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Abstract 

 
In the past decades, photocatalytic and photoelectrocatalytic methods have been widely 
employed for the degradation of harmful compounds present both is gaseous and aqueous 
effluents. In the last years scientists have paid great attention to the synthesis of valuable 
compounds and hydrogen production. Organic syntheses are generally carried out in organic 
solvents, under high temperature/pressure, with toxic oxidants such as permanganate. On the 
other hand, photocatalysis and photoelectrocatalysis using water as solvent, air or water as 
oxidant, and sunlight as energy source, can be an efficient alternative to the traditional, non-
environmentally friendly methods. This review summarizes the photocatalytic and 
photoelectrocatalytic transformations of organic molecules to commercially valuable products 
in water, sometimes evaluating also the contemporary H2 production. The reaction conditions, 
mechanisms and kinetics will be presented and discussed. Future perspectives will also be 
given.  
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1. Introduction 

 

Heterogeneous photocatalysis (PC) technology is based on the ability of some solids called 

photocatalysts, which have typical semiconductor properties to generate pairs of electrons (e-) 

and positive holes (h+) when irradiated by light of appropriate energy [1–3]. These e-/h+ couples 

can induce, directly or indirectly through the formation of radicals, oxidation and reduction 

reactions involving the species adsorbed on the surface of the semiconductor solid. 
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Heterogeneous photocatalysis was generally used until a few years ago in the field of 

degradation of organic polluting species present in aqueous and gaseous effluents, even if the 

reactions studied almost never had industrial application [4–6]. More recently, researchers 

expert in this technology have turned towards the synthesis of some molecules with high added 

value [7–11], such as the partial oxidation of alcohols to aldehydes [12–15], reduction reactions 

[16–19], biomass conversion [7,20–23], C-C bond breaking [24,25], CO2 activation [26–29] 

and H2 formation [30–35]. 

Despite the fact that the photocatalytic method is very versatile for many types of reactions, it 

has some drawbacks. Among the most important we mention the low exploitation of solar 

energy which is due to the too high band-gap values of the photocatalysts and the not very 

significant efficiency which is due to the high recombination rate of the photogenerated e-/h+ 

charges. 

Electrocatalysis represents a more cost-effective process as the redox reactions occur in an 

electrochemical cell where the electrocatalyst lowers the overpotential of the reactions allowing 

a direct conversion of electric energy into chemical one. 

This technology also has some drawbacks such as low selectivity towards the product(s), high 

overpotential values for some reactions, and often poor Faradaic efficiency. The low selectivity 

and high overpotential values may depend on significant adsorption energies of some 

intermediates of the reaction, while the low Faradaic efficiency may depend on competitive 

reactions that are kinetically favored, and more generally it can be said to parasitic processes. 

An important possibility to improve process efficiency is to use different approaches that show 

synergistic effects. For example, the photocatalytic and electrochemical methods can be used 

in tandem, i.e. coupled. In this case we will talk about photoelectrocatalysis (PEC), and some 

systems of this type reported in the literature will be presented in the second part of this review. 

The performance of the first process can be improved if an external bias is applied to a 

photoelectrode with a catalyst supported in various ways [36–39]. The fundamental principle 

on which this configuration is based is to obtain greater effectiveness in the separation of the e-

/h+ pairs photogenerated as a result of light irradiation. In other words, their lifetime is 

increased, making them more available to induce oxidation and reduction reactions. 

Differently from photocatalysis, the PEC method requires an external bias to be applied to a 

thin semiconductor plate on conductive support [40]. Fluorine doped tin oxide (FTO), indium 

tin oxide (ITO) glasses or metal plates could be used as conductive supports, therefore there are 

no separation problems of the catalyst from the reaction medium.  
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In the field of organic syntheses in the presence of water as the solvent, the low conversion and 

selectivity towards the target compounds obtained by the photocatalytic method, as above 

reported, can be enhanced by PEC thanks to the spatial separation of the oxidation and reduction 

processes at the two electrodes [38,41,42]. In fact, as the hole will proceed to the anode for the 

oxidation reaction and the electron will move to the cathode for the reduction reaction, the 

efficiency of the reaction examined increases compared to photocatalysis and electrocatalysis. 

The main reaction mechanism of the produced radical species (O2˙−, HO2˙, HO˙, and h+) on 

cathode and anode surfaces in aerobic condition is reported below (Eqn. 1-6). Oxygen is an 

electron trap in aerobic condition at cathode surface. 

 

TiO2 + hν → e− (anode) + h+ (anode)     (1) 

e− (anode) → e− (cathode)       (2) 

O2 + e− (cathode) → O2˙−       (3) 

O2˙− + H+ → HO2
˙         (4) 

2HO2
˙ → O2 + H2O2

         (5) 

H2O + h+(anode) → H+ + HO˙      (6) 

 

The choice of materials to be used for the electrodes must be made taking into account the 

oxidation and reduction potentials of the substrates used to address the selectivity towards the 

desired products [43]. 

In this review, we give an overview of the partial oxidation reactions via photocatalysis and 

photoelectrocatalysis only in the presence of water as the solvent. The reactions were divided 

into categories of starting compounds and particular attention was paid to the materials used 

and the experimental conditions for each specific reaction. It is hoped that this review can help 

to choose the most suitable photo/photoelectro-catalytic systems for each specific synthesis 

process. 

