3 min−1). Hydrogen 

production rates from pure water (trace d) are shown for comparison. Reprinted with permission 

from reference [38a]. Copyright (2007) Elsevier. 

 

Figure 39. Reaction sequence of possible primary lactic acid reactions upon irradiation. The 

decarboxylation route (i) may lead to acetaldehyde and ethanol, whereas the dehydrogenation route 

(ii) yields pyruvic acid as the main product in the first step, although the latter may in turn evolve 

by decarboxylation to acetic acid. In all cases, the formed products are expected to undergo further 

photoreforming under.  
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