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Abstract 

This article reviews the parameters that influence heterogeneous photocatalysis (PC) for selective synthesis of high value chemicals alone or coupled 

with other technologies. In particular, the parameters related to the photocatalysts as crystallinity degree, type of polymorph, surface acid-base 

properties, exposure of particular crystalline facets, coupling of different semiconductors, position of the valence and conduction band edge, addition 

of doping agents, and those related to the reaction system as setup configuration and reactor geometry, type of solvent, type and amount of photocatalyst, 

affecting the selectivity towards specific products, are described and discussed. The presented results highlight that a precise evaluation of the efficiency 

of the process is a challenging but necessary task to be approached in order to allow real applications of photocatalytic processes. 
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Introduction 

Since the publication of the first papers on the application of light to chemical reactions 1-5, great attention has been devoted by the scientific community 

to heterogeneous photocatalysis. During the first years this technology has been developed mainly in the field of environmental remediation, with 

particular attention to the degradation of toxic compounds present both in liquid and in gaseous effluents,6-9 but in recent years the attention has moved 

towards organic synthesis,10-12 which include selective partial oxidations,13 reduction reactions,14 coupling reactions,15,16 fuels production.17  

Heterogeneous photocatalysis is universally recognized as a “green” and inexpensive technology because it can be carried out under mild experimental 

conditions (ambient temperature and pressure in the presence of cheap and non-toxic semiconductors as photocatalysts), often by using water as the 

solvent, O2 as the oxidizing agent and solar light or artificial light with low-energy consumption as the irradiation sources.18 This technology can, 

therefore, compete with the traditional chemical routes, which generally require drastic experimental conditions as the presence of noxious oxidant 

agents, toxic solvents, high temperatures and pressures. Nevertheless, photocatalysis also presents some drawbacks as the low selectivity towards the 

partial oxidation products (especially by using water as the solvent), the impossibility to work with solutions at high concentration, and the need of UV 

light irradiation to activate some photocatalysts. The efficiency of photocatalytic organic syntheses can be improved by operating different strategies, 

both on the typical parameters of the photocatalysts (crystallinity degree, type of polymorph, surface acid-base properties, exposure of particular 

crystalline facets, coupling of different semiconductors, position of the valence and conduction band edge, addition of doping agents) and on parameters 

related to the reaction system (setup configuration and reactor geometry, type of solvent, type and amount of photocatalyst, initial pH, presence of gases, 

temperature).19 Selective photocatalytic formation of high value organic compounds can occur either through oxidation reactions or reduction of the 

starting substrate, therefore parameters that influence the oxidizing or reducing power, respectively, are to be taken into account. 

Moreover, strictly speaking, a chemical reaction can be defined a “synthesis reaction” when the target product is separated from the reaction mixture 

and purified. This step is generally not reported in papers describing photocatalytic processes, and only in few works the main product has been isolated 

and its yield has been determined.20-25 Nevertheless, most of the published papers on this topic can be considered only as preliminary fundamental 

studies, just to verify the feasibility of the process and to identify the kinetics and reactor parameters, and the structural and surface physico-chemical 

properties of the photocatalysts which can be optimized to enhance the selectivity/yield. 

Various reviews have been published reporting papers dealing with different aspects of the synthetic photocatalysis as type of reactions, photocatalysts, 

use of visible or UV light, parameters that influence the reaction efficiency, biomass which can be efficiently utilized, etc.10-12,19,26-31 

Photocatalytic syntheses have been generally performed in batch reactors. As a matter of fact, this reactor configuration perfectly suits to studies where 

novel reactions are under investigation. In fact, the concentration of the relevant compounds can be easily retrieved as a function of time and phenomena 

related to mass transport and radiant field distribution can be better controlled. Furthermore, batch reactors are very versatile and their use is well 

established, especially for slow reactions and when treating slurries or products with a tendency to fouling. Even if this is generally the case of 

heterogeneous photocatalytic reactions, the widespread use of batch systems in synthetic photocatalysis indirectly confirms the nascent level of this 

application. In fact, large scale synthetic processes are generally carried out in continuous systems.  

Very few industrial synthetic processes are based on the use of visible light including the low-cost synthesis of rose oxide,32 and the production of the 

anthelmintic drug ascaridole via solar irradiation of alpha-terpinene carried out since 1943.33 Even more, the high cost of irradiation due to the poor 

efficiency of most electric light sources (until the advent of LEDs in the early 2000s), and the limited quantum efficiency discouraged chemical 

companies from introducing light photons as chemical reagents, no matter how clean they could be. 
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However, it is evident that only in a continuous reactor system it is possible to unambiguously observe, for example, catalyst poisoning or improvements 

of the reaction rate, whilst in batch regimen these effects will be hidden due to the interference of the products which can in turn degrade according to 

their kinetic law. Furthermore, continuous systems allow to reduce the size of the reactor and enable higher mixing rates, thus showing superior heat 

and mass transfer capacities. Even if activation energy values of photocatalytic reactions are some orders of magnitude lower than those typical of 

thermally activated reactions (thus making the heat transfer a secondary issue), it is necessary to avoid mass transfer limitations which result in the 

existence of concentration gradients in the reaction space. Furthermore, it is worth to mention that the comparison of photocatalytic results obtained in 

different researches is almost meaningless if mass transfer is the rate limiting step. This problem is of paramount importance for synthetic applications. 

In fact, the product of interest is generally a reaction intermediate and, as such, its concentration profile presents a maximum at the optimum residence 

time, followed by a decreasing part where its degradation is faster than its generation. Therefore, in order to enhance the selectivity towards the target 

compound, its residence time must be carefully optimized. In a batch system this can be achieved only by stopping the reaction when the target 

compound concentration reaches its maximum, with relevant disadvantages in terms of plant flexibility and operational costs. On the other hand, in a 

continuous reactor the residence time distribution can be simply controlled by optimizing the fluid dynamics of the system. 

The aim of this paper, is not only to describe the advances of using heterogeneous photocatalysis for selective formation of fine chemicals (not only 

organics) with the exception of H2, reporting in more detail the papers published recently, but also to comment on the strategy for the enhancement of 

process performance in terms of selectivity and photon efficiency. Moreover, the influence of the reactor type, the process set-up and the coupling of 

the photocatalytic reactor with a membrane system is examined. The main goal for researchers involved in heterogeneous selective photocatalysis is to 

prepare and to test new photocatalysts (composites, sensitized, coupled oxides etc.) or to modify the structural and surface physico-chemical properties 

of well-known photocatalysts to optimize the efficiency and the selectivity of the process under investigation (process intensification) and to synthetize 

new products. 

 

1. Selectivity enhancement by tuning photocatalyst features 

 Figure 1 shows the main parameters, related to the photocatalyst properties, which can be tuned to enhance the selectivity. 

 

 

Figure 1: Scheme of the photocatalyst physico-chemical and electronic properties. 

 

1.1. Influence of the phase of TiO2, the most used photocatalyst 

The various polymorphs of a semiconductor possess different intrinsic electronic and surface physico-chemical properties (conduction and valence band 

edges position, band-gap, charge recombination rate, charge mobility, surface concentration and strength of acid-base sites, hydroxylation degree, 

specific surface area, zero charge point, hydrophilicity, oxygen interaction with the surface)34-39 which result in a different photocatalytic activity, and 

in particular in a different selectivity. TiO2 is the most popular photocatalyst because of its high efficiency and versatility in different reaction media, 

chemical stability, nontoxicity, and low cost. The three most used TiO2 polymorphs are anatase, brookite, and rutile. Rutile is the most 

thermodynamically stable form, whilst anatase and brookite are metastable phases that turn into rutile at high temperatures. From the photocatalytic 

point of view, anatase is considered the most active one, rutile is believed scarcely active while, until a few years ago, the photocatalytic activity of 

brookite was not known because of its difficult preparation as a pure phase.  

Genarally, rutile and brookite are less active than anatase in total oxidation reactions,40 but they can be used effectively in synthetic reactions in which 

catalysts with a low oxidizing power are preferred. In particular, rutile and brookite powders were more efficient than anatase in the partial oxidation 

of 4-methoxybenzyl alcohol (4-MBA) to para-anysaldehyde (PAA) in pure water because of their higher hydrophilicity due to surface hydroxyl groups 
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which favor PAA desorption from the catalyst surface avoiding its subsequent oxidation.41-43 This hypothesis was confirmed by Li et al.44 who reported 

the partial oxidation of benzyl alcohol (BA) over TiO2 rutile nanorods: they found, in fact, an increase of selectivity with the surface hydroxyl groups 

density.  

The photoactivity of Au nanoparticles supported on nanofibers of TiO2 with different phases was compared under visible light irradiation towards the 

coupling of nitroaromatic compounds.45 The samples containing a higher percentage of brookite showed a greater nitroaromatics reductive coupling 

efficiency. 

Brookite TiO2 nanosheets in aqueous H2O2 solution allowed a BA conversion of ca. 51%, with a selectivity to benzaldehyde close to 100%.46 The high 

activity was attributed to the formation of superoxide radicals on the catalyst surface due to the low adsorption energy between brookite TiO2 surface 

and H2O2. 

Ohno et al.47 studied the adamantane oxidation in acetonitrile/butyronitrile mixtures in the presence of various TiO2 anatase, rutile and anatase-rutile 

samples and O2 or H2O2 as the oxidants. Anatase was more efficient than rutile under aerated conditions, whilst an inversion of the activity was noted 

after H2O2 addition with an enhancement of the quantum efficiency from 6.4 % in the presence of anatase to 25 % in the presence of rutile. This behavior 

has been attributed to the higher formation rate of ·OH radicals, as confirmed also by Hirakawa et al.48 Moreover, a different distribution of the 

hydroxylation adamantine products was obtained at various anatase amounts. Thus, by selecting an appropriate catalyst, it is possible to maximize the 

yield of a given product. 

A difference in the amount of hydroxylation products was found also in the photocatalytic oxidation of phenol to catechol in water (Table 1) by using 

anatase and rutile samples calcined at different temperatures.49 An increase and a decrease of conversion of the substrate was noted after NaF addition 

for anatase and rutile, respectively, whilst selectivity improved for both phases. In particular it reached very high values (>90%) by using pure rutile.49 

 

Table 1 Anatase and rutile percentage and particle size, conversion of phenol and selectivity towards catechol during the photocatalytic oxidation of 

phenol in water over bare TiO2 or fluoride modified TiO2 at pH=3. Reproduced with permission from ref 49. Copyright 2008 Wiley and Sons. 

Catalyst 
Anatase  

(wt %) 

Rutile  

(%) 

[NaF] = 0 mM [NaF] = 1 mM 

Phenol  

conversion (%) 

Catechol 

selectivity (%) 
Phenol 

conversion (%) 
Catechol  

selectivity (%) 
AT200a 100 0 1.2 33 4.0 53 

AT400a 100 0 6.0 59 10 76 

AT600a 100 0 20 64 54 75 

AT800b 3 97 0.64 60 12 81 

RT200b 0 100 18 66 5.0 95 

RT400b 0 100 10 51 2.4 90 

RT600b 0 100 12 64 2.7 97 

RT800b 0 100 5.4 76 1.9 100 

P25a 70 30 39 63 84 76 

P25b 0 100 6.4 60 3.6 90 

aValues of conversion and selectivity were calculated after 1.0 h of irradiation. 
bValues of conversion and selectivity were calculated after 6.0 h of irradiation. 

 

The reduction of m-dinitrobenzene (m-DNB) in a deareated water/2-propanol (50% v/v) mixture in the presence of P25 TiO2 samples calcined at 

different temperatures under UV light produced selectively m-phenylenediamine (m-PDA) with the untreated P25 and m-nitroaniline (m-NA) with pure 

rutile after 8 h of irradiation.50 Also in this case rutile exhibited a lower photoreactivity than anatase. 

As reported in Table 2, during the alanine oxidation both conversion and selectivity were related to the TiO2 polymorph.51 Moreover, a different 

formation rate of the various products can be observed: acetamide was preferentially formed in the presence of pure anatase and in rich anatase samples, 

whilst pyruvic acid was the main product by using rutile. The two products were formed following two different routes: pyruvic acid directly from 

alanine and acetamide from condensation of acetaldehyde and ammonia. 

 

Table 2: Decomposition and formation rates in photocatalytic decomposition of alanine in deuterated aqueous TiO2 suspension after 10 h of UV 

irradiation. Reproduced with permission from ref 51. Copyright 2007 Elsevier. 

Sample 
Anatase  

content (%) 

Alanine decomposition 

 rate (μmol/min)  

Formation rate (μmol/min) 

Acetaldehyde Acetic acid Pyruvic acid Acetamide 

AMT-100 100 20.4 4.2 16.1 0.09 0.25 

ST-01 100 15.0 2.3 6.3 0.10 0.26 

UV-100 100 13.0 3.4 4.7 0.11 0.19 
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ST-21 100 14.4 2.7 8.5 0.11 0.24 

F4 88 10.4 4.1 4.4 0.10 0.35 

AMT-600 100 24.6 6.5 8.0 0.14 0.20 

P25 80 13.8 4.0 3.8 0.15 0.24 

MT-500B 0 6.4 1.8 2.4 0.45 0.09 

PT-101 0 9.9 1.2 4.9 0.40 0.06 

 

During the oxidation of benzene to phenol in water and in the presence of O2, a higher selectivity was observed by using anatase samples (Figure 2).52 

Moreover, it was possible to differentiate the oxygen present in phenol by using isotopically traced oxygen (H2
18O and 18O2). In the presence of rutile 

most of oxygen present in phenol derived from O2, whilst an opposite behavior was observed for anatase. 

 

Figure 2: Amount of phenol obtained from benzene in the presence of different anatase and rutile TiO2 commercial samples irradiated under UV-vis 

light for 100 minutes. Reproduced with permission from ref 52. Copyright 2010 American Chemical Society. 

 

In the selective anaerobic conversion of glucose in aqueous solution, a different behavior of anatase and rutile TiO2 samples towards the distribution of 

partial oxidation products has been noticed (Tables 3) by two different research groups.53,54 Rutile was more efficient than anatase in glucose conversion; 

gluconic acid was preferentially produced in the presence of anatase, whilst arabinose and erytrhose in the presence of rutile; pure brookite (for the first 

time employed for glucose conversion) exhibited the same behavior of rutile. The different behavior was tentatively attributed to the formation of ·OH 

radicals on the anatase surface and of peroxy species on rutile. In the presence of a mixed CH3CN/H2O solvent, on the contrary, P25 showed a higher 

glucose conversion than rutile and anatase and also in this case a slight difference in the distribution of the oxidation products was noted.55  

 

Table 3A: Glucose aqueous conversion and selectivity for runs carried out in anaerobic conditions. 