 
2. Photocatalytic partial oxidation reactions 

 

2.1 Partial photocatalytic oxidation of alcohols to aldehydes 

 

In these last years, studies were carried out on the feasibility of alcohol partial oxidation to the 

corresponding aldehydes by photocatalysis in organic-free water. G. Palmisano et al. [44] 

studied the formation of 4-methoxybenzaldehyde (p-anisaldehyde, PAA, a compound used for 
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confectioneries and beverages) from the photocatalytic selective oxidation of 4-methoxybenzyl 

alcohol, 4-MBA. The process was carried out in a batch reactor containing aqueous suspensions 

of commercial and home-prepared TiO2 [45]; the results highlighted that the mechanism of 4-

MBA disappearance consisted of two different reaction pathways occurring in parallel, i.e. the 

partial oxidation to PAA and the total oxidation to CO2. The home-prepared anatase based 

photocatalysts were obtained under mild conditions and showed to be much more selective than 

the commercial ones, i.e. TiO2 Merck and Degussa P25, with a selectivity towards PAA of ca. 

41% and a conversion of 65%. Notably, a maximum selectivity towards PAA of ca. 56% (i.e. 

ca. 3 times higher than that obtained with commercial TiO2) was achieved by using a home-

prepared uncalcined brookite TiO2, used for the first time for synthetic purposes [46].  

Augugliaro et al. [47] used home prepared TiO2 rutile catalysts, obtained at room temperature, 

by a new sol-gel route starting from TiCl4 as the Ti precursor for the partial oxidation of benzyl 

alcohol (BA) and 4-MBA. The highest selectivity towards the corresponding aldehydes for both 

alcohols was found with a poor crystallized TiO2 rutile prepared at 333 K. The selectivity was 

not affected by the reaction-rate value and adsorption played a major role. Indeed, it was found 

that the extent of PAA adsorption was negligible with respect to that of benzaldehyde (BAD) 

(23%). Consequently, the different selectivity towards BAD and PAA (38 vs 60%) can be 

justified by considering the very different adsorption extent of the two aldehydes. Successively, 

room temperature home-made rutile was tested for the partial oxidation of different aromatic 

alcohols in water suspensions [48]. In addition to the partial oxidation of MBA to PAA, the 

photocatalytic oxidation of some 4-substituted benzyl alcohols to the corresponding aldehydes 

was caried out; i.e. benzyl alcohol (BA) to benzaldehyde (BAD), 4-methylbenzyl alcohol 

(MeBA) to 4-methylbenzaldehyde (MeBAD) and 4-nitrobenzyl alcohol (4-NBA) to 4-

nitrobenzaldehyde (4-NBAD). Selectivity values as high as 74% were obtained and home 

prepared samples were more active than commercial ones. The effect of the aromatic alcohol 

substituent on the partial oxidation performance was in accord with the Hammett’s relationship. 

Low crystalline home prepared rutile was also efficient for the partial oxidation of piperonyl 

alcohol to piperonal under environmentally friendly conditions [10]. Di Paola et al. [49] 

compared the activity of two commercial and two home prepared TiO2 powders for the partial 

oxidation of 4-MBA under UV light irradiation. The crystallinity degree and the OH surface 

density influenced the photocatalytic performance, and the least crystalline and most 

hydroxylated home-made samples exhibited the highest selectivity toward PAA. The oxidant 

power was reduced, although the high density of surface OH, because those belonging to 

amorphous part of TiO2 surface were not able to be transformed into radicals under irradiation, 
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and consequently the partial oxidation was favoured. EPR analyses showed, in fact, that the 

amount of HO˙ radicals formed under irradiation was not directly linked to the total number of 

surface hydroxyl radicals.  

Yurdakal et al. [50], investigated the influence of N-doping TiO2 on selectivity of photocatalytic 

oxidation of 4-MBA towards PAA in water under simulated solar irradiation. The results 

indicated that the doping with nitrogen and the exploitation of solar light, were beneficial for 

increasing the selectivity of the partial oxidation of 4-MBA to PAA. In particular, poorly 

crystalline catalysts, prepared by using NH4Cl as nitrogen source, were found to be the most 

selective samples, by reaching a 90% selectivity under simulated solar light irradiation. 

The influence of the addition of different metal species in TiO2 photocatalysts for the partial 

oxidation of aromatic alcohols was studied by Bellardita et al. [13]. The substrates were benzyl 

alcohol (BA), 4-metoxybenzyl alcohol (4-MBA), and 4-hydroxybenzyl alcohol (4-HBA). The 

metals used to modify the TiO2 were, Cu, Ni, Nb, Ce, W and Mg. The presence of Nb and W 

species was beneficial, and high selectivity was found with conversions greater than 30%. For 

the other metals a significant reduction in conversion was achieved compared to bare TiO2. The 

metals probably modify some of the surface properties, such as the distribution and type of 

acidic and basic sites. Table 1 shows the results obtained. 

  

Table 1: Alcohol conversion (X) and selectivity to the corresponding aldehyde (S) in the presence of 

the different catalysts. Note that the symbol of metal in the acronyms indicates the presence of metal 

species, i.e. metal in some oxidized form(s), not zerovalent metals. 

Sample 
BA 4-MBA 4-HBA 

X S X S X S 

TiO2 23 19 32 41 24 10 

TiO2-Ni 3 75 7 94 11 7 

TiO2-Nb 36 20 36 75 16 32 

TiO2-Ce 18 19 10 100 10 30 

TiO2-Cu 15 19 6 100 8 16 

TiO2-W 37 25 32 91 33 17 

TiO2-Mg 8 90 29 67 26 10 
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One of the parameters influencing the photocatalytic activity recently investigated is the 

presence or the prevalence of a specific TiO2 facet that can address both the substrate conversion 

and the selectivity towards target compounds [51–56]. Bellardita et al. [51] found that the partial 

oxidation of 4-MBA was less influenced by the presence of specific TiO2 facets, and the 

presence of residual fluorine played a major role. Furthermore, the simultaneous presence of 

more than one facet is beneficial due the formation of an efficient heterojunction between facets 

exhibiting different energy values of the respectively conduction and valence band edges. 