Sample Phase1 
Conversion 

[%] 

Selectivity [%] 

Fructose Arabinose Erythrose 
Gluconic 

 Acid 

Formic  

Acid 

Pt-P25 A+R 36 25 41 - - 45 

Pt-BDH A 40 85 - - 41 7 

Pt-HP-Rutile R 77 - 54 47 - 116 

Pt-HP-Brookite B 53 4 22 5 - 29 

1 A = Anatase, R = Rutile, B = Brookite.  

 

Table 3B: Glucose aqueous conversion and selectivity for runs carried out in anaerobic conditions. 

Sample Phase1 Conversion [%] 

Selectivity [%] 

Arabinose Erythrose 
Gluconic 

 Acid 

Rh-P25 A+R 17 60.7 9.0 9.6 

Rh-TiO2-A A 16 49.4 4.5 3.2 

Rh-TiO2-R R 47 74.7 20.6 - 

1 A = Anatase, R = Rutile 

 

Shiraishi et al.56 found a high activity of rutile for hydrogenation of nitroaromatics to the corresponding anilines (yield > 94%) in the presence of 

alcohols as H source. The higher performance of rutile with respect to anatase was attributed to the higher concentration of surface oxygen vacancies, 
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with a resulting more significant presence of reduced Ti3+ atoms. The latter can contemporaneously work as preferential adsorption sites for the 

nitroaromatics substrates and as trapping sites for e-, favoring selectively the hydrogenation of nitro to amino-group (Figure 3).   

 

 

Figure 3. Scheme of nitroaromatics hydrogenation to anilines. Reproduced with permission from ref 56. Copyright 2012 American Chemical Society. 

 

However, it is not possible to infer a general behavior of one phase with respect to another, because the photocatalytic activity of a catalyst depends on 

many factors and it can not be, generally, foreseen by considering only one of them. This explains the different reactivity of the same TiO2 polymorph 

which is prepared in different ways and used under different experimental conditions. 

Moreover, generally, a higher activity of rutile and brookite with respect to anatase has been found when polyhydroxylated substrates, as the 

carbohydrates, are used.53,54 

 

1.2. Crystallinity degree  

When a powdered photocatalyst, as for instance TiO2, is used for environmental applications, a way to increase the oxidation power is to enhance the 

crystallinity degree, because the higher the percentage of the amorphous phase the higher the presence of lattice defects and the higher the recombination 

probability among the photogenerated charges. On the contrary, catalysts with a low oxidizing power can be more effective for photocatalytic syntheses 

because they limit the further oxidation of the obtained high value products. For this purpose, catalysts with a low degree of crystallinity can give better 

results with respect to very crystalline samples. For photocatalytic materials, and generally for oxides, only the crystalline phase is taken into account 

for the evaluation of the catalytic properties as the amorphous fraction is considered inactive. This assumption is correct when the amount of amorphous 

phase present in a solid is small, but it is not valid when the amorphous phase becomes an important fraction of the sample. Yurdakal et al.57 demonstrated 

that, during the selective oxidation of 4-MBA, also the fraction of amorphous phase present in TiO2 influences the reaction providing active sites for 

the alcohol partial oxidation and hindering the electron transfer between the particles as a consequence of the strong basic character of the terminal 

hydroxyls of the amorphous titania chains. It is difficult to quantify and to characterize the amorphous portion of the materials, and only few papers 

report experimental methods to calculate the extent of crystallinity.58-64 Moreover, some features, as the crystallinity of the photocatalyst, can change 

under irradiation. In particular, Zhang et al.65 observed un amorphization of few superficial layers of anatase crystals in the presence of light and water 

vapor. 

Low crystalline home made TiO2-rutile samples showed better performances than highly crystalline commercial samples towards partial oxidation of 

4-MBA and benzyl alcohol (BA) to the corresponding aldehydes.41 Poorly crystallized N-doped TiO2 samples were very effective in the selective 

formation of PAA from 4-MBA under solar light irradiation.66 Also in the aqueous synthesis of vitamin B3 (pyridine-3-carboxylic acid) from its 

corresponding alcohol, the less crystalline home prepared TiO2 samples were more efficient, reaching a selectivity under UV light irradiation of ca. 75 

% for 50 % of conversion.67 

Carneiro et al.68 observed a decrease in the cyclohexanone formation by increasing the crystallinity during the selective oxidation of cyclohexane by 

using TiO2 anatase calcined at different temperatures. In the partial oxidation of glucose in aqueous dispersion of different TiO2 commercial and home 

made (HP) photocatalysts, the least crystalline samples gave rise, generally, to the greatest conversions (considered as sum of the partial oxidation to 

high value chemicals and isomerization to fructose).53 It is not possible to obtain a perfectly monotonous trend because different factors can contribute, 

in various ways, to the determination of photoactivity/selectivity.  

On the contrary, during the selective hydroxylation of phenol (aromatic compound with an electron donor group) and benzoic acid (aromatic compound 

with an electron withdrawing group) the highest selectivity towards mono-hydroxy species was obtained by using the most crystalline samples (Figure 

4).69 The same trend was found for the partial oxidation of glycerol: the very crystalline commercial TiO2 P25 gave rise to the best selectivity to 1,3-

dihydroxyacetone, glyceraldehyde and formic acid.70 These findings suggest that the results are not general and depend on the type of substrate and the 

interactions between the catalyst surface and the substrate and/or intermediates and products. 
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Figure 4: Selectivity to mono-hydroxylated species vs. samples crystallinity. a) Phenol, b) benzoic acid. Reproduced with permission from ref 69. 

Copyright 2012 Elsevier. 

 

1.3. Influence of the crystal facet 

In the last years, an increasing attention has been devoted to the synthesis, characterization and understanding of the physical, chemical and 

photocatalytic properties of the different facets of a semiconductor. The most investigated photocatalyst has been anatase TiO2, while less attention has 

been dedicated to the other TiO2 polymorphs and other photocatalysts.71,72 In anatase the most abundant facet is the most thermodynamically stable 

{101} (surface energy 0.44 J m-2), whilst the facets {001} (surface energy 0.90 J m-2) and {010} (surface energy 0.53 J m-2) are less common and their 

growth can be prevalently favored by varying appropriately the synthesis condition. The most employed method foresees the use of capping agents 

(fluorine prevalently) which bind to a facet during the synthesis, allowing the growth of another one. It is reported that the anatase TiO2 facets have 

different properties and different photocatalytic behavior. In the aqueous selective oxidation under UV irradiation of some benzylic alcohols (Table 4), 

anatase with predominance of the {001} facet (T001: 80% {001})73 showed superior activity (than the sample with a majority of the {101} facet (T101: 

8% {001}). The better performance of the sample T001 was ascribed to a higher value of the surface energy of the {001} facet that favors the activation 

of the adsorbed reagents, a better O2 adsorption and a higher number of oxygen vacancies. 

 

Table 4: Photocatalytic performances of TiO2 anatase home prepared samples in the selective oxidation of benzylic alcohols to the corresponding 

aldehydes. Reproduced with permission from ref 73. Copyright 2016 Elsevier.  

 

 

The evaluation of the performance of anatase TiO2 samples prepared in the presence of different amounts of HF acid towards the selective oxidation of 

two alcohols, i.e. 2-propanol (in gas phase) and 4-MBA (in liquid phase) evidenced that both the presence of the {001}, {101} and {010} facets and 

residual fluorine influenced the features and the photocatalytic proprieties of the samples.74 The contemporaneous presence of the three TiO2 facets 

allowed heterojunction with an efficient separation of the photo-generated pairs, as schematized in Figure 5, while the presence of fluorine, as revealed 

by EIS measurements, enhanced the conductivity of fluorine-doped samples. 
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Figure 5: Electronic band position in the TiO2 anatase {101}, {001} and {010} facets. 

 

Yu et al.75 examined the photocatalytic activity of anatase TiO2 samples containing different percentages of {001} and {101} facets in gaseous CO2 

reduction under simulated solar light irradiation. A commercial P25 TiO2 sample was used for the sake of comparison. The maximum CH4 production 

rate was obtained with the sample HF4.5 containing 58% and 42% of the {001} and {101} facets, respectively (Figure 6). These findings indicate that 

the activity was not directly proportional to the amount of {001} facet but was related to an optimal ratio between the two facets. In the light of DFT 

(Density Functional Theory) calculations, which revealed a different band edge position for the {001} and {101} facets, the results were explained by 

considering a surface heterojunction that allowed an efficient separation of the photogenerated charges. Similar results were obtained by Cao et al.76 

 

 

Figure 6: CH4-production rate on P25 and TiO2 samples prepared by varying HF amount. On the bars the percentage of {001} facet is reported. 

Reproduced with permission from ref 75. Copyright 2014 American Chemical Society. 

 

Mao et al.77 carried out the CO2 photoreduction to CH4 by using anatase TiO2 samples with exposed {001} and {010} facets with and without Pt-

loading. They found a different trend in CH4 production: in the absence of Pt the best catalyst was that containing prevalently the {010} facets, the 

opposite was found after Pt deposition (see Figure 7). This behavior was explained by considering the different electronic structure of the {001} and 

{010} facets, responsible for a different distribution of Pt on the two surfaces; in particular, Pt was present on the {010} facet as nanoparticles aggregates, 

whilst it was uniformly distributed on the {001} facet. 
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Figure 7: CH4 yield over bare and Pt-TiO2 samples. Reproduced with permission from ref 77. Copyright 2014 Elsevier. 

 

 

CO2 photoreduction on brookite TiO2 exposing the {001} and {210} facets allowed to tuning the CO/CH4 ratio by varying the amount of loaded Ag 

nanoparticles.78 The CO amount showed a bell shaped trend with the Ag percentage: for percentages of Ag ≤ 0.5%, the particles were mainly distributed 

on the {210} facet, whilst for higher amounts Ag was mainly present on the {210} facet as aggregates, and in less amount on the {010} facet as dispersed 

nanoparticles, thus favoring the enhancement of CH4 evolution. 

Recently the CO2 reduction under simulated solar light irradiation has been reported on TiO2 anatase exposing {001} and {101} facets supported on 

carbon nanofibers (CNFs).79 The high activity of the composite system has been attributed, as depicted in Figure 8, to the formation of an efficient 

heterojunction between CNFs and the TiO2 facets. 

 

Figure 8: Hypothesized mechanism of CO2 photoreduction on CNFs/TiO2 system. Reproduced with permission from ref 79. Copyright 2018 Elsevier. 

 

Nevertheless, the above results are not generally valid because they depend on the reaction type, reaction conditions and preparation of the 

photocatalytst. Notably, anatase samples obtained starting from different precursors can present different photocatalytic behaviors due to different 

structural and surface physico-chemical properties, while showing the same facets distribution. Liu et al., in fact, found that the crystal facets of TiO2 

samples tested in selective reduction and oxidation reactions exhibited different photocatalytic efficiency, as shown in Figure 9.80 In particular, the 

facets order of activity was {101} > {001} > {100} for reduction of nitrobenzene to aniline, whilst {101} ≈ {001} ≈ {100} for BA oxidation to 

benzaldehyde (BAD). 
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Figure 9: Photocatalytic activity of the different samples for reduction of nitrobenzene to aniline (a) and oxidation of benzyl alcohol to benzaldehyde 

(b). Reproduced with permission from ref 80. Copyright 2013 American Chemical Society. 

 

The reduction of nitrate in water under simulated solar light irradiation was performed with high efficiency (95 % of conversion with N2 selectivity over 

90%) by selectively depositing Ag nanoparticles on {101} facet of anatase containing both {001}and {101} facets.81  

The glycerol selective photocatalytic conversion in water under anaerobic conditions produced hydroxyacetaldehyde (HAA), formic acid (FA), trace 

of glyceraldehyde (GA) in the liquid phase and H2 in the gas phase.82 The products selectivity depended both on TiO2 polymorph and crystal facet 

(Figure 10): both conversion and selectivity to HAA were higher by using rutile with a high percentage of {110} facet. The different results were 

ascribed to the prevalent formation of peroxo species on rutile surface and ·OH radicals on anatase surface which gave rise to a different glycerol 

reaction pathway.  

 

Figure 10: Photocatalyst performances during glycerol conversion with TiO2 anatase (A) and rutile (R) exposing different facets. 
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TiO2 sample 
Products (μmol) Converted glycerol 

(μmol) CO2 GA HAA FA 

A{001} 130 2.7 42 280 273 

A{101} 178 6.8 173 63 356 

R{110} 9 4 393 206 410 
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In the following are reported two examples in which the influence of the crystal facet on the photocatalytic activity was observed in the case of materials 

different from TiO2. 

Bi2WO6 nanoplates exhibiting a high percentage of {001} facet showed good performance in CO2 gas phase reduction under visible light irradiation.83 

The authors demonstrated that {001} facet is more reactive than the other facets towards CO2 reduction and the main observed products was CH4. 

Bai et al.84 analyzed the facet selectivity of Pd {111} and Pd {100} used as co-catalyst with two-dimensional g-C3N4 nanosheets in the presence of 

liquid water for CO2 reduction under Xe lamp irradiation. By molecular adsorption and activation simulations based on geometry optimization, different 

CO2 and H2O adsorption configurations, at wich corresponded different adsorption energies, where found for Pd {100} and Pd {111} surfaces. 

The facet-dependent photocatalytic activity of BiVO4 is also reported in the literature85-89 and, similary to TiO2, the diverse facets exhibited different 

features. In particular, it has been found that the {010} and {110} facets of monoclinic BiVO4 presented reduction and oxidation sites, respectively.85 

Xie et al.88 studied the photocatalytic coupling of formaldehyde to ethylene glycol and glycoaldehyde in the presence of BiVO4 single crystals with 

controllable amount of {010} and {110} facets. The samples exhibiting an equal fraction of {010} and {110} facets showed the best yield due to their 

highest electron-hole separation ability. 

 

1.4. Influence of the valence band (VB) and conduction band (CB) edge positions of the semiconductor 

In a photocatalytic process the photogenerated e-/h+ pairs can give rise to oxidation and reduction processes if the edge potentials of the valence band, 

VB, and the conduction band, CB, of the photocatalyst, are higher and lower, respectively, than the potentials of the redox couples present in the 

solution. Thus, known the redox potential of the species that must be oxidized/reduced, it is possible to choose the photocatalyst with the most suitable 

bands edges position.90 The thermodynamic driving force is strictly related to the difference between CB and VB potentials of the semiconductor and 

to the redox potentials of the target compounds.  

Many semiconductors have been used as photocatalysts: TiO2, ZnO, WO3, CdS, NiO and C3N4 can be found among the best performing ones. Each 

photocatalyst is characterized by a different band gap energy and band edges position. In Figure 11 are reported the band edges positions of the most 

employed photocatalysts calculated at pH = 7 in aqueous solution. For reduction reactions, semiconductors with more negative CB edges are more 

efficient whilst semiconductors with more positive VB edge are more effective for oxidation reactions. The reported values, of course, are not absolute 

and undergo variations when the pH is different from 7, in solvents different from water, by varying the concentration of the species to be 

oxidized/reduced, and when species present in the solution are adsorbed on the catalyst. Indeed, a cathodic shift is observable by increasing the pH 

value in aqueous solvent; the flat band potential of Bi2S3 in a S2- ions solution is pH-insensitive and shifts negatively with increasing S2- concentration.91 

Weber aand Kirchner92 verified the band shift in the presence of ionic liquids by computational measurements on anatase TiO2. In particular it was 

found that the cations induced an energetic downward shift of the TiO2 band levels whilst the anions raised the energy levels. In the case of anatase and 

rutile controversial results are reported in the literature on the relative position of theirs CB and VB edges. Usually, it has been reported that the anatase 

CB lies at a slightly more negative potential than that of rutile,93,94 but some authors found that the CB of rutile lies above that of anatase.95,96 The 

apparent contradictory results have been explained considering the differences occurring between pristine surface and water adsorbed in different 

concentrations on the anatase and rutile surfaces. 96 This emphasizes the importance of the experimental conditions in which the measures are carried 

out. In addition, for the same catalyst there may be shifts depending on the size of the particles (quantum effect).97,98  

 

 

Figure 11: Band positions and potential applications of some typical photocatalysts (at pH = 7 in aqueous solutions). 

 

pH = 7

Photocatalysts with more negative CB edges
have strong reduction ability

Photocatalysts with more positive  VB edges
have strong oxidation ability
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Carbon nitride, as consequence of the very negative value of CB edge, is a good candidate for reduction reaction, moreover it is possible to negatively 

shift the band edge potential by means of structural and morphological modifications. Graphitic bulk (Bulk-CN) and ultra-thin nanosheets (NS-CN) 

carbon nitrides were compared for CO2 reduction.99 Although the CB of both samples is more negative than the reduction potential of the possible 

products, higher CH4 and CH3OH yields were observed in the presence of NS-CN (Figure 12a), due to its more negative CB, and consequently stronger 

reduction power than Bulk-CN (Figure 12b). 

 

Figure 12: Productivity for CO2 reduction (b) and bands position of Bulk-CN and NS-CN (a). 

 

Xu et al. prepared anatase TiO2 samples in the form of nanocubes (TC) and nanofibers (TW), and calculated the position of CB and VB edge by 

capacitance measurements (Figure 13a).100 The higher amounts of CH4 and CH3OH (Figure 13b) produced by the TC sample was ascribed to its more 

negative CB potential with respect to TW sample. 

 

 

Figure 13: Calculated band positions of the TW and TC samples (a) and products formation rate (b). 

 

Chen et al.101 observed the absence of activity of commercial massive WO3 sample towards CO2 reduction in the presence of water and artificial solar 

irradiation, whilst a good CH4 production was found by using laboratory made WO3 nanosheets (Figure 14a). This difference was explained by 

considering the more negative CB edge (−0.42 eV) of nanosheets than microcrystalline WO3 (0.05 eV) (Figure 14b), thus allowing the CO2 reduction 

to CH4, being the reduction potential -0.24 V. 
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Figure 14: CH4 generation over the nanosheet and commercial powder as a function of visible light irradiation times (λ > 420 nm) (a) and band positions 

of the WO3 nanosheet and commercial WO3, relative to the redox potential of CO2/CH4 in the presence of water (b). Reproduced with permission from 

ref 101. Copyright 2012 American Chemical Society. 

 

The different distribution of the products obtained from CO2 gas phase reduction in the presence of home-prepared anatase and rutile samples was 

attributed to the different CB edges position of the two polymorphs (Figure 15).102 

 

Figure 15: Amounts of the main compounds obtained by photocatalytic reduction of CO2 on home-prepared samples, relationship between the band 

structures of anatase and rutile, and the thermodynamic potentials for CO2 reduction to various products versus NHE at pH = 7. 

 

To favor CO2
 reduction, TiO2 (Evonik P25) was coupled with commercial GaP that exhibits more negative CB value than TiO2.

103 Figure 16 shows the 

positions of VB and CB of the semiconductors along with the reduction potentials of the CO2/CH4 couple. GaP/TiO2 composite was effective in the 

gaseous CO2 reduction under simulated solar light irradiation, and CH4 was the main product. The high efficiency was attributed to the formation of a 
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Z scheme between TiO2 (both anatase and rutile present on P25) and GaP. In detail, the photogenerated electrons on TiO2 recombine with the 

photogenerated holes on GaP while the photogenerated electrons on GaP are available for CO2 reduction.  

 

 

Figure 16: Relationship between the band structures of TiO2 and GaP, and the reduction potentials (versus NHE at pH=7) for the most favorite processes 

of oxidation and reduction. Reproduced with permission from ref 103. Copyright 2014 Elesevier. 

 

The band tuning can be realized also by doping the semiconductor. It is reported that the presence of foreign ions can introduce localized levels near 

the VB and CB, which modify the reaction mechanism. Tripathy et al.104 observed a change in the distribution of the partial oxidation products of 

toluene after Ru doping, and in particular no benzoic acid was formed by using Ru-doped TiO2 nanotubes. This finding was explained by considering 

the different electronic properties of the samples: Ru introduces a level below the TiO2 CB with a more positive potential than the O2/O2
·- couple 

hindering the O2
·- formation, which was considered the species responsible for benzoic acid formation. 

Among the emerging photocatalysts, bismuth oxyhalides (BiOX, X = Cl, Br, and I), showed a good activity in the selective syntheses.105,106 By using 

BA as the probe molecules in aqueous solution under LED irradiation, a conversion higher than 99% and a benzaldehyde (BAD) selectivity higher than 

99% was obtained and attributed to the suitable energy band of the samples. 

Reducing the size of particles to quantum dots results in relevant changes of the edges of their valence and conduction bands causing major changes in 

their optical features (quantum effect). In Figure 17 it is reported, as an example, the band gap variation of CuO by varying the particles size with the 

consequent shift of the VB and CB edges.107 

This figure shows that, if these samples are used for H2 production, the most efficient will be those with the smallest particles size as a progressive 

negative shift of the CB edge occurs by reducing the dimensions until the achievement of values more negative than the redox potential of hydrogen. 

Colloidal semiconductor quantum dots (QDs) generally present broad and intense absorption spectra in the visible region. This feature, along with their 

high surface-to-volume ratio, makes them promising candidates for organic synthesis under visible light.  CdSe QDs have been recently applied for the 

coupling of thiols to disulfides and hydrogen,108 for the oxidation of alcohols to carbonyl compounds,109 β-alkylation, β-aminoalkylation, amine 

arylation, decarboxylative radical formation, dehalogenation,110 reduction of aromatic azides111 and nitrobenzene112 to the corresponding amines. 

 

 

Figure 17: Energy levels of the conduction and valence band edges vs normal hydrogen electrode (NHE, at pH 0) for CuO with various sizes (the 

quantum size effect is proven by the band gap increase). Reproduced with permission from ref 107. Copyright 2011 Elsevier. 
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1.5. Influence of the surface acidity/basicity  

In order to determine the activity of a photocatalytic reaction, the interaction between the catalyst surface and the reagents/products is essential (both 

the adsorption and desorption steps are important). For selective syntheses better results are obtained, notably, by favoring the adsorption of the reagents 

but also the desorption of the products before their further transformation. The degree of interaction depends on the nature of adsorbate and adsorbent 

and it can be tuned by varying the surface acid-base properties of the photocatalyst modifying both the amount and the type of acid-base sites. Moreover, 

the type and the strength of surface sites can influence the products distribution as in the case of 2-propanol photocatalytic oxidation in gas-solid regime. 

In particular, propanone (formed by dehydrogenation) was mainly formed in the presence of basic or acid–base pair sites, whilst propene (formed by 

dehydration) was the principal product when strong Brønsted sites were present on the catalyst surface. Marcì et al.113 carried out the photo-assisted 

oxidation of 2-propanol in gaseous phase by using a fixed bed reactor in the presence of bare and Keggin type (H3PW12O40) polyoxometalates (POM) 

impregnated TiO2, commercial (P25) and home prepared (HP) TiO2 samples. Polyoxometalates were used as they display very strong Brønsted acid 

sites and are known as effective oxidant catalysts. Data reported in Table 5 show that commercial TiO2 was the most efficient sample for 2-propanol 

conversion and mineralization; the presence of POM had a negative effect on both TiO2 samples; propanone was the main intermediate for bare TiO2, 

whilst propene was selectively formed with samples containing POM.  

 

Table 5: Reactivity results for 2-propanol conversion. 

Sample 
Conversion 

(%) 

Selectivity (%) B/La 

 ratio Propanone Propene Acetaldehyde Isopropylether  CO2 

POM/P25 63 14 80 2 4 0 2.35 

POM/HP 49 7 82 2 8 0 2.24 

P25 99 47 0 1 0 52 - 

HP 37 90 0 8 0 0 - 

a Brønsted (B) and Lewis (L) acid sites determined by FT-IR investigation. 

 

An analogous behavior was found for propene hydration in the presence of Keggin heteropolyacid (POM) supported on different oxides (commercial 

and HP TiO2, SiO2, WO3, ZrO2, ZnO, Al2O3).
114 2-Propanol formation rate per gram of POM was higher for the samples exhibiting the strongest acid 

sites. 

Also in the selective conversion of glycerol to acrolein in liquid-solid regime, the surface acidity of POM played a crucial role.115 The runs were carried 

out by comparing bare TiO2 with different binary POM/TiO2 materials obtained by impregnation of three Keggin type POM (H3PW12O40, H3PMo12O40, 

H4SiW12O40) on TiO2. Both the glycerol conversion and the acrolein selectivity were higher by using the binary samples, containing a greater amount 

of acid center than bare TiO2 (see Figure 18). 

 

Figure 18: Glycerol conversion (X%) and acrolein selectivity (S%) after 65 min of irradiation in the presence of HPA/TiO2 photocatalysts, bare TiO2 

samples and in the absence of photocatalyst. Reproduced with permission from ref 115. Copyright 2017 Elsevier. 

 

In the aqueous conversion of glucose under UV light irradiation, a different reaction mechanism was found on bare TiO2 (both commercial and home 

prepared) and binary POM/TiO2 samples, obtained by functionalizing TiO2 with a commercial Keggin heteropolyacid H3PW12O40 (PW12) or with a 

home prepared K7PW11O39 salt (PW11).
116 By using both TiO2 bare samples, the glucose conversion (Table 6) was ca. 40 % and the main obtained 

products were fructose, arabinose and erythrose with TiO2-P25 and only fructose and erythrose with TiO2-HP; fructose selectivity increased when 

POMs were present and reached 99% with bare PW11, and also gluconic acid was  formed in the binary samples. This behavior was attributed to the 
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different types and distribution of acid sites present in these samples with respect to bare TiO2 and was in accord to data in the literature reporting that 

glucose isomerization to fructose occurs in the presence of acid catalysts. 

 

Table 6: Glucose conversion, selectivity to identified products, after 360 minutes of UV irradiation in the presence of different samples. 

Sample 
Glucose 

Conversion (%) 

Fructose 

Selectivity (%) 

Gluconic acid 

Selectivity (%) 

Arabinose 

Selectivity (%) 

Erythrose 

Selectivity (%) 

TiO2-P25 41 14 0.6 42 28 

TiO2-HP 40 20 - - 13 

PW12/P25 64 68 22 - - 

PW12/HP 39 56 20 - - 

PW11 20 99 - - - 

PW11/ HP 20 34 9 - 23 

 

The TiO2 surface acidity played a determing role in the photocatalytic reduction of NO3
-  in aqueous formic acid solution under UV light.117 TiO2 

samples displaying different properties were used and it was found that Lewis acid sites favors the non-selective N2 evolution, whilst the presence of 

surface defects endorses the reduction of NO3
- to NH3 (selectivity ca. 97%). The enhanced selectivity to NH3 was attributed to the strong adsorption of 

NO2
- (a reaction intermediate) that remained anchored on the catalyst surface and evolved to NH3

 . On the contrary, the NO2
-  ions easily desorb from 

the Lewis acid surface sites and form N2 (Figure 19). By preparing photocatalysts having few Lewis acid sites and a large amount of defects it is 

possible, therefore, to address selectively the reduction of NO3
- to NH3. 

 

 

Figure 19: Proposed mechanisms for photocatalytic reduction of NO3
− on surface defect and Lewis acid site of TiO2. Reproduced with permission from 

ref 117. Copyright 2017 American Chemical Society. 

 

Ma et al.118 used very acid TiO2 simultaneously functionalized with active carbon (AC) and sulfonic groups (TiO2/AC/SO3H) having different TiO2/AC 

ratios, to synthesize 2-quinoline carboxamide starting from quinoline and formamide under simulated solar light irradiation in the presence of H2O2. 

The best results (yield of 39%, selectivity 100%) were obtained with an acid density of 1.55 mmol g-1 (TiO2/AC ratio = 1:1). Figure 20 shows the 

hyphotesized reaction mechanism. The acidic groups of the solid protonate quinoline while ·OH radicals formed after the interaction of H2O2 with e-, 

react with formamide giving rise to the formamide radical. The latter reacts with protonated quinoline to form 2-quinoline carboxamide. The use of a 

sulfonated photocatalyst avoids the addition of acid in solution and represents a green process that can be potentially used in industrial application. 
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Figure 20: Scheme of the reaction mechanism of the photosynthesis of 2-quinoline carboxamide using TiO2/AC/SO3H catalyst. Reproduced with 

permission from ref 118. Copyright 2016 Elsevier. 

 

Hakki et al.119 compared the activity of different commercial and home-made TiO2 samples towards the reduction of m-nitrotoluene (m-NT) in ethanol 

under Ar atmosphere. The distribution of the products and the selectivity depended on the TiO2 phase and on the surface acidity of the samples, evaluated 

by FTIR spectroscopy after pyridine adsorption. By observing Figure 21 and Table 7 it can be noticed that m-toluedine (1) was selectively formed on 

pure rutile with a yield of 72% due to its poor acidity; its imine (2) was obtained with a higher yield (44%) in the presence of pure anatase, which 

exhibits a higher Lewis acidity than rutile; P25, that shows both Lewis and Brønsted acid sites, promoted, in turn, the cyclization of the imine to dimethyl 

quinoline (3) with a yield of 31%. In this case imine formed on the Lewis sites, whilst cycles on the Brønsted sites. 