Yurdakal et al. [14] compared the partial oxidation of 2-hydroxybenzyl alcohol and 4-

hydroxybenzyl alcohol by using different TiO2 based photocatalysts by varying the solution pH 

in the range 3-11. The highest activity was obtained at pH = 11 by using high crystalline TiO2 

samples. The selectivity towards the corresponding aldehyde and acid was higher for 4-

hydroxybenzyl alcohol than for 2-hydroxybenzyl alcohol due to the less tendency of the first 

substrate to the complete mineralization. FT-IR spectroscopy under in situ UV irradiation 

revealed that 2-hydroxybenzyl alcohol is strongly adsorbed on the TiO2 surface in a bidentate 

way, while 4-hydroxybenzyl alcohol is adsorbed weaklier in monodentate way [57]. 

TiO2 particles loaded with WO3 (WO3/TiO2), synthesized by impregnation of tungstic acid 

followed by calcination, were used for photocatalytic oxidation of alcohols in water with 

molecular oxygen under irradiation at λ>350 nm by Tsukamoto et al. [58]. WO3/TiO2 system 

successfully promoted the selective production of aldehydes with higher catalytic activity than 

pure TiO2. The results showed that with a percentage of W of 7.6, a high catalytic activity for 

benzyl alcohol partial oxidation with selectivity towards aldehyde much higher than the 

previously reported photocatalytic systems (56%) was observed. This behaviour was probably 

due to the electron transfer from the conduction band of TiO2 to the WO3 surface. This generates 

a charge separation of electron and holes pairs thus increasing the system efficiency. 

Recently, several attempts have been devoted to the development of structured spinels such as 

CuBi2O4 to be used not only as photocatalysts for the degradation of pollutants, but also for the 

partial oxidation of alcohols. Bellardita et al. [59], demonstrated the effect of the coexistence 

of CuBi2O4 (CBO) and TiO2 in the selective photocatalytic oxidation of 4-MBA under 

simulated solar light irradiation by using water as the solvent. The hetero-catalysts having 

different mass ratios were prepared by an inexpensive, easy and reproducible ball milling 

method. The sample 4%CBO/HP-TiO2 150 rpm (the rotation speed of the ball mill), showed 

the highest photoactivity with an alcohol conversion of 77%, a selectivity towards aldehyde of 

45% and a yield of 35% after 4 h irradiation. 
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Li et al. [60] carried out the partial oxidation of benzyl alcohols and the simultaneous production 

of H2 by using a combination of a ruthenium molecular catalyst and platinum particle modified 

graphitic carbon nitride (Pt-g-C3N4) as the photocatalyst irradiated by visible light. The 

incorporation of Ru consistently improved the selectivity (over 99%) towards aldehydes, 

probably due to the formation of highly active Ru(IV) intermediates. Moreover, UV–vis and 

PL spectroscopy evidenced that the photogenerated holes were transferred mainly from the 

carbon nitride to the molecular catalyst rather than to the substrate, thus initiating a metal-based 

selective oxidation. 

Phosphorus doped home prepared g-C3N4 photocatalysts showed high activity both under UV 

irradiation and simulated sunlight towards the selective oxidation of benzyl alcohol, 4-metoxy 

benzyl alcohol and piperonyl alcohol (PA) in aqueous medium, reaching selectivity values up 

to 100% for BA and 4-MBA and of 46 % for PA [61]. The activity of the home prepared g-

C3N4 was higher than that of commercial home-prepared (HP) and commercial (P25) TiO2 

samples (Table 2). The different conversion degree of the three alcohols (4-MBA > PA > BA) 

indicates that with both photocatalysts the presence of the oxy-substituent in the aromatic ring 

favours the alcohol partial oxidation. 

 

Table 2: Alcohols conversion and selectivity towards aldehydes in the presence of C3N4 and TiO2 

samples after 4 h of UV or simulated solar light irradiation. 

 BA 4-MBA PA 

 UV Vis UV Vis UV Vis 

Sample X S X S X S X S X S X S 

g-C3N4 33 56 20 51 100 64 100 72 36 21 25 24 

P25 15 23 13 12 18 35 18 23 12 21 12 24 

HP 7 37 5 23 27 49 20 56 18 22 10 22 

 

The photocatalytic synthesis of vanillin was carried out by Sampaio et al. [62] under UV-LED 

irradiation starting from vanillyl alcohol by using ZnO and hybrid materials containing different 

amounts of nitrogen doped carbon nanotubes (N-CNT) as the catalysts. The presence of the 

carbon phase in the composite materials (from 5.0 to 10 wt.%) revealed to be crucial for 

increasing the performance of the photocatalysts. The best results for vanillyl alcohol oxidation 

was obtained using the composite containing 5% of carbon phase (5.0%N-CNT/ZnO), 

obtaining an increase of 22% in vanillin concentration with respect to bare ZnO after 2 h of 

reaction.  

A remarkable conversion of vanillyl alcohol equal to 66.9% with a selectivity of 77.8% and a 

yield of 52.1% in vanillin, coupled with H2 evolution, was obtained by Du et. al. [63]. They 
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prepared NiS/Cd0.6Zn0.4S bifunctional catalysts by a one pot hydrothermal technique for a 

sunlight driven reaction. The optimal conditions were 8% NiS/Cd0.6Zn0.4S. The main factor 

responsible for improving the photocatalytic performance is the formation of a Schottky 

junction between NiS and Cd0.6Zn0.4S, in which NiS act as a co-catalyst contributing to the 

separation, transfer, and utilization of the photoinduced carriers.  