 

Figure 21: Sequence of the cyclization and N-alkylation reactions of m-NT in EtOH. 

 

Table 7: Results of the photocatalytic conversion of m-nitrotoluene in EtOH with various TiO2 catalysts under UV(A) irradiation. R= Rutile, A= 

anatase. 

Catalyst Phase 
Yields (%) 

1 2 3 

Rutile R 72 2 7 

UV100 A 49 44 4 

P25 A-R 21 13 31 

Mesoporous A A 32 44 3 

UV100 + R A-R 48 47 5 

 

Moreover, the presence of Brønsted and Lewis acidic sites is beneficial in the photocatalytic partial oxidation of alcohols as they favor the adsorption 

of substrate on the catalyst surface with the formation of complexes, thus promoting the activation under visible light irradiation, as in the case of 

HNb3O8 nanosheets.120  

Also the influence of surface basic sites has been investigated. Leow et al.121 found that Al2O3, when used in the presence of dyes, had a positive effect 

in the benzyl alcohol partial oxidation due to the surface complexation of the alcohol with the Brønsted basic sites of the oxide, which reduces its 

oxidation potential and causes an upshift of its HOMO for electron abstraction by the dye. The same mechanism was responsible for the photocatalytic 

hydroxylation of boronic acids to alcohols in the presence of different basic oxides such as MgO, ZnO, Al2O3.
122 Furthermore, it was demonstrated that 

also the strength of the basic sites was important, by finding a relationship between the yields of alcohol and the quantity of strong basic sites of Al2O3. 

This finding opens a new road for the successful realization accomplishment of photosynthetic reactions. 

1 3 2 
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1.6 Influence of surface OH density 

Water in contact with the TiO2 surface undergoes a dissociative adsorption giving rise to a certain hydroxylation degree. After irradiation, the 

photogenerated holes oxidize the hydroxyl groups to ·OH radicals, which are responsible, together with ·HO2 radicals, for the oxidation processes taking 

place in a photocatalytic system. Surface OH density plays a key role in determining the photocatalytic efficiency. During the photocatalytic oxidations, 

a high concentration of OH groups favors O2 adsoption and it has a beneficial effect on the photoactivity.123,124 On the other hand, scarce information is 

available on the influence of OH surface density on synthetic reactions. Di Paola et al.125 examined the role of OH density of some home prepared and 

commercial TiO2 samples on the photocatalytic activity by considering the partial oxidation of 4-MBA as a probe reaction. An EPR study demonstrated 

that higly hydroxylated samples (Figure 22a) were the most selective ones towards p-anysandehyde formation, but the least active in the formation of 

tempone (Figure 22b). Tempone concentration is related to the formation of ˙OH radicals because it derives from reaction between TEMPO and ˙OH 

(Figure 22c). This study demonstrated that not all the total amount of surface OH species can be transformed in the highly reactive OH radicals. An 

opposite behavior was found for phenol and benzoic acid hydroxylation (Figure 23): a selectivity decrease towards the mono hydroxylated species both 

of phenol and benzoic acid was observed by increasing the total OH amount.69 The above findings indicate that the results are strictly related to the 

substrate-catalyst coupling and can not be generalized. 

The surface OH group density of different TiO2 samples played a key role also in the selective oxidation of cyclohexane to cyclohexanol and 

cyclohexanone.126 A series of TiO2 samples prepared in HCl aqueous concentrations with different concentration were compared in the propene 

oxidation.127 The best results were obtained with the samples exhibiting the higher surface OH density. 

 

Figure 22: Surface OH amount (a), Tempone concentration monitored after 365 nm irradiation of deoxygenated acetonitrile suspensions of TiO2 

samples (b) and mechanisms of TMPO oxidation to nitroxide radical Tempone in the irradiated (λ = 365 nm) deoxygenated acetonitrile TiO2 

suspensions, along with EPR spectrum of Tempone (c). Reproduced with permission from ref 125. Copyright 2014 Elsevier. 
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Figure 23: Selectivity to mono-hydroxylated species vs. samples global hydroxylation determined by TGA for the used photocatalysts. (a) Phenol; 

(b) benzoic acid. Reproduced with permission from ref 69. Copyright 2012 Elsevier. 

Surface OH groups of anatase TiO2 influenced also the distribution products of gaseous toluene oxidation in a fixed-bed continuous reactor.128 Partial 

oxidation to benzaldehyde with a selectivity of ca. 20% was observed in the presence of air and water. By FTIR investigation it was demonstrated that 

toluene was weakly stabilized by hydrogen bond onto hydrate TiO2 surface and it was successively oxidized to benzaldehyde only if surface OH groups 

were present. A reduction of toluene conversion rate was observed after the first hours of irradiation in the absence of water due to the poisoning of the 

photocatalyst, whilst the formation of benzaldehyde was almost wholly inhibited because of the surface OH groups consumption. 

 

1.7 Surface modifications 

Photocatalytic reactions always take place on the surface of a photocatalyst, therefore the selective adsorption ability of the photocatalyst towards 

reactants and products is crucial for the selective photoreactions, a thought that has been mostly ignored for a long period. It is viable to promote the 

selectivity by surface adjustment, e.g., transforming the surface charge/functional group, constructing specific structures129 and by adsorption of  

Brønsted acid.130 Actually, the weaker interaction between target product and photocatalyst is beneficial for the selective reaction, because the desired 

products can easily desorb from the photocatalyst surface once reactant-to-product transformation is over, which has been proved not only by density 

functional theoretical calculations but also by experiments.131-133 Therefore, achieving control over adsorption is a relevant approach to affect the 

selectivty of photocatalytic processes.134 Furthermore, adsorption is also strongly related to surface properties such as zeta potential, which can be 

controlled by the pH of the solution, or by the presence of specific surface functional groups. Ohtani et al. highlighted the importance of surface 

adsorption on selectivity in their studies on the synthesis of cyclic secondary amines starting from diamines.135-137 The optical purity of the product 

significantly changed by changing the photocatalyst. The presence of CdS gave rise to a racemic mixture, while one isomer was preferentially produced 

in the presence of TiO2. The difference of the optical purity of the products was attributed to the different position of the adsorbed amino group onto 

the surface of the photocatalyst. 

Augugliaro et al.138-139 attributed the higher selectivity towards aldehydes obtained in the presence of home prepared TiO2 based photocatalysts with 

respect to commercial ones, to the competition between water and aldehyde for the adsorption. The selectivity was higher for highly hydrophilic TiO2 

samples, in which water was able to displace the aldehyde molecules from the surface, thus facilitating their desorption and avoiding further oxidation. 

Notably, the competition between water and organics on the surface of TiO2 has been recently quantitatively estimated by means of fast field cycling 

NMR analysis.140 

Similarly, the selectivity towards cyclohexanone in the partial oxidation of cyclohexane was strongly influenced by product desorption.141 

Cyclohexanone, in fact, desorbs significantly more slowly from an irradiated surface than under dark. In fact, the surface hydroxylation degree was 

higher under irradiation, so that cyclohexanone could bind more strongly to the catalyst surface, resulting in slow desorption. 

Maira et al.,142 by carrying out the toluene oxidation in gas phase in a continuous photoreactor, showed that the rate of toluene photo-oxidation to 

benzaldehyde was the same on differently hydroxylated TiO2 samples, while toluene photo-oxidation to CO2 was faster on the more hydroxylated ones, 

showing that the latter process occurred on different adsorption sites, maybe characterized by multiple anchoring of the aromatic ring interacting with 

more acidic OH groups. 

Photocatalysts with well-defined textural characteristics have been described to address the selectivity of the photocatalytic processes.143 The use of 

one-dimensional nanostructure-based material continues to receive more attention as a method to achieve improved selectivity of organic photocatalytic 

synthesis.144 

 

1.7.1 Molecular Recognition Sites (MRS) 
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Molecular imprinting is defined as ‘‘the construction of ligand selective recognition sites in synthetic polymers where a template (atom, ion, molecule, 

complex or a molecular, ionic or macromolecular assembly, including micro-organisms) is employed in order to facilitate recognition site formation 

during the covalent assembly of the bulk phase by a polymerization or polycondensation process, with subsequent removal of some or all of the template 

being necessary for recognition to occur in the spaces vacated by the templating species’’.145  

Recently, creation of molecular recognition sites (MRS) on the surface of suitable oxides has attracted increasing attention for plenty of applications.145 

The resulting materials present highly selective sites capable to selectively interact with specific substrate with a “lock and key”-type mechanism. 

Photocatalytic applications of these materials have been mostly proposed for the preferential degradation of specific toxic pollutants present in complex 

organic mixtures.146 For instance Ghosh-Mukerji et al.147 chose thiolated β-cyclodextrin (TCD) as the MRS, whose well-defined cavity facilitated the 

hosting of 2-methyl-1,4-naphthoquinone with respect to other molecules such as benzene. The target pollutant was degraded 11 times faster with respect 

to benzene in the presence of the TCD, while the two molecules degraded similarly in its absence. However, due to the organic nature of MRS, some 

precautions have to be observed to prevent the degradation of the MRS which might be slowly deteriorated during a long period of UV-light illumination. 

For this reason synthetic applications of MRS are rare. However, to increase the stability of the nanocomposite under UV irradiation, inorganic 

molecularly imprinted polymers (IMIPs) coated TiO2 photocatalysts have been investigated for the degradation of phthalate esters.148 This idea has been 

used for shape-selective synthetic reactions. Canlas and co-workers149 showed that indiscriminately reactive catalyst surfaces can be made reactant 

shape-selective through the use of partial overcoating with an inert oxide. For example, TiO2 coated with a porous very thin Al2O3 layer is a selective 

photocatalyst for both reduction and oxidation reactions (template nanocavities). Using this photocatalyst, nitrobenzene and benzyl alcohol were 

photocatalytically reduced and oxidised, respectively, while the ortho methylated derivatives did not react. Molecularly imprinted photocatalysts (MIP) 

are very promising for synthetic applications but they are rarely used. In fact, design of a new MIP system suitable for a specific template molecule 

often requires a lot of time and work for synthesis, washing and testing. Generally, many attempts need to be made, changing various experimental 

parameters, before finding the optimum conditions. Combinatorial Chemistry has been recently used in order to accelerate the optimization of MIPs to 

attain the desired performance.150 Other important critical points are the design of water-compatible MIPs and their stability under irradiation. 

 

1.7.2 Modification with organics 

 

Selectivity and conversion of photocatalytic synthetic reactions can be improved by functionalizing the semiconductor with suitable organics. The 

shuttle molecule grafted on the surface of the photocatalyst may influence the process in various ways according to its properties and to the specific 

interaction with light and with the photocatalyst surface.  

One of the most used technique to extend the light absorption capability of some metal oxides from UV to the visible range, is the surface sensitization 

with suitable dyes. The resulting photocatalytic mechanism is generally indicated as “indirect” because the excited dye injects electrons into the 

conduction band of the semiconductor upon visible light absorption, giving rise to an efficient spatial charge separation. The resulting process not only 

is driven by visible light but generally it shows improved selectivity and conversion towards target molecules in synthetic applications.   

Chen et al.151 report the simultaneous reduction of nitroaromatics and oxidation of alcohols to the corresponding amines and aldehydes, respectively, 

by using a dye sensitized TiO2 photocatalyst in organic solvents. Both reactions occur with high selectivity (ca. 90% in the optimized conditions). 

Notably, the photoexcited electron transfer from the excited dye molecule to the CB of TiO2 generates the corresponding dye radical which can 

selectively oxidize the alcohol to aldehyde. The radical is simultaneously reduced back to the starting dye which is therefore reformed.  

Oxidation of amines to imines has been carried out in acetonitrile and in the presence of dye sensitized TiO2 by using (2,2,6,6-tetramethylpiperidin-1-

yl)oxyl (TEMPO) as a suitable redox mediator to relay the electron transfer (see Figure 24).152  

 

 

Figure 24: Mechanism for the photocatalytic oxidation of amine to imine with O2 by dye-sensitized TiO2 and TEMPO under visible light irradiation. 

Reproduced with permission from ref 152. Copyright 2018 Elsevier. 

 

Upon visible light excitation, the dye molecules on the surface of TiO2 inject electrons into its conduction band, thereby generating dye radical cations. 

The latter oxidize TEMPO to TEMPO+ which in turn oxidizes amines to imines, forming TEMPOH in the meantime. Finally, superoxide anion species, 



20 
 

formed through oxygen reduction at the TiO2 interface, oxidize back TEMPOH to TEMPO. The complex synergy between TiO2, dye and redox 

mediator, although if mimicking some mechanisms reported for hydrogen and oxygen generation by means of electron relay molecules,153 represents 

an interesting proof of concept to be used for novel selective photocatalytic syntheses. 

Analogously to the above mentioned report, the dye molecule is catalytically regenerated after oxidizing a substrate also in the visible light-induced 

selective oxidation of alcohols to aldehydes or ketones devoid of any redox mediator.154 The reaction afforded selectivity values close of ca. 99% in 

different organic solvents, but the highest conversion (ca. 70%) was obtained in acetonitrile. Quenching of the excited state of the dye results in electrons 

injection into the conduction band of TiO2 and in the generation of the corresponding radical cations. The latter are restored to their ground state by 

oxidizing benzyl alcohol to the corresponding radicals, which in turn are transformed into the corresponding aldehyde molecules through interaction 

with superoxide radical anions. 

Oxidation of aliphatic alcohols to the corresponding aldehydes has been carried out in gas phase under solar light irradiation by modifying commercial 

TiO2 (P25) with a perylene derivative. In this case, yields to formaldehyde, acetaldehyde and acetone were 67, 70 and 96%, respectively.155 

In the above mentioned examples the organic modifier plays the role of the light absorbing species. However, in other cases the shutter molecule initiates 

redox reaction by mediating between the excited semiconductor and the target substrate. For instance, Zhang et al.156 reported the selective oxidation of 

methyl phenyl sulfide and other substituted aromatics sulphides to sulfoxides by means of mesoporous graphitic C3N4 (mpg-C3N4) modified with 

aldehyde molecules such as isobutyraldehyde (IBA) (Figure 25). Bare C3N4 afforded only 8% conversion, although selectivity was remarkable (99%), 

while IBA modified C3N4 showed a significantly increased conversion by maintaining a high selectivity. In particular, 100 mol % IBA concentration, 

afforded 51% conversion with methyl phenyl sulfoxide as the sole product. When 200 mol % of IBA was used, the conversion and selectivity were 

97% and 98%, respectively. With higher IBA concentrations the main product changed from methyl phenyl sulfoxide to methyl phenyl sulfone with a 

selectivity of 92%. The aldehyde grafted on the surface was oxidized by the photogenerated superoxide anions to peroxide radicals or peracids which 

in turn oxidized sulphides to sulfoxides.  

 

 

Figure 25: A possible reaction mechanism for the catalytic cycle of the mpg-C3N4 and mpg-C3N4–aldehyde system. 

 

A similar mechanism has been invoked for the selective allylic oxidation of cholesteryl acetate to 7-ketocholesteryl acetate (7-KOCA), a key step in the 

production of vitamin D3.157  

The organic compound grafted on the surface of the semiconductor can be highly beneficial for the conversion and selectivity of the process by 

improving the spatial charge separation.  

Graphene modified semiconductors have been synthesized to this aim due to the remarkable conducting properties of this 2D carbon material. Ma et 

al.158 reported the selective (100% selectivity) hydrogenation of nitroaromatics by using CoS2/graphene composites under visible light irradiation and 

mild conditions. Graphene rapidly trapped the photoexcited electrons and efficiently suppressed charge recombination. 

Abd-Elaal et al.159 modified home prepared TiO2 with a conjugated diol molecule and silver nanoparticles. The coupled use of the organic molecule and 

the silver nanoparticles enabled fast electron transfer from the conduction band of the semiconductor to the outer shell of the composite, thus facilitating 

oxidation of aromatic alcohols to aldehyde which occurred with a high selectivity (ca. 90%) in aqueous suspension. 

The selectivity of the photocatalytic reduction of nitrobenzene to aniline has been significantly improved in the presence of TiO2 modified with electron-

donating aminoacids such as asparagine (Asp), serine (Ser), phenylalanine (Phe), and tyrosine (Tyr).160-162 The aminoacids acted as hole traps on the 

surface of TiO2, thus hindering charges recombination. However, other factors synergistically act along with their electron donating effect, positively 

contributing to the performance of the reaction. In fact, at alkaline pH values the positively charged amine group of the aminoacid efficiently reacted 
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with the negatively charged nitrophenol molecules thus improving its reduction. As a consequence, modified Ag-TiO2 samples selectively reduced 

NBz, even in the presence of chemically similar molecules such as phenol. Furthermore, modification with aminoacids strongly improved the 

nitrobenzene adsorption capability due to hydrogen bonding, n-π and π-π interactions. 

Surface modification with organo silane (silylation) influences the physico-chemical features of the surface in order to enhance its affinity to target 

molecules. The selectivity towards cyclohexanone in the photooxidation of cyclohexane on anatase TiO2 was greatly improved by sililation.163 In fact, 

the higher hydrophobicity of the surface facilitated cyclohexanone desorption, thus preventing its further oxidation and enhancing selectivity up to 97%.  

Surface silylation is reported as a powerful tool to address the photocatalytic mechanism by limiting the charge transfer efficiency in favor of energy 

transfer-based mechanisms. For instance, silylation of TiO2 allowed to highlight that the photocatalytic isomerisation of caffeic acid occurs by means 

of energy transfer from the excited TiO2.
164 Janczyk et al.165 reported that surface silylation promoted energy transfer from the excited semiconductor 

to oxygen, forming singlet oxygen. Recently, this mechanism has been invoked in the limonene oxidation to limonene epoxide occurring with high 

selectivity (ca. 90%) in the presence of silylated TiO2.
166 Nevertheless, it is worth reminding that the use of organics to modify the surface properties of 

a photocatalyst should imply a careful check of their stability under irradiation. 

 

1.7.3 Ion Modification 

Surface modification by metal and non-metal ions is reported to enhance the selectivity of photocatalytic processes by modulating the adsorption of 

target molecules. Higashimoto et al.167 studied the influence of metal ions loading (Fe, Ag, Ce, Pt, or Cu) for the TiO2 induced oxidation of aromatic 

alcohols to the corresponding aldehydes. Modification by Fe (III) afforded the highest photocatalytic performances giving rise to ca. 99% selectivity 

towards benzaldehyde. The enhanced performances are mainly attributed to the hybridization of the O2p orbitals of the adsorbed alcohols molecules 

with the Fe 3d orbitals, which improved electron transfer to the conduction band of TiO2.  

The presence of the superoxide radical (O2
•−) could depress the selectivity of photocatalytic syntheses, being it an active oxidizing species. Therefore, 

inhibiting its formation generally improves the performances of the selective processes. Marotta et al.168 added Cu2+ cations efficiently competing with 

oxygen as electron scavengers. In this way superoxide radical formation was inhibited. The cycle was closed by oxygen mediated oxidation of the 

formed Cu(0) in the dark. The authors reported an approximately 50% selectivity for the photocatalytic oxidation of benzyl alcohol to benzaldehyde. A 

further paper of the same authors reports a scale up of this process in a solar pilot plant using a compound parabolic collector reactor (CPC),169 with ca. 

50% yield towards benzaldehyde (ca. 60% selectivity). Authors found that the amount of Cu2+, the incident solar radiation and the temperature were 

key parameters for the reported process, which is a rare example of a photocatalytic synthesis at a pilot scale. 

Ti3+-containing TiO2 has shown higher selectivity for the production of ketones than P25 and rutile, due to the high defectivity and to the enhanced 

affinity for water.170  

The effects of the presence of fluoride ions on the TiO2 surface has been often investigated for photocatalytic degradation reactions. Indeed, fluorination 

is reported to enhance the production of highly oxidizing OH radicals which unselectively degrade almost every organic compound with few 

exceptions.171 For this reason selective synthetic applications are rare. Maurino et al.172 investigated the influence of TiO2 surface fluorination in the 

partial oxidation of glycerol. Fluorination determined a decrease in the glycerol conversion rate with respect to bare TiO2 at low substrate concentration, 

but a fivefold increase at high concentrations. Furthermore, the production of value-added compounds such as 1,3-dihydroxyacetone and glyceraldehyde 

increased.  

Enhancing the hydroxyl ions concentration on the surface of TiO2 has been proved to be an efficient way for increasing the conversion of glucose and 

xylose to formate. The presence of hydroxyl ions not only accelerated the formation of active oxygen species, but also influenced adsorption of glucose 

and desorption of formic acid.173 

 

1.7.4 Mixed Photocatalysts 

Mixed semiconductor oxides have been reported to improve performances with respect to the single components. The synergistic effect has been often 

justified by taking into account the improved spatial charge separation due to the relative energetic positions of the valence and conduction bands of the 

semiconductor components. The direct contact between the two semiconductors is essential and coupling or capping them are the mainly used 

techniques.174 Regardless of which component is the light absorbing species, both of them act as direct or indirect photocatalysts. Therefore, the opto-

electronic features of the components should be carefully considered in order to design efficient systems.  

Liu et al.175 presented a mini-review on the use of core-shell nanostructures for selective organic transformations. 

Solvent free oxidation of toluene to benzaldehyde has been selectively carried out under visible light by using a hybrid composite comprised of CdS 

and a coordination polymer Cd3(C3N3S3)2. The resulting heterojunction facilitates separation and transfer of the photogenerated electrons, thus increasing 

the stability of CdS against corrosion, while the porous structure and the large surface area enabled surface enrichment of adsorbed toluene.176 

Among the coupled systems different organic assemblies have been tested. A hybrid system, containing TiO2 anatase and HKUST-1, a porous metal-

organic framework (MOF), was used for the CO2 photocatalytic reduction under solar light irradiation.177 The close contact between the two components, 

favouring an effective electron transfer, proved to be essential as its efficiency was much higher than those of the single constituents. By using a similar 

coupled photocatalyst, He et al.178 found an improved CO2 photoreduction to CO, in comparison with pristine TiO2. In this case no electron transfer 
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proces between the two components was observed and the enhanced photactivity was attributed only to the improved CO2 adsorption on the catalyst 

due to the MOF presence. Coupling an inorganic photocatalyst with MOF can be very advantageous as it combines features of the former with the 

peculiar properties of the latter (porous structure, presence of organic linkers and metal atoms). 

CdS nanoparticles supported on 2-D graphene scaffold were used for selectively oxidizing a series of alcohols to the corresponding aldehydes under 

visible light irradiation and ambient conditions.179 The good performance of the system was attributed to the coupling of the photocatalytic properties 

of CdS with the features of graphene (high electron conductivity, enhanced light absorption, porous structure). 

Also ternary systems have been investigated for synthetic applications. Han et al.180 designed a very stable hierarchical nanostructure in which the three 

components (CdS, ZnO, and graphene) electronically interacted thus providing excellent charge separation and resistance to photocorrosion. The 

composite has been used for selective photo-hydrogenation of nitro aromatics. The presence of CdS warranted visible light absorption while graphene 

and ZnO afforded efficient spatial charge separation.  

Notably, even if charge separation is a key factor determining photocatalytic performances, the selectivity of the process was mainly determined by 

surface factors as pointed out by Hamrouni et al.181 The photodegradation of 4-nitrophenol occurred with an efficiency related to that of the charge 

transfer separation, while the selectivity towards PAA in the 4-MBA photocatalytic oxidation was mainly influenced by the surface properties.  

The effects of the surface features have been highlighted by Tsukamoto et al.182 and Di Paola et al.183 for selective oxidation of aromatic alcohols and 

ferulic acid, respectively, in the presence of WO3/TiO2 photocatalysts. In both reports the higher selectivity towards aldehydes obtained with respect to 

the bare components was explained by considering the change in adsorption properties of the WO3/TiO2 photocatalysts compared to the bare TiO2 rather 

than the electronic effects. In fact, the produced aldehyde did not undergo further oxidation on the WO3 phase, thus increasing the selectivity of the 

process.  

A selectivity enhancement in alcohol photooxidation has been obtained by using TiO2 covered with Nb2O5.
184 Unlike the case of WO3 modified TiO2, 

the authors attributed the enhancement in the selectivity to the inhibition in the generation of ozonide radical O3
∙− as shown by ESR analyses. In this 

way overoxidation of the desired intermediate was avoided. 

Photocatalytic and catalytic partial oxidation of 2-propanol to acetone were compared over mixed TiO2–CeO2-based catalysts. The mixed samples 

showed higher catalytic conversion compared to the single oxides. Decoration with gold nanoparticles further increased the conversion. The catalytic 

oxidation was mainly directed by the presence of CeO2 acting as a reducible oxide support enabling a strong interaction with gold nanoparticles and 

providing very active lattice oxygen atoms. The use of mixed oxides favored mineralization of the alcohol to CO2, while the interaction of gold with 

bare TiO2 was responsible for the highest selectivity towards acetone.185 

By coupling a photocatalyst with non-photoactive compounds has been also demonstrated a viable tool to enhance the selectivity towards valuable 

compounds. 

Magdziarz et al.186 reported the partial oxidation of benzyl alcohol to benzaldehyde in the presence of an iron doped TiO2/zeolite photocatalyst 

synthesized by a sonophotodeposition method. This material allowed to obtain higher yield in benzaldehyde with respect to the corresponding 

photocatalyst prepared by means of wet-impregnation methods.  

Photoactive Bi2WO6 was entrapped into silica and allowed the selective oxidation of trans-ferulic acid and trans-cinnamic acid into a mixture of acid 

and aldehyde derivatives (vanillic acid, vanillin, and benzoic acid). The sol–gel encapsulation of the photocatalyst enhanced significantly the selectivity 

towards the aldehyde or the acid, depending on the nature of the substrate.187  

The role of the silica component in non-photocatalytic reaction steps was hypothesized for reduction of nitroaromatics by alcohols in the presence of 

TiO2 loaded onto silica grafted with arylsulfonic acid groups.188 Silica acted as a thermally active catalyst while the TiO2 component as the photocatalyst 

(Figure 26). m-Nitrotoluene (17) was reduced to the corresponding aniline (18) while the alcohol (19) was oxidized to the corresponding aldehyde (20). 

Condensation of amine and aldehyde afforded an intermediate imine (21), while condensation of aldehyde (20) and alcohol (19) produced the enolether 

(22). The following steps were thermally catalyzed on the acidic surface of silica. In particular, the imine (21) reacted with the enolether (22) affording 

the intermediate (23). The latter, on the acidic sites of the modified silica, evolved to the intermediate (24) which in turn disproportionated eventually 

affording products (25) and (26). 
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Figure 26: Mechanism of the reduction reaction of nitroaromatics by alcohols. Reproduced with permission from ref 188. Copyright 2013 American 

Chemical Society. 

 

1.7.5 Metal loading 

Decorating the surface of a semiconductor with metal nanoparticles is a viable tool to reduce charge recombination, to tailor the optical properties of 

the composite, and to address preferential adsorption of target compounds and the selectivity of the reaction. 

When the semiconductor is the light absorbing species, metal nanoparticles behave as co-catalysts and act as sinks for the photogenerated electrons so 

that they provide selective active sites for the reaction to occur. For instance, Kominami et al.189 performed deoxygenation of epoxides in alcoholic 

suspensions in the presence of TiO2 loaded with silver, gold, or copper nanoparticles. Gold or copper addressed the reaction towards hydrogen 

production, while Ag nanoparticles promoted selective reduction of (2,3-epoxypropyl)benzene epoxide to allylbenzene (99% yield). 

In other cases the nanoparticles themselves act as catalysts by absorbing radiation and generating charges by means of localized surface plasmon 

resonance (LSPR), i.e. the collective oscillations of electrons of the metal nanoparticle upon electromagnetic radiation absorption.190  

For instance, noble metals such as silver and gold give rise to LSPR resonance in the visible region of spectrum. As summarized by Kochuveedu et 

al.,191 the mechanisms of LSPR induced photocatalytic reactions are (i) transfer of electrons generated at the metal nanoparticle to the semiconductor 

and (ii) excitation of LSPR that causes chemical transformations of adsorbates on the surface of the metal nanoparticles itself. The first mechanism has 

been invoked for addition reactions such as hydroamination of alkynes to imines,192 whilst reduction reactions are often catalysed by the second one. 