The almost complete oxidation of aromatic alcohols to the corresponding aldehydes in aqueous 

suspension irradiated by a LED was obtained by Tanaka et al. [64] in the presence of a 

photocatalyst formed by gold nanoparticles supported on cerium oxide (Au/CeO2). The 

photocatalyst exhibited a strong absorption at around 550 nm due to surface plasmon resonance 

(SPR) for which an electron transfer from Au nanoparticles to the semiconductor occurred 

under visible light irradiation. 

 

2.2 Biomass derivatives 

In the last years natural biomass is deemed a promising alternative energy source with a zero-

greenhouse impact to petroleum derivatives [65]. Extensive investigations have been carried 

out to boost the use of biomass as feedstock to produce fine chemicals, intermediates for the 

synthesis of platform molecules and fuels [7,21,65–67]. For this purpose, photocatalytic 

reforming has emerged as a new process contemporary allowing the biomass valorization with 

the formation of high added value chemical and H2 (Figure 1) [8,19,23,68–71]. Photocatalytic 

H2 formation by water splitting, although in principle is the most desirable process, remains a 

challenge because its efficiency is poor due to the high recombination rate of the photoproduced 

charges and to thermodynamic issues. Nevertheless, the addition of organic sacrificial 

compounds, reacting with holes, not only makes electrons more easily available for the 

reduction of H+ ions, but also decreases the thermodynamic barrier of water splitting, as 

observed for the first time by Kawai and Sakata [72]. 

In this section we focused on the partial oxidation, sometimes coupled with the production of 

H2, of the main biomass components such as lignocellulose, glycerol, carbohydrates (mainly 

glucose and fructose) and 5-hydroxymethyl-2-furfural (HMF), that represents a target 

compound deriving from partial conversion of biomass derivatives because it can be used as 

the starting substrate for the production of more valuable chemicals of industrial interest 

[73,74]. 

 

 



  9 

 

 

 

Figure 1 Illustration of water splitting and biomass photocatalytic oxidation under light 
irradiation [71]. 

 

2.2.1 Lignocellulose 

The name lignocellulose refers to biomass derivatives rich in cellulose such as hemicellulose 

and lignin. Although it is widely available, its complex chemical composition does not make it 

easy to use due to the multiplicity of compounds that can be formed and the consequently 

complexity of the separation process. Moreover, to enhance both conversion and selectivity 

towards target compounds, organic solvents have been frequently used and few are the works 

in which pure water is used as the solvent. Lu et al. [75] performed the photocatalytic 

depolymerization of rice husk in H2O2 aqueous solution by using TiO2 under UV irradiation 

and obtained 172 different organic compounds. The most abundant components were alkanes, 

ketones and phthalates. 

Ag–AgCl/ZnO nanorods allowed 100% of lignin degradation to methane and biogas under solar 

light irradiation [76]. Zero valent Bi and Pt species on the TiO2 surface were effective in the 

conversion (ca. 84 % after 1h) of lignin under solar light illumination [77]. The main identified 

partial oxidation compounds were vanillic acid, guaiacol, vanillin and 4-phenyl-1-buten-4-ol 

and their amount depended on the Bi/Pt ratio and pH.  

Srisasiwimon et al. [78] used lignin both as natural carbon source in the preparation of TiO2 

based photocatalysts and as a raw precursor of valuables compounds. The sample TiO2/lignin 

1:0.5 showed the highest activity under UV-A irradiation with a lignin conversion of ca. 40% 

and a vanillin yield of 1.68% after 3h of irradiation. 
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A more efficient use of lignocellulosic biomass is the photoreforming for H2 production [79–

82]. CdS/CdOx photocatalysts were effective for visible light photoreforming of cellulose, 

hemicellulose and lignin to H2 at room temperature in alkaline aqueous solution [80].  

By coupling photocatalysis with acid hydrolysis under anaerobic conditions using UV 

irradiation, it was possible to contemporary obtain H2, carbohydrates and little amount of 5-

hydroxymethylfurfural [82]. The main identified valuable chemicals obtained in the liquid 

phase were erythrose, arabinone and HMF in addition with H2 in the gas phase. After 10 h of 

irradiation the cellulose conversion efficiency was 66%, the H2 yield 123 μmol in 0.6M H2SO4, 

and the HMF, erythrose and arabinone yields were 12.8%, 5.4% and 3.3%, respectively. In 

Figure 2A the hypothesized pathway of cellulose decomposition is reported. Speltini et al. [83] 

irradiated an aqueous cellulose suspension by UV-A or sunlight in the presence of Pt/TiO2 as 

the photocatalyst. Among the formed products glucose and HMF were identified (Figure 2B) 

that gave rise subsequently to the photoreforming process by favouring H2 production. 

Moreover, the formation of coloured compounds deriving from HMF induced an “in situ dye 

sensitization” that allowed the exploitation of solar light. 

 

 

Figure 2 Hypothesized pathway of the decomposition of cellulose decomposition by coupling 

heterogeneous photocatalysis with acid hydrolysis (A) [82] and lignin degradation mechanism in the 

presence of Pt-TiO2 photocatalysts (B) [83]. 
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NiOx modified with graphitic carbon layers deriving from glucose was coupled with TiO2 

(TiO2/NiOx@Cg) and used for the photoreforming of cellulose aqueous solution, both at room 

temperature and 80°C by using a 500-W Xe lamp as the irradiation source [81]. The H2 

production rate was 270 μmol h-1g-1 and 4000 μmol h-1 g-1 at room temperature and 80°C, 

respectively.  