For instance, gold nanoparticles on different supports allow to reduce nitro-aromatics to azo compounds, hydrogenate azobenzene to hydroazobenzene, 

reduce ketones to alcohols, and deoxygenate epoxides to alkenes.193,194 In particular, plasmon electrons abstract hydrogen atoms from the solvent giving 

rise to Au-H species which then transfer hydrogen to the substrate. In some cases, a combination of direct and indirect photocatalysis takes place, 

whereby both the semiconductor and the metal nanoparticles activate the reactants. Oxidations such as visible light epoxidation of ethylene in the 

presence of Ag nanoparticles on α-Al2O3 support have been reported to occur by means of this mechanism as well. 195 

Metal deposition could also favor adsorption of organic substrates onto the photocatalyst surface. Tada et al.196,197 reported a remarkable increase in 

both activity and selectivity of the photocatalytic reduction of nitrobenzene to aniline due to an increase in the amount of adsorbed nitrobenzene on Ag 

and Pt-Ag modified TiO2 with respect to non-modified TiO2.  

Decoration with Au nanoparticles is reported to decrease the hydroxylation degree of the TiO2 surface.198,199 For instance the mineralization of phenol 

to CO2 is suppressed in favor of the partial oxidation to hydroquinone in the presence of TiO2 P25 modified with gold nanoparticles.199 This behavior 

has been attributed to the reduced affinity of the hydroquinone towards the gold nanoparticles and to the reduced hydroxylation degree of the Au 

modified photocatalysts. The same reasons have been invoked by Ide et al.200 to justify the enhancement of selectivity of the photocatalytic oxidation 

of cyclohexane towards the formation of cyclohexanone and cyclohexanol employing Au-modified Fe/Ni/TiO2 as the photocatalyst. Pt and Pd deposited 

on CdS1−xSex (0 < x < 1) nanorods induced the photocatalytic alcohol dehydrogenation and hydrogenolysis under sunlight irradiation.201 In particular, 

benzyl alcohol was converted under sunlight illumination to benzaldehyde, being toluene and H2 the byproducts. The presence of Pt favored 

dehydrogenation (H2) over hydrogenolysis (toluene) 8:1, whereas the presence of Pd favored hydrogenolysis over dehydrogenation 3:1.  

The photocatalytic properties of silver nanoparticles (Ag NPs) coupled with tungsten oxide (WO3) nanocrystals were investigated to understand 

structural effects of the WO3 nanocrystals in selective oxidation of cyclohexane (CyH). The photocatalytic activity of monolayer hydrated WO3 

nanosheet-Ag nanoparticle composites (WO3 NSs-Ag NPs) was 1.3 times higher than that of WO3 nanocube-Ag nanoparticle composites (WO3 NCs-

Ag NPs). The highest cyclohexane conversion of 40.2% with cyclohexanol and cylohexanone (KA oil) selectivity of 97.0% were achieved by WO3 
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NSs-Ag NPs photocatalyst under solar-light irradiation at room temperature. WO3 NSs-Ag NPs showed good photocatalytic stability. The improved 

photocatalytic activity for the oxidation of cyclohexane was mainly due to the facilitated generation of highly reactive hydroxyl radicals caused by 

surface plasmon resonance (SPR) effect of Ag NPs, and to the effective charge transfer to WO3. The design and structural analysis of the WO3 NSs-Ag 

NPs in this research can provide a novel approach for the further development of high-performance photocatalysts.202 

 

 

2. Selectivity enhancement by tuning various reaction conditions not related to the photocatalyst 

 

2.1 Effect of the solvent 

Water is the “green” solvent par excellence and one of the strengths of heterogeneous photocatalysis compared to other synthetic processes. The 

advantages of using water are related to environmental and economic reasons, by taking into account that the organic compounds can not be generally 

used in food industries due to their toxicity, and the purification of the obtained products is less expensive in the presence of water. 

Several papers report on the photocatalytic synthesis of valuable organic compounds by using water as the solvent20,53,66,182,127,128,41,203-209 obtaining, in 

some cases, good selectivity values. In one of their first papers on selective photocatalysis, Yurdakal et al.41 reported the partial photocatalytic oxidation 

of benzyl alcohol (BA) and p-methoxybenzyl alcohol (MBA) to their corresponding aldehydes (benzaldehyde (BAD) and 4-methoxybenzaldehyde 

(PAA)) in aqueous solution by using home made TiO2 samples. The best selectivity was 38 % for BAD and 60% for PAA. The higher MBA conversion 

and PAA selectivity was explained by considering the presence of the electron-donating methoxy group which stabilizes the aromatic ring favoring the 

aldehyde formation, whilst the lower selectivity to BAD was ascribed to the simultaneous formation of hydroxylated aldehydes (Figure 27). 

Subsequently, a PAA selectivity enhancement up to 90 % was obtained under simulated solar irradiation by using N-doped TiO2 samples.66 

 

Figure 27: Proposed reaction schemes. R=H, OCH3. Reproduced with permission from ref 203. Copyright 2011 John Wiley and Sons. 

 

Spasiano et al.169 verified the selective production of BAD (selectivity of ca. 63%) from BA in a solar pilot plant, by using TiO2 in aqueous cupric ion 

solutions. A further enhancement was achieved using a hybrid RuCat/Pt-g-C3N4 system in the presence of solar light irradiation with over 99% of 

selectivity to BAD and contemporary H2 evolution.205 The improved aldehyde selectivity was attributed to the presence of Ru catalyst and the 

combination of homogeneous and heterogeneous catalysis.  

Selective oxidation of piperonyl alcohol (PA) to piperonal was carried out in water by using both commercial and home-prepared TiO2 samples with a 

selectivity of ca. 35% (piperonyl alcohol initial concentration 0.5 mM).24 Starting from higher concentrated solutions also traces of 1,3-bis(3,4-

(methylenedioxy)benzyl) ether, deriving from the condensation of two alcohol molecules, were found. In this case, the separation of the products by a 

chromatographic procedure allowed to separate the reaction mixture obtaining unreacted PA (49% with respect to the starting amount), piperonal (10% 

isolated yield based on the starting amount of alcohol; 20% yield, based on the converted amount of alcohol) and negligible amounts of 1,3-bis(3,4-

(methylenedioxy)benzyl) ether (0.6%isolated yield based on the starting amount of alcohol). 

Recently, the selective oxidation of three aromatic alcohols BA, 4-MBA and PA in aqueous suspension was carried out by using pristine and P-doped 

g-C3N4 samples both under UV and visible light irradiation.204 The selectivity to the corresponding aldehydes reached 100 % (with some samples) for 

BA and 4-MBA, whilst the maximum value reached for PA was 46%. g-C3N4 was used also for conversion of HMF to 2,5-furandicarboxaldehyde 

(FDC) in aqueous medium under UV and natural irradiation, with ca. 30 % and 50% selectivity, respectively, at 50% conversion.210 The high activity 

of these samples was attributed to the absence of ·OH radicals on the C3N4 surface. The selectivity under natural irradiation was enhanced up to 88% 

(at 20% of HMF conversion) by using a polymeric carbon nitride-hydrogen peroxide adduct as the photocatalyst.206 
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However, it is generally difficult to perform selective photocatalytic oxidation in pure water because very reactive ·OH radicals are formed in the 

presence of water. These species are highly unselective and cause over-oxidation of the products present in the solution. The replacement of water with 

organic solvents enhances the selectivity, as in this case organic peroxides are formed instead of OH radicals. The conversion and selectivity values 

depend on solvent, substrate and photocatalyst type. The most used solvents are acetonitrile,44,154,167,211,212  trifluorotoluene,213-217 benzotrifluoride,130,218,219 

while less common solvents are dimethyl carbonate (DMC),25 methanol,220 2-propanol,50,221 carbon tetrachloride.222 In some cases no additional solvents 

are used.223-225 

Imamura et al.211 studied the oxidation of BA to BAD with the simultaneous production of H2 in acetonitrile solution by using metal loaded TiO2 P25. 

BAD and H2 evolved with a molar ratio of 1:1 and the best performance, with a total conversion of BA to BAD, was obtained in the presence of Pt-

TiO2 samples. The results suggested that BA dehydrogenation occurred in the absence of water practically quantitatively without over-oxidation. A 

selectivity to BAD over 99% in acetonitrile solution was also found by using rutile TiO2 nanorods under visible light irradiation.44 The activation of the 

photocatalyst was explained by considering the formation of a surface complex (PhCH2O) between the -OH group of BA and TiO2–OH group capable 

to absorb visible-light, thus generating electrons and holes (Figure 28).   

 

 

Figure 28: Hypothesized scheme for the partial oxidation of BA to BDA in acetonitrile solution. Reproduced with permission from ref 44. Copyright 

2012 Elsevier. 

Almquist and Biswas226 compared the TiO2 (commercial Degussa P25) photocatalytic oxidation of cyclohexane to cyclohexanol and cyclohexanone in 

different solvents. The results showed that the formation rate and the distribution of the two products are related to the solvent nature because of the 

different extent of adsorption of all of the species present in the reaction mixture onto the catalyst surface (also the solvent can be adsorbed). Generally, 

the higher the degree of absorption of a species, the greater the interaction with the photocatalyst and, therefore, its oxidation degree. In this case 

cyclohexanol is better adsorbed by the catalyst in the presence of non-polar solvents, whilst the amount of adsorption is lower in polar solvent. The best 

performance, in fact, was observed by using dichloromethane (Figure 29), because of the less significant adsorption. It suggests, furthermore, that also 

chlorine atoms influence the photocatalytic activity. Additionally, different products deriving from the organic solvents oxidation have been identified. 

This finding suggests that the use of organic solvents can make the reaction mixture more complex by increasing the separation cost for products of 

interest.  
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Figure 29: Amount of cyclohexanol and cyclohexanone formed in the various solvents after 1 h of irradiation with 450W xenon lamp. Reproduced 

with permission from ref 226. Copyright 2001 Elsevier. 

 

Coupling of TiO2 (P25) with a MOF (Metal Organic Framework) (NH2-MIL-125(Ti)) in the presence of CCl4 as the solvent, allowed to carry out the 

selective oxidation of cyclohexane to cyclohexanol and cyclohexanone under visible light irradiation, working the MOF as a sensitizer for TiO2.
222 

Ru(bpy)3
2+-based MOF showed good photocatalytic performances towards aerobic coupling of various amines in CH3CN and photo-oxidation of 

thioanisole to methyl phenyl sulfoxide in methanol solution.227 

During the reduction of nitrobenzene to aniline in 2-propanol TiO2 suspension, acetone (the oxidation product of the solvent) was observed in almost 

stoichiometric amount along with aniline.221  

The mixture DMC/3%H2O proved to be a good solvent for the degradation/partial oxidation of phenanthrene.25 Water was necessary as phenanthrene 

conversion was negligible in pure DMC. By using ethanol, 1-propanol or 2-propanol as the solvents many oxidation by-products were found due to the 

attack of phenanthrene by ·OH radicals and by insertion of ethyl, ethanoate, propyl or propylate groups. Even if phenanthrene reaction rate was faster 

in the alcohols than in DMC, in the latter case only two products were obtained, allowing a higher selectivity and a simpler reaction system. The yields 

at 60% conversion (after 250 h of UV irradiation) for 9-fluorenone and 6H-benzo[c]chromen-6-one were 19% and 23% w/w, respectively. When organic 

solvents are employed, another parameter which should be taken into account is the dispersibility of the catalyst, which is very low in aprotic solvents 

such as DMC. In fact, in the case of phenanthrene, to overcome this drawback the catalyst was immobilized on Pyrex spheres packed in a fixed bed. 

By using V2O5@TiO2 as the photocatalyst under simulated solar light irradiation, the selectivity to cyclohexanol and cyclohexanone was 15.5% and 

84.5%, respectively in a mixture of acetonitrile/water (volume ratio 10/1) with a substrate conversion of 12.4 % and no formation of others by-

products.228 In pure acetonitrile the total selectivity to the two products was ca. 100%, but the cyclohexane conversion was only 0.5%. The presence of 

water was necessary to increase the conversion, but when its amount exceeded certain levels selectivity decreased due to formation of other by-products. 

Moreover, as the solubility of cyclohexanol and cyclohexanone in water is very low, acetonitrile favored the desorption of these products from the 

catalyst surface. Mixed solvents demonstrated to be very efficient also in the valorization of biomasses. Colmenares et al.229 achieved a total selectivity 

of 71 % in conversion of glucose to organic high value-added compounds (glucaric acid, gluconic acid and arabitol) in 50% H2O/50% ACN mixture at 

11% of conversion. The effect of the solvent type was investigated in the selective visible light photo-oxidation of 5-hydroxymethylfurfural (HMF) to 

2,5-diformylfuran (DFF) on g-C3N4.
230 The best results in terms of HMF conversion were found by using benzotrifluoride (PhCF3) as the solvent, whilst 

the highest selectivity (and yield) to DFF (Figure 30) was obtained in acetonitrile (ACN)/benzotrifluoride mixture. The great conversion was attributed 

to the low polarity of PhCF3 and to its superior capability to dissolve O2. The addition of polar solvents lowered the conversion and, consequently, 

increased the selectivity. The above reported results indicate that the different solvents can improve the selectivity values by acting in various ways, 

depending on the nature of the substrate and of the formed products. 

 

 

Figure 30: Effect of the solvent on the photocatalytic selective oxidation of HMF by using g-C3N4 under solar light irradiation. Reproduced with 

permission from ref 230. Copyright 2017 Elsevier. 

 

CdLa2S4, a ternary chalcogenide active under visible light, was used for the contemporary selective reduction of nitroarenes and oxidation of aromatic 

alcohols in benzotrifluoride under deaerated conditions with a good efficiency.219 

The photocatalytic selective oxidation of sulfides (thioanisole) to sulfoxides under visible light irradiation in different solvents and in the presence of 

BiVO4 or Pt/BiVO4 photocatalysts (Figure 31), showed that the best results were obtained by using a mixture of CH3CN/H2O (2:1 v/v) as the solvent. 

The presence of H2O was beneficial as the conversion raised up to 70% with selectivity of 98% and 2% to sulfoxide and sulfone, respectively, without 

formation of over-oxidation products.231 A further increase of H2O amount had a negative effect due to the low solubility of thioanisole. By isotopic 

labelling, moreover, it was demonstrated that oxygen present in the oxidation products derived from H2O. 
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Figure 31: Photocatalytic results for selective oxidation of thioanisole. Reproduced with permission from ref 231. Copyright 2015 Elsevier. 

 

Chen et al.151 carried out the photo-reduction of nitro-compounds in organic solvents (CCl4 and CHCl3) and in the presence of alcohols (both aliphatic 

and aromatic) as scavengers, by using TiO2 (Figure 32a) and dye-sensitized/TiO2 (Figure 32b) systems under UV and visible light irradiation, 

respectively. Whilst an almost complete reduction of the nitro compound to aniline followed by alcohol mineralization was observed with TiO2 and UV 

light, in the presence of the TiO2/dye sample and visible light, alcohols were selectively partially oxidized, with a good efficiency, to the corresponding 

aldehydes, regardeless of the solvent type. In the latter case, alcohols selective oxidation and nitro-aromatics reduction occurred simultaneously, 

although the reduction efficiency was not high. 

 

 Figure 32: Schematic diagram of photocatalytic reduction of nitrobenzene in (a) UV/TiO2/holes scavenger system and (b) Vis/TiO2/dye-sensitized 

system. Reproduced with permission from ref 151. Copyright 2011 John Wiley and Sons. 

 

2.2 Photoreactors 

The reactor geometry, configuration and modes of operation could influence the efficiency of the reacting system. Figure 33 schematizes some of these 

parameters. 

 

Figure 33: Scheme of reaction system operative parameters. 
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In order to enhance the selectivity towards the target compound, the residence time must be carefully optimized. In a batch system this can be achieved 

only by stopping the reaction when the target compound concentration reaches its maximum, with relevant disadvantages in terms of plant flexibility 

and operational costs. On the other hand, the residence time distribution in a continuous reactor can be simply controlled by optimizing the fluid 

dynamics of the system. However, the relevance of this issue is even more evident in synthetic applications, especially in cases where the back reaction 

of the products is faster than their formation, as for instance in the semiconductor induced photocatalytic CO2 activation. In this case the back reaction 

can be avoided by using a photoelectrochemical device in which the involved species are generated in separate compartments. 

This reaction, also known as artificial photosynthesis, has recently attracted great interest due to the environmental implications of reducing emissions 

of the waste CO2 and using it as “green” building block for the synthesis of high value-added products such as fuels.  

Formation of methane and methanol is thermodynamically favoured, but the need of multiple electron transfer generally favors the production of carbon 

monoxide, formaldehyde and formic acid.232,233 The low conversion values (less than 1%) obtained up to now for CO2 reduction is the main drawback 

for its practical applications. The influence of various parameters (reaction phase, temperature, pressure, reagents ratio, properties of the photocatalysts, 

etc.) affecting the reactivity has been considered so far in other reviews. However, only some aspects related to the reactor configuration were presented. 

In general, to increase the CO2 conversion the reactor configuration should optimise the irradiation and enable the fast removal of the reduction products 

from the reacting mixture before they could be further transformed.  

Even if batch systems have been often applied for CO2 photo-reduction, fluidised bed reactors and fixed bed reactors are generally the most efficient 

configurations. In fluidised bed reactors the photocatalyst is dispersed in a fluid-like state so that substrate adsorption and reaction rate are maximized. 

However, the fixed bed configuration allows to better control the residence time which is a key parameter. The problem of product separation is 

negligible in this case by considering the rather volatile nature of the obtained compounds. Olivo et al.234 compared methane formation in a fixed bed 

reactor and in a thin film reactor, demonstrating that in the latter case a methane production resulted three order of magnitude higher. In general, in 

fixed bed reactors only a small fraction of the photocatalyst is activated by light, decreasing the effectiveness of the whole process.235 The use of 

honeycomb monolyths and optical fibers could solve the problem.236 For instance Wu237 optimized the absorbed photons in a fixed bed reactor where 

the photocatalyst was deposited on optical fibers (the fixed bed) and the fluidodynamic parameters chosen to generate a plug-flow. The yield in methanol 

obtained in this reactor was 14 times higher with respect to a conventional batch reactor.238 Accordingly, Lee et al.239 reported in similar conditions 

quantum efficiency (0.049%) ca. 25 times higher than in a conventional batch reactor (0.002%), owing to the fact that the photocatalyst supported on 

an optical fiber, probably was mainly irradiated by the total reflection evanescent wave having very low intensity, thus allowing higher quantum 

efficiency due to a lower recombination rate. Generally speaking, it is possible to ascertain whether recombination negatively affects the process 

efficiency by plotting the reaction rate versus the light intensity; recombination dominates if the reaction rate is proportional to the square root of the 

intensity, while if the relationship is linear this does not happen.  

An appealing alternative is the impregnation of the photocatalyst on a moist quartz wool, as reported by Bazzo and Urawaka,240 although the missing 

control of the ratio CO2/H2O led to hardly comparable results. These results agree with a recent report on the comparison between batch and continuous 

systems for the photodegradation of organic pollutants.241 Authors highlight the higher flexibility of a continuous system in which the photocatalytic 

activity increased up to 110% compared to that of a batch system. Notably, it would be highly desirable to find similar investigations focused on 

synthetic reactions, by comparing not only conversion but also selectivity values in the two configurations, and by critically evaluating results in terms 

of possible applications. To the best of our knowledge this approach has been only rarely considered. 

A good compromise between batch and continuous flow reactors is a closed system in which recirculation is used to introduce the advantages of a flow-

through process. For instance, the photocatalytic synthesis of vanillin has been performed in a similar reactor where the photocatalytic suspension 

exiting the reactor was continuously recycled back by a peristaltic pump to the reactor after passing through a perfectly mixed tank.242 This configuration 

has been often used for photodegradation purposes, although, in view of real applications, it does not easily allow to treat the high volumes typically 

required in water remediation processes. For instance, some authors have used such configuration for the photodegradation of model pollutants in the 

presence of a fixed bed TiO2 based catalyst.243,244 Notably, whilst in these cases the photocatalytic reaction rate increased with increasing flow rate, 

Meshram et al.245 found that phenol photodegradation decreased at increasing flow rate by using a dispersed photocatalyst. These results highlight that 

the highly specific nature of the interaction of light and matter and of the substrate with the photocatalyst, along with the differences in the experimental 

set up, may afford results whose generality is rather questionable. This is particularly true for synthetic applications which, in addition, present a long-

felt need of similar studies. 

Continuous-flow systems may assume two extreme configurations, named continuous stirred tank reactor (CSTR) and plug flow reactor (PFR). In the 

CSTR system the flow is perfectly mixed so that the concentration is basically constant throughout the reactor. On the other hand, the concentration 

decreases along the flow direction in the PFR configuration. Although PFR has been chosen as the configuration used in the ISO norms for 

standardization of photocatalytic reactions, CSTR presents relevant advantages. A PFR is more efficient than a CSTR having the same volume,246 but 

all the catalyst surface in a CSTR is exposed to the same (output) concentration.247 On the other hand, while the rate values obtained in PFR may be 

seen as mean values, the CSTR configuration affords an evaluation of the photocatalytic rate closer to the intrinsic one. For these reasons, the European 

Standard Organization (CEN) is currently working on standard test methods performed in CSTR configurations. However, while classical PFR and 
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CSTR configurations have been used in photocatalytic degradation processes, micro-fluidic systems have been generally reported for synthetic 

applications. In the latter case, the configuration can be theoretically considered as a PFR due to the reduced size of the system, although the above 

mentioned disadvantages can be significantly reduced as will be discussed in the next section. 

 

2.3 Photocatalytic microreactors 

The selectivity of some organic reactions has been recently improved by performing them in microreactors which can be defined as devices where the 

reacting medium flows through channels with at least one dimension smaller than 1 mm.248 Figure 34 reports some microreactor configurations. 

Photocatalytic applications in micro reactors present various advantages with respect to conventional configurations.249 Indeed, confining photocatalytic 

reactions in micro sized spaces allows to reduce mass and heat transfer limitation due to the reduction of molecular diffusion distances, to large surface-

to-volume ratios and to reduced residence time. In this way reaction parameters can be better controlled, with a fast response to operational changes.  

 

Figure 34: Different microreactor configurations.  

 

Furthermore, light induced processes may benefit of high spatial illumination homogeneity and good light penetration, resulting in optimized reaction 

conditions and better controlled kinetics of the process.250-253 As a matter of fact, reaction rates observed in microreactors are generally at least one order 

of magnitude higher than those correspondingly reported in conventional reactors. However, the most appealing feature of microreactors consists in the 

possibility of scale-up the process by simply numbering up the microreactors in parallel. This avoids risks and high capital costs related to scaling from 

laboratory to production plant, allowing faster transfer of results from research to production.  

The design and operation of microreactor with immobilized thin-film photocatalyst can be justified because it does not require photocatalyst separation 

steps, while maintaining large illumination surface area per volume. Generally, the photocatalyst has been supported on the internal part of the 

microchannels. In some cases TiO2 nanotubes or nanoparticles have been deposited on a titanium foil in situ by anodic oxidation followed by a 

hydrothermal treatment.250 

Recently, optical elements such as for instance waveguides and lasers, have been integrated into microfluidic devices, giving rise to efficiency 

enhancements of ca. two orders of magnitude.254 Most of the investigations deal with photocatalytic degradations as model reactions used to approach 

fluid-dynamic issues.255 Figure 35 shows some optofluidic microreactor schemes. 
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Figure 35: Schemes of optofluidic microreactors: (a) schematic and (b) cross sectional view of photocatalytic microfluidic reactor. Reproduced with 

permission from ref 254. Copyright 2010 American Institute of Physics; c) schematic of the optofluidic microreactor with the catalyst coated fiberglass. 

Reproduced with permission from ref 255. Copyright 2013 American Chemical Society. 

 

As far as synthetic applications are concerned, photochemical reactions in homogeneous phase have been often reported in microfluidic systems, 

whereas heterogeneous photocatalysis for synthetic purposes has been more rarely reported.256 

Matsushita et al.257 reported the reduction of benzaldehyde and nitrotoluene in ethanol, under nitrogen atmosphere, in the presence of TiO2 in a quartz 

microreactor irradiated with UV-LEDs. Benzyl alcohol and p-amino toluene were obtained with a yield of 11 and 46%, respectively, after 60 s.  

Takei et al.258 reported the cyclization of L-lysine to L-pipecolinic acid (Figure 36) in a self-fabricated micro reactor. Platinum (0.2 wt%) modified TiO2 

was deposited into the channels (770 μm wide and 3.5 μm depth) and a high-pressure Hg lamp was used as the irradiation source. The L-lysine 

conversion in the microstructured reactor was 87% after a residence time of ca. 52 s, which was 70 times greater than that obtained in a batch reactor. 

In this case the selectivity of the reaction did not depend on the reaction time.  

Even if reactions are not optimised, these pioneering works demonstrate the potentialities of microstructured reactors with respect to conventional ones. 

 

Figure 36: Photocatalytic synthesis of L-pipecolinic acid. 

 

N-ethylation of benzylamine was carried out in a quartz microreactor (width 500 μm, 40 mm length) whose channels were coated with TiO2 (with and 

without Pt), irradiated with UV-LEDs (365 nm), by using ethanol as the solvent.259 

The alkylated product was detected in yields of up to 43% in only 90 s. Other amines such as aniline and piperidine were also alkylated.260 Increasing 

the depth of the channels resulted in reduced reaction efficiency due to reduced surface to volume ratio. While reaction proceeded with bare TiO2 in the 

microstructured reactor, the presence of Pt was required in the batch system. Notably, the continuous mode allowed to prevent the undesired bis-

alkylation reaction.  

The additive cyclization of N-methylmaleimide and N,N-dimethylaniline has been carried out in a spiral of PFA capillary (ID 760 μm, 650 μL) irradiated 

with UV-LEDs at 365 nm, in the presence of TiO2 nanocrystals capped with oleic acid.261 The product (tetrahydroquinoline) was obtained in 91% yield 

after 5 h of reaction time (see Figure 37). 

 

Figure 37: Photocatalytic addition of N,N-dimethylaniline to N-methylmaleimide. 

 

Symmetrical and unsymmetrical disulfides, useful molecules employed as drugs, anti-oxidants or pesticides as well as rubber vulcanizating agents, 

were prepared through TiO2 induced oxidation of thiols under visible light irradiation in organic solvents (acetonitrile or ethanol) (Figure 38).262,263 The 

reaction was carried out both in batch and in continuous flow systems. Switching from batch to a continuous-flow packed-bed reactor substantially 

reduced the reaction times. Furthermore, biocompatible reaction conditions and the facile catalyst separation, makes this method particularly appealing 

for biomolecule modification protocols.264 

 

Figure 38: Scheme of disulfides production by TiO2 photocatalysis. 
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Recently, the continuous-flow radical cyclization of bromomalonates catalyzed by graphitic carbon nitride in a packed-bed reactor (ID 2 mm, 620 μL) 

has been reported (Figure 39).265,266 The photocatalyst suffered only a slight reduction in efficiency after ca. 70 cycles. Various bromomalonates were 

cyclized in high yield (74−99%).  

 
Figure 39: Continuous flow radical cyclization photocatalyzed by graphitic carbon nitride. 

 

Katayama et al.267 recently summarized methods for TiO2 and WO3 induced photocatalytic syntheses (oxidation of benzyl alcohol and reduction of 

benzaldehyde and nitrobenzene) in microflow reactors. In this case the photocatalysts were coated inside a fused silica capillary (inner diameter 1.1 

mm, outer diameter 1.4 mm) and irradiated with UV-LEDs or with visible light.  

High yield photoisomerization and photooxygenation reactions of trans- and cis-1,2-bis(4-methoxyphenyl) cyclopropanes to trans- and cis-3,5-bis(4-

methoxyphenyl)-1,2-dioxolanes were performed in a TiO2 thin film-coated microflow reactor.268,269 These photoreactions (see Figure 40), which are 

likely initiated by electron transfer from 1,2-diarylcyclopropanes to excited TiO2, were accelerated by Mg(ClO4)2 because of its ability to stabilize the 

cyclopropane radical cation intermediates, therefore suppressing back-electron transfer.  

 

Figure 40: Photoisomerization and photo-oxygenation of trans-bis(4-methoxyphenyl)cyclopropanes by using TiO2 catalysts in the presence of 

Mg(ClO4)2. 

 

Recently the cleavage of photo-labile 2-nitrobenzyl linkers in Merrifield type solid phase synthesis was carried out in a continuous microflow 

photoreactor.270 Interestingly, unlike the batch system, where the photoreaction resulted in incomplete cleavage of the linkers, the reaction reached 

yields of 86% in the continuous flow microreactor (Figure 41).  

 

Figure 41: Scheme of cleavage of photo-labile 2-nitrobenzyl linkers in Merrifield type solid phase synthesis. 