NiS/CdS composites allowed to achieve an apparent quantum efficiency of 44.9% with a H2 

production rate of 1512.4 μmol h−1 g−1 from lignin and lactic acid aqueous solution [84]. The 

high activity was attributed to an effective heterojunction between the two components allowing 

an efficient charge separation and, consequently, a longer charge carrier lifetime. 

 

2.2.2 Glycerol 

Glycerol is available in large quantities as it is a byproduct of biodiesel and fats manufacturing 

that can become an economic resource by its valorisation as precursor for the synthesis of value-

added chemicals [85]. In particular, glyceraldehyde (GAD) and 1,3-dihydroxyacetone (DHA) 

find applications in the fine chemical, cosmetic, pharmaceutical and food industries [86]. As 

glycerol contains three hydroxyl groups almost equivalent as regards adsorption and chemical 

reactivity, its selective oxidation is complex and generally low conversion and selectivity values 

have been obtained. However, glycerol adsorption mode  [87] and produced radical species [88] 

play an essential role and depend on the used catalysts. 

We have focused only on the papers in which the partial oxidation of glycerol is reported, 

sometimes coupled with the contemporary production of H2 (photoreforming) and we have left 

out those in which only the formation of H2 is considered. 

Maurino et al. [89] investigated the photocatalytic conversion of glycerol by using two 

commercial TiO2 samples (P25 and Merck) as photocatalysts in aqueous solutions. The 

influence of surface fluorination of the powders, pH of the solution and glycerol concentration 

were studied. Glyceraldehyde (GAD) and 1,3-dihydroxyacetone (DHA) were the main partial 

oxidation compounds formed. The two photocatalysts showed a different activity having been 

observed a different conversion rate and selectivity degree, and the fluorination of the surface 

had a positive effect on both powders reducing the glycerol oxidation rate and enhancing the 

intermediates production, but a more prominent effect was observed for P25. Starting from an 

initial glycerol concentration of 1 mM and F-P25, the glycerol conversion was less than 30% 

and an almost 100% selectivity towards DHA was obtained while GAD was also produced 

starting from higher substrate concentrations.  
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By using both commercial and home-made TiO2 based photocatalyst under aerobic conditions 

and UV irradiation, GAD, DHA, formic acid (FA), CO2 and two unknown compounds were 

found in the aqueous solution by Augugliaro et al. [90]. Commercial TiO2 P25 was the most 

active sample with a 35% glycerol conversion and a global selectivity towards the identified 

intermediated of ca. 45%. 

AuxCu-CuS@TiO2 plasmonic heterostructures revealed high efficiency in the partial oxidation 

of glycerol under simulated solar light irradiation with a glycerol conversion of 72% and 

selectivity towards DHA of 66% [91]. Glyceric and glycolic acid were also formed in less 

amounts. The high activity is due both to formation of an efficient heterojunction between TiO2 

and AuxCu alloy nanoparticles and the plasmonic resonance on the Au particles.  

Limpachanangkul et al. [92] compared the activity of TiO2, SiC, Bi2O3 and ZnO for the 

conversion of glycerol to value added compounds in aqueous solution in the presence of H2O2 

as electron acceptor under UV light irradiation. The activity of SiC, Bi2O3 and ZnO were higher 

than that of TiO2, and an almost total conversion of glycerol was achieved in 8h. With all of the 

photocatalytsts the same products (dihydroxyacetone, glyceraldehyde, glyceric acid, formic 

acid and glycolic acid) were obtained. Interestingly, glyoxylic acid was also formed in the 

presence of Bi2O3. 

Flower-like BiWO6 samples were used as visible-light photocatalysts alternative to TiO2 for 

aerobic partial oxidation of glycerol in aqueous solution at room temperature [93]. The samples 

resulted very selective towards DHA being the selectivity higher than 90% with a glycerol 

conversion of 96% after 5h of irradiation.  Zhang et al. [94] used silica-entrapped Bi2WO6 

photocatalysts for the selective conversion of glycerol under green conditions affording a 

conversion of 40% after 8h of visible light irradiation, with a selectivity of 94% and 6% towards 

DHA and GHA, respectively. A similar behaviour was noticed in the presence of a 

Bi/Bi3.64Mo0.36O6.55 heterostructure [95]. Also in this case DHA was the main product under 

solar light irradiation with a selectivity of ca. 87% at 42% after 4h of irradiation.  

Chong et al. [96] carried out the photoreforming of glycerol aqueous solution by using a 300 

W Xenon lamp as the light source in the presence of different M-TiO2 (M: 0.1 wt% Pt, Rh, Pd, 

Au, Ru, 1 wt% Cu,Ni) polymorphs exposing different facets. The main intermediates were 

hydroxyacetaldehyde, GAD, FA and formaldehyde in the liquid phase and H2 in the gas phase. 

Rutile exposing prevalently the {110} facet was highly selective towards hydroxyacetaldehyde 

(selectivity up to 96% with a conversion of ca. 20%) whilst in the presence of anatase exhibiting 

the {001} or {101} facets only 16% and 49% of hydroxyacetaldehyde was obtained. These 
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findings have been attributed to the higher formation of peroxo species onto the rutile surface 

and HO˙ radicals on the anatase surface.  