 

2.4 Photocatalytic membrane reactors 

The integration of photocatalysis with a membrane-based separation unit has been proposed as a promising tool to transfer photocatalytic syntheses 

from lab to industrial scale. The reason why photocatalytic membrane reactors (PMRs) could produce great advantages is based on a simple idea. The 

target molecule, generally a reaction intermediate, can be continuously separated from the photocatalytic system by means of suitable membranes in 

order to avoid its further transformation. This not only provides higher selectivity and efficiency with respect to the sole photocatalytic process, but also 

enables direct separation of the product of interest. Furthermore, the dense membranes are generally not affected by possible fouling and allow the 

complete retention of the photocatalytic powder by avoiding further separation steps, and reducing the operative costs. Finally, the possibility of 

operating in a continuous or semi-continuous mode, the easy control and the modularity of the system endow the integrated process with versatility and 
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flexibility. It is worth to note that the integration of the two processes is straightforward due to the similar operative conditions at which they generally 

work (mild temperature, low pressure, diluted solutions, low energy demand). This solution has been often applied for environmental purposes by 

considering the synergistic effects of the integration, i.e. the possibility of pollutant removal with rates higher than the sum of those obtained by the 

single technologies.271 Indeed, coupling membrane filtration with photocatalysis enables the oxidation of organic compounds transforming them into 

smaller compounds reducing membrane fouling and/or eliminating the threat of emerging contaminants. Moreover, other advantages are the chemical-

free disinfection of microorganisms and the self-cleaning of the catalyst which enables to maintain constant the permeation flux reducing the cleaning 

procedure frequency along with the cost of cleaning agents.  

On the other hand, applications for the synthesis of high value-added compounds can be still defined at a nascent level. While some interesting syntheses 

have been investigated from a “chemical” point of view, in fact, the highly specific engineering issues related to them should be still approached. 

Therefore, various competences and different research approaches must be interdisciplinary connected, and scientific collaborations are often required 

to prove the applicative viability of PMRs for synthetic purposes. It is therefore understandable why the relevant literature reports only a limited number 

of photocatalytic syntheses of high added value chemicals carried out in PMRs. Few photo-oxidation reactions (partial oxidation of benzene to phenol, 

alcohols to aldehydes and the synthesis of vanillin) and only two photocatalytic synthetic reductions (CO2 to fuels and the synthesis of phenylethanol) 

have been carried out in PMRs, to the best of our knowledge. By taking into account the above considerations, some engineering issues related to these 

reactions will be reported hereby.  

Photocatalytic oxidation of benzene to phenol occured with poor selectivity in batch conditions due to further hydroxylation of the aromatic ring.272-276 

Molinari et al.277 investigated the direct benzene conversion to phenol in a hybrid PMR (Figure 42), by using TiO2 as the suspended catalyst. 

 

 

Figure 42: Scheme of the system for the photocatalytic oxidation of benzene. Reproduced with permission from ref 277. Copyright 2009 Elesevier. 

 

Briefly, the system consisted of a batch photocatalytic reactor (a) coupled with a membrane contactor module (b) by means of recirculation. Benzene 

acted both as reactant (permeating from the organic phase to the aqueous phase) and as the extraction solvent (phenol, once produced in the reacting 

mixture, permeated to the organic phase). This system allowed to limit the phenol further oxidation and afforded 40% higher phenol production with 

respect to batch systems. From these results it is evident that the ratio between the rate of photocatalytic phenol production and that of phenol permeation 

through the membrane is crucial and a systematic optimization study would be useful for the scale-up on a bench scale. 

The photocatalytic hydrogenation of acetophenone to phenylethanol has been proposed by Molinari et al.278 The same authors integrated the 

acetophenone reduction in a PMR similar to that shown in Figure 42.279 The phenylethanol produced in the aqueous reacting phase diffused through the 

membrane and then dissolved into the organic extracting phase, where it was protected from successive over-hydrogenation. The integrated system 

showed better conversion, selectivity, yield and overall produced amount of phenylethanol than the sole photocatalytic system.  

Aromatic aldehydes can be photocatalytically produced by partial oxidation of the corresponding alcohols under mild experimental conditions and in 

water as the solvent.42,159 Even if a good selectivity towards aldehydes has been reported in batch systems, the yield generally can decrease due to further 

oxidation of the produced aldehyde molecules. Furthermore, the photocatalyst must be separated and it is hard to operate the reaction in a continuous 

mode. These issues have been approached by integrating the reaction step (4-methoxybenzyl alcohol partial oxidation to 4-methoxybenzaldehyde) with 

a pervaporation membrane contactor.280 Unlike the above mentioned phenol production, the aldehyde permeated through a non-porous membrane from 

the retentate (reacting suspension) to the permeate side (vapour phase at low pressure) where it was condensed by means of liquid nitrogen traps.281 The 

experimental set-up is shown in Figure 43. 
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Figure 43: Photocatalytic reaction system integrated with a pervaporation membrane contactor. Reproduced with permission from ref 280. Copyright 

2011 Elesevier. 

 

By using a suitable membrane with a high affinity to the aldehyde and a significant rejection to the alcohol, efficient separation without relevant reactant 

losses could be obtained. 

Furthermore, the photocatalyst was completely retained in the reacting mixture and its presence did not affect the membrane performance even after 

very long times. Figure 44 shows yield, conversion and selectivity of the photocatalytic process alone (a) and integrated with the pervaporation module 

(b). Notably, while by means of the sole photocatalysis the yield of the process reached a plateau, it monotonically increased by coupling the reaction 

with pervaporation.  

 

Figure 44: Yield (η), conversion (χ) and selectivity (σ) versus time of the photocatalytic process alone (a) and integrated with the pervaporation module 

(b). Reproduced with permission from ref 280. Copyright 2011 Elesevier. 

 

A similar system was used for the TiO2 induced photocatalytic synthesis of vanillin from precursors of natural origin as trans-ferulic acid, isoeugenol, 

eugenol or vanillyl alcohol.207,242 The reaction carried out in batch afforded selectivity values towards vanillin ranging from 1.4 to 21 %, depending on 

the substrate and on the type of photocatalyst. On the other hand, the yield doubled in the photocatalysis-pervaporation integrated process. Furthermore, 

the permeated vanillin was recovered as highly pure crystals (≥ 99.8%) by freezing downstream in a liquid nitrogen trap, without further separation and 

purification steps. Due to the industrial relevance of vanillin,282-287 the process was carefully optimized, kinetically modelled, and some engineering 

aspects was deeply approached.  

Systems in which the photocatalyst was dispersed generally presented not very high performances. This is confirmed by the results of Pathak et al.288 

which performed CO2 photoreduction in liquid CO2 in a reactor at high pressure, equipped with a quartz window to provide irradiation (Figure 45). 

Authors compared the system performances when TiO2 was dispersed in the porous cavities of a Nafion membrane and when it was suspended in liquid 

CO2. Few hundreds of micromoles of methanol and formic acid were obtained per gram of photocatalyst in the immobilized system and their amounts 

increased with increasing TiO2 loading onto the membrane. Lower amount of formic acid and traces of methanol were detected when TiO2 was 

suspended. Authors justified this result by considering the negative role played by particle aggregation in the suspended system.  

b) a) 
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Figure 45: High pressure photoreactor equipped with a quartz window. 

 

Notably, the same authors observed in a successive report that the presence of metal silver nanoparticles on the surface of TiO2 enhanced the CO2 

conversion and favored the formation of methanol.289 

Rarely particular structures of the photocatalyst itself work as an inorganic membrane. A nanoporous structured wafer comprised of the photocatalyst 

itself has been used as a flow-through membrane for gas phase CO2 photoreduction under sunlight irradiation. The effect of the presence of Cu or Pt 

metal nanoparticels, the relative humidity, and the exposure time was investigated.290 Methane, hydrogen and carbon monoxide were the main products. 

Notably, ca. 25% higher formation of reduction products was obtained when the TiO2 wafers were used in flow-through configuration. In this case the 

reduced residence time allowed to avoid re-oxidation of the products, due to removal of them from the surface of the catalyst. 

The photocatalyst has been also immobilized in non-polymeric membranes. For instance, a particular optofluidic membrane microreactor system was 

used by Cheng et al.291 The membrane was comprised of carbon paper coated with TiO2 on one side and treated with poly-tetrafluoroethylene on the 

other side in order to confer hydrophobicity. The membrane separated two chambers in which circulated water and gaseous CO2, respectively (Figure 

46). UV irradiation of the TiO2 containing membrane side resulted in methanol production of ca. 100 μmoles per hour and gram of photocatalyst in the 

optimised conditions. The influence of water flow rate, light intensity and catalyst loading on the performance of the system was investigated. The 

microsized dimensions coupled with the presence of a membrane provided high surface area/volume ratio, improved the light distribution inside the 

reactor and the proton transfer. However, despite blank tests, the inertness of the carbon paper may be questionable. Furthermore, the ratio H2O/CO2 

could be hardly controlled.  

 

Figure 46: Scheme of the optofluidic membrane microreactor system. Reproduced with permission from ref 291. Copyright 2016 Elsevier. 

 

However the most used membrane systems for CO2 photoreduction use polymeric membranes. The catalyst immobilization into polymeric membrane 

supports offers several advantages such as a better catalyst exposition to UV light, the possibility of tuning and control the contact between reactants 

and catalyst, the reduction of catalyst aggregation and the possibility of reusing it, and a better control of fluid dynamics. Nafion is the most used 

polymer due to its transparency and resistance to heat and irradiation.292  

Sellaro et al.293 performed the photocatalytic CO2 reduction in a continuous photocatalytic membrane reactor in which TiO2 was embedded in a Nafion 

membrane. Runs were carried out in continuous or in batch mode under UV light and by using water as the reducing agent. The best results were 

obtained in continuous mode, with a H2O/CO2 stream with a molar ratio equal to 5:1. The system worked at a transmembrane pressure of 2 bar. The 

main photoreduction product was methanol whose further oxidation was limited in continuous mode so that its flow rate/catalyst weight reached 45 

μmoles per gram of photocatalyst per hour. This value is among the highest reported in literature for systems under mild pressure conditions. The reason 

of this result lies in the continuous operating mode promoting conversion and avoiding further oxidation of the products. In a successive work exfoliated 

C3N4 was used instead of TiO2 in a similar system configuration.294 In fact, exfoliated C3N4 presented a high specific surface area and maintained its 

physico-chemical properties when embedded in Nafion membranes. Furthermore, it could generate electrons with a more negative potential, thus 

thermodynamically favoring CO2 reduction with respect to TiO2. In this case the membrane reactor converted at least 10 times more carbon than the 

batch system, as a result of the continuous operation mode and the improved dispersion of catalyst once embedded in the Nafion matrix. In the presence 

of C3N4, CO2 was converted in a different set of products compared to the system with TiO2, i.e. methanol, ethanol, formaldehyde and acetone, whose 

distribution strongly depended on H2O/CO2 feed molar ratio and residence time.  
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3. Conclusions and perspectives 

Photocatalysis has been often proposed as a promising tool for water purification purposes. However, after ca. 30 years of scientific investigation and 

many attempts to transfer processes on a larger scale than the bench one, photocatalytic water treatments show the widest disconnection between 

academic research and the actual needs of the water industry with respect to other technologies. As a matter of fact, in this field photocatalysis alone 

can hardly survive outside the lab. Coupling photocatalysis with other processes (already applied) such as ozonation or membrane technologies may 

fill the above mentioned gap by increasing the efficiency of the overall process with respect to the single technologies (synergistic effects), thus making 

the integration appealing for large scale applications. Consequently, we believe that further scientific efforts should be done in the field of photocatalysis 

for water treatments, but a neat change of direction is required. Stable, reusable and visible light active materials are needed more than elegant, high 

performing and complex photocatalysts, which are often unstable giving rise to leaching problems. Moreover, engineering issues related to the design 

of reactors, to radiant field distribution and to process intensification aspects should be deeper investigated, and, above all, greater collaborations with 

industries would be desirable.  

The situation is different when looking at photocatalysis as a tool for the synthesis of high value-added compounds. In this field, basic research is still 

necessary to develop novel syntheses and niche applications which, although intrinsically at small scale, could be of wide diffusion. Notably, the 

possibility of using abundant solar light, water as the solvent and mild operating conditions, make photocatalysis an appealing alternative to the 

traditional chemical syntheses.  

Photocatalysis has been long believed to be an unselective oxidation process due to the presence of highly oxidizing radicals. However, plenty of reports 

demonstrate that high selectivity towards the target compounds may be achieved by carefully tailoring crystallinity, surface properties of the 

photocatalyst, and its interaction with the substrates. For this reason, the field has recently spawned a growing number of synthetic applications with 

novel and admirable insights into mechanistic and physico-chemical aspects. In this framework we would like to note that photocatalytic formation of 

target compounds does not strictly implies their synthesis. Unfortunately, under the label of “syntheses” reactions have been often reported in which 

the desired products have been only chromatographically detected, and whose separation, purification or isolation in gram scale has not been performed. 

Furthermore, we believe that more attention should be paid on reactor design and other engineering issues in order to optimize the most economically 

promising syntheses. To this aim, interdisciplinary collaborations are needed and various specific hurdles could arise, but it is time to stop basking in 

lab successes, turning a blind eye on fatal implementation problems. This is the driving force of the present review which focus not only on relevant 

physico-chemical aspects, but also on some engineering issues which can improve the efficiency of photocatalytic syntheses. We surveyed the rare 

photocatalytic syntheses performed in continuous reacting systems, in microreactors and in membrane reactors, which we envisaged as promising tools 

to enhance the performances of the syntheses and whose investigation in this field is only at a very early stage. In some cases, the high yields obtained 

and the appealing mild operating conditions make engaging the competition between photocatalysis and the applied synthetic routes, whereby the 

existence of traditional and still operating plants seems to be the only (merely economic) reason hindering the implementation of novel and “greener” 

systems. Microreactors can be good candidates to facilitate the transfer from laboratory to bigger scales. In fact, this can be obtained simply by increasing 

the number of devices arranged in series, thus avoiding risky and costly scale up procedures. Moreover, along with other remarkable points of strength, 

it is possible to take advantage of the typically small residence times to increase the selectivity of the process. However, high fabrication costs, low 

throughput, and operating problems related to the use of specific low pulse or pulseless pumps and to clogging of solid particles, still cause poor 

industrial acceptance. The use of membranes also determines remarkable improvements in terms of yield of the process, by separating the target 

compounds directly from the photocatalytic suspension. Other benefits are the possibility to simultaneously separate the photocatalyst and to operate 

continuously and in modular arrangements.  

We think that the integration of different systems can mitigate the hurdles related to the single technologies and that an interdisciplinary vision of the 

processes can be a viable way towards the industrial application of some photocatalytic syntheses.  
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