The addition of metal species had no influence on the partial oxidation compounds formation, 

but it was essential for H2 production, with the highest production rate (ca. 3000 µmol h-1 g-1) 

observed in the presence of Pt.  

Maslova et al. [97] studied glycerol photoreforming under simulated solar light irradiation by 

using different TiO2 based commercial (P25 and DT-51) and laboratory prepared 

(Anatase=TiO2-m_A and Rutile = TiO2-m_R) photocatalysts on which Pt was photodeposited.  

Naked TiO2-m_R was the most active sample towards H2 production, and the activity order 

changed after Pt deposition being Pt-P25 the most efficient sample. Regarding the partial 

oxidation products, anatase resulted more selective towards GAD and rutile towards 

glycolaldehyde favoring the direct C–C cleavage. 

The same research group [98] evaluated the activity of Pt hydrogenated TiO2 towards the 

production of glycerol and high added value chemicals starting from glycerol solution under 

simulated solar light irradiation. In the liquid phase GAD, glycolaldehyde and FA were detected 

while H2 and trace amounts of CO2, CO and CH4 were noticed in the gas phase. Glycerol 

conversion degree, selectivity towards GAD, and H2 productivity enhanced with the increase 

of Pt(1%w) dispersion on TiO2 surface, while a decrease was observed in the selectivity towards 

glycolaldehyde. This finding suggests that Pt not only reduces the e-/h+ recombination rate and 

enhances the H2 production but also affects the selectivity towards the partial oxidation 

compounds. 

The activity of coupled Cu2O-P25 samples simply prepared by ball milling was compared to 

that of Pt-P25 catalysts under both UV and simulated solar irradiation for glucose 

photoreforming [70]. H2 and CO2 were produced in the gas phase while DHA and GAD were 

found in the liquid phase with all of the photocatalysts. Cu2O was effective in replacing Pt, the 

most active sample was 3%Cu2O-P25 affording 33% of glycerol conversion, 10.3% and 5.4% 

DHA and GAD selectivity, respectively, and producing a H2 concentration of 1.01 mM (0.17 

mmol h-1 g-1) and a CO2 concentration of 0.16 mM after 5 h of UV irradiation. In Figure 3 the 

results related to the runs carried out under simulated solar light irradiation with the samples 

Pt-P25 and 3%Cu2O-P25 are reported. With the sample 3%Cu2O-P25 a slightly lower glucose 

conversion with respect to that obtained with Pt-P25 was obtained in the face of a greater 

selectivity and CO2 and H2 amount. The good activity has been ascribed both to the formation 

of an efficient heterojunction between the two components and an energy level of the Cu2O 

conduction band edge favorable to H2 production.  
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Figure 3 a) Glycerol conversion (X), selectivity towards 1-3 dihydroxyacetone (SDHA), and 
glyceraldehyde (SGAD) and b) CO2 and H2 concentration [70]. 

 

1%Pt-Bi2WO6 showed good activity as photocatalyst active under UV light in Ar deaerated 

aqueous solution for the reforming of glycerol. Formate was selectively formed (selectivity ca. 

99%) along with H2 (72 μmol g−1 h−1) at pH=0 after 5h of irradiation. 

 

2.2.3 Carbohydrates 

Photoreforming of carbohydrates is particularly attractive as they are cheap and abundant 

biomass derivatives that constitute a renewable feedstock to produce valuable chemicals and 

H2 (Figure 4). 
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Figure 4. Hypothesized photocatalytic reaction pathway during glucose photoreforming [99]. 

 

Chong et al. [100] performed selective conversion of glucose to high value-added aldose in 

aqueous phase using Rh-TiO2 based photocatalysts under simulated solar light irradiation. It 

was demonstrated that the photodegradation of glucose produced arabinose and erythrose 

involving initially the C1–C2 bond cleavage (α-scission) (Figure 4). The total selectivity for the 

production of arabinose and erythrose on rutile TiO2-based photocatalyst was 91% at 65% 

conversion and a good H2 amount was produced. Runs carried out in the presence of H2O2 

revealed that HO• radicals give rise to low selectivity, whilst peroxy species lead to high 

selectivity. 

The visible-light mediated selective photo-oxidation of glucose using unmodified TiO2 was 

studied by Da Vià et al. [101]. This photoactivation by visible light was achieved through the 

exploitation of a glucose-TiO2 charge transfer complex whereby a metal-organic complex was 

formed with the reactant. Under the optimum conditions (catalyst to substrate ratio, lamp power 

and TiO2 crystalline phases) 7% selectivity to gluconic acid after 42% glucose conversion was 

achieved. 
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Aerobic and anaerobic photoconversion of glucose were studied by Bellardita et al. [99] by 

using Pt-TiO2 anatase, rutile and brookite samples in aqueous media. Under anaerobic 

conditions H2 was obtained only in the presence of Pt. Under both aerated and anaerobic 

conditions, the photoisomerization to fructose and the oxidation to products as gluconic acid, 

arabinose, erythrose and formic acid, was observed, whereas under anaerobic condition, 

together with the same partial oxidation products also a significant amount of H2 was produced. 

The presence of Pt increased the mineralization rate of glucose without changing the type of 

products. The good H2 evolution can be explained by taking into account the high value of Pt 

working function. A different distribution of the intermediates was observed: gluconic acid was 

prevalently obtained with anatase while rutile and brookite gave preferential rise to arabinose 

and erythrose. Rutile and brookite were more active than anatase both towards glucose 

conversion and H2 production obtaining ca.1700 mmol of H2 after 7 h of irradiation.  

Visible-light responsive bare and metal loaded TiO2 photocatalysts were obtained by using a 

simple ultrasonic method [102]. This method induced bulk oxygen deficiency resulting in a 

decrease of band gap. Pt-P25 treated at 40 kHz for 2 h showed higher conversion of glucose 

and higher H2 production under solar irradiation with respect to the untreated sample. This was 

due to the shift of the valence band edge responsible for the visible light absorption.  

Doping with metallic and non-metallic species has been also explored to improve the TiO2 

efficiency and to better exploit the solar radiation. Bellardita et al. [103] prepared a series of W 

and N Pt-TiO2 (rutile) doped samples with the aim to extend the absorption to the visible light 

and to enhance the separation between the photogenerated electrons and holes. The experiments 

were carried out under anaerobic conditions under simulated or natural sunlight irradiation. The 

presence of nitrogen did not influence the glucose conversion but increased the selectivity to 

arabinose and formic acid and decreased the H2 production. On the other hand, W had a negative 

effect on glucose conversion but a beneficial effect on H2 evolution. 

Nwosu et al.  [104] reported the synthesis of a titanium-based perovskite (NiTiO3) active under 

visible light and studied the effects of reaction conditions on the selectivity towards the 

intermediates obtained during the glucose photoreforming. AA carried out a systematic 

investigation of the relationship between different reaction parameters (substrate, 

concentrations, reaction times, solvent pH values, solvent compositions, and reaction 

atmospheres) and product selectivity obtaining 75% selectivity towards arabinose in neutral 

conditions and a total 63% selectivity towards lactic acid, acetic acid, and formic acid in alkaline 

conditions. 
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Bi2WO6/CoPz (cobalt tetra (2,3-bis(butylthio)maleonitrile) porphyrazine) composite was used 

for the selective photocatalytic oxidation of glucose to high value-added chemicals in aqueous 

media using atmospheric O2 as the oxidant and solar light as the driving force [105]. The highest 

activity for Bi2WO6/CoPz composite was obtained with a CoPz content of 0.25%. The total 

selectivity towards arabinose and formic acid was 96.8% for 45.3% of glucose conversion that 

was achieved after 3h. 

Nitrogen-deficient carbon nitride (BNCN) and chlorine 6 (Ce6) can efficiently and selectively 

oxidize glucose into gluconic and glucaric acid [106]. The resultant Ce6@BNCN composite 

catalyst gave a total selectivity towards gluconic acid, glucaric acid and arabinose as high as 

70.9% at glucose conversion up to 62.3%, and the above figure is superior to previously 

reported photocatalytic systems. 

The highly selective photocatalytic conversion of glucose solution on holo-symmetrically 

spherical three-dimensionally ordered macroporous TiO2-CdSe heterojunction photonic crystal 

structure (s-TCS) was reported by Wang et al. [107]. The photocatalysts showed excellent 

stability and efficient photogenerated electrons/holes separation. With a glucose conversion of 

about 95.9%, the selectivity towards lactic acid was 94.3%. For the first time, they revealed that 

the photocatalytic conversion of glucose to lactic acid is a third-order and four-electron-

involved reaction. 

BiOBr/Zn@SnO2 (ratio 3:1) coupled photocatalyst showed good performance during fructose 

selective oxidation in aqueous alkaline solution under simulated solar light irradiation [108]. 

Fructose conversion was almost 100%, and the lactic acid yield was 79.6% under optimal 

reaction conditions. The catalyst proved to be stable and reusable because, even after five runs 

it was possible to obtain a lactic acid yield of 67.4%. 

 

2.2.4 5-Hydroxymethyl-2-furaldehyde (HMF) 

The HMF molecule, produced from monosaccharides with six carbon atoms, is a key precursor 

for the synthesis of chemicals in pharmaceutical and polymer industries [73,109,110]. Starting 

by HMF as substrates, different high value compounds can be formed by varying the 

photocatalyst and the experimental conditions. For example, 2,5-furan dicarboxylic acid 

(FDCA), one of the HMF oxidation products, can be used as a monomer to produce desired 

polymeric materials [111,112]. In Figure 5 is reported a scheme of the reaction pathway related 

to the partial oxidation of HMF to the possible derivatives. 
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Figure 5. Proposed reaction pathway for 5-HMF partial oxidation [39].  

Yurdakal and co-workers [113] first in 2013 applied the photocatalytic method to the selective 

oxidation of HMF in aqueous medium under UVA light irradiation in the presence of different 

commercial and laboratory made anatase, rutile, and brookite TiO2 photocatalysts. The main 

products detected were FDC and CO2 with all of the catalysts and the homemade samples 

showed higher activity that the commercial ones with a FDC selectivity of 22% for a HMF 

conversion of 50%. Similar results were found by using TiO2 nanoparticles synthesized by a 

electrochemical method reaching 25% selectivity towards FDC [114]. Lolli et al. [109] during 

the selective photocatalytic oxidation of HMF with commercial (TiO2-c) and homemade (TiO2-

m) TiO2 catalysts using a solar simulator as irradiation source, found HMFCA as the main 

intermediate when Na2CO3 was present in the aueous solution. The  selectivity reached 25% 

with a conversion of 22% by using the TiO2-m sample. In the presence of the commercial 

sample, a higher conversion and a lower selectivity was observed. The main active species 

implied in the HMF oxidation are the O2˙− radicals. 

Ag nanoparticles supported on TiO2 (2.5%Ag/TiO2) displayed high activity towards partial 

oxidation of HMF in aqueous solution containing Na2CO3 raising the selectivity towards 

HMFCA up to ca. 97% under visible-light irradiation [115]. The excellent performance has 

been attributed to the enhanced localized surface plasmon resonance (LSPR) effects deriving 

from the presence of Ag nanoparticles of appropriate size. 

TiO2 based photocatalysts generally displayed low selectivity values towards the different 

intermediates deriving from HMF due to the formation of highly reactive HO• radicals under 

irradiation which attack nonselectively organic substrates. To this end, alternative 

photocatalysts have been studied, and among these a good candidate is C3N4 due to the 

moderate oxidation ability of the holes generate in its conduction band [110,116,117].   

Wu et al. [118] found that the graphitic C3N4 samples prepared starting from from melamine 

by simple calcination gives rise to partial oxidation of HMF to FDC with a selectivity of  only 

21.1% at a HMF conversion of 29.9% under simulated solar light irradiation and O2 flow. 
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Grafitic C3N4 obtained by melamine via a thermal condensation method showed good 

photocatalytic activity for the partial oxidation of  HMF in water to FDC under both artificial 

UV and real solar irradiation, with a maximun selectivities of ca. 45% at a HMF conversion of 

ca. 50 % under natural solar light irradiation [119]. Runs carried out in a pilot plant photoreactor 

irradiated by solar light by using an adduct C3N4-H2O2 as photocatalyst showed the same results 

obtained in the laboratory scale reactor [120].  The efficiency depended also on the precursor 

used for the synthesis of C3N4 and on the thermal treatment to which it was subjected. 

Cobalt thioporphyrazine coupled with graphitic carbon nitride g-C3N4 (CoPz/g-C3N4) displayed 

hight activity towards the selective conversion of HMF to 2,5-furandicarboxylic acid (FDCA) 

under green conditions (simulated sunlight, ambient conditions, atmospheric air as O2 source), 

in aqueous medium in the presence at different pH values [121]. The formed products depended 

on the solution pH, and a good amount of FDC was preferentially formed under slightly acidic 

conditions, whilst FDCA was the main product under the acidic ones with a yield of 96.1%. 

Also g-C3N4 and NaNbO3 (g-C3N4/NaNbO3) formed an efficient heterojunction displaying 

higher activity than pure g-C3N4 in the partial oxidation of HMF to FFCA under O2 flow and 

irradiation by a 300 W xenon lamp [122]. A maximun HMF conversion of 35.8% along with a 

selectivity to FFCA of 87.4% was attained. 

In recent years, in addition to C3N4, several alternative catalysts to TiO2 have been used for the 

valorization of HMF in aqueous medium and preferably using sunlight as the irradiation source. 

Ye at al. [123] used for the first time P-doped ZnxCd1−xS solid solutions as the photocatalysts 

for the contemporary HMF oxidation and H2 evolution. They irradiated the set-up with a white 

LED as the irradiation source. A good H2 production along with the formation of FDC was 

obtained.  

MoS2/CdIn2S4 heterojunctions revealed high activity for selective oxidation of HMF into FDC 

in aqueous solution under visible-light irradiation [124]. Transient photocurrent response, EIS 

Nyquist plots and PL spectra demonstrated an enhanced separation of photogenerated charges 

with respect to bare CdIn2S4 due do the formation of a heterojunction between the two 

components (Figure 5). The presence of MoS2 promotes the charges separation, while its 

amount influenced the photocatalytic activity. In the presence of the composite containing 

12.5% of MoS2, under the optimized conditions, 80.93% of FDC selectivity was achieved along 

with a HMF conversion of 61.73%. Mechanistic studies suggested that O2˙− radicals are the 

main active species for HMF oxidation. 
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Figure 6. HMF oxidation on MoS2/CdIn2S4 heterojunctions [124]. 

Dhingra et al. [125] coupled the selective oxidation of HMF to FDC with H2 production by 

using Zn0.5Cd0.5S/xMnO2 under visible light irradiation. A FDC yield of 46% and 14% with a 

contemporary H2 production of 1322 μmol g−1 and 152.6 μmol g−1 in 24 h were obtained under 

simulated and natural solar light irradiation, respectively.  

2.2.5 3-Pyridine-methanol 

The commercially valuable product deriving from 3-pyridinemethanol is vitamin B3 (nicotinic 

acid), which is considered as one of the 80 essential human nutrients and is generally used to 

prevent pellagra disease and alcoholism.  

Alfè et al. [126] applied the photocatalytic method by using TiO2/graphene-like composite 

photocatalysts to the selective oxidation of 3-pyridine-methanol under both UV and simulated 

solar light irradiation in aqueous solution containing cupric ions. 3-Pyridine carboxyaldehyde 

and vitamin B3 were the identified products. Under the optimized conditions an alcohol 

conversion degree of 63.3% was reached with a yield of 39.5% for 3-pyridine carboxyaldehyde 

and 22% for vitamin B3 [127]. Low crystalline laboratory made rutile TiO2 was more efficient 

than commercial samples under both UV and visible light irradiation The highest selectivity 

towards vitamin B3 was 75% when the alcohol conversion was 50% at pH 12 under UV 

irradiation.  

 

3. Photoelectrocatalytic partial oxidation reactions 

 

This section summarizes the synthesis of commercially valuable products by the 

photoelectrocatalytic method in water solvent. The first PEC reaction was investigated by 
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Bettoni et al. in 2011 [128]; however, only in the last few years has scientists' interest in studies 

in this field increased. Consequently, the articles on photocatalytic synthesis research are higher 

than those on PEC. Even if the PEC synthesis reactions are generally performed in organic 

solvents such as acetonitrile, all syntheses reported in this review were performed in water due 

to their potential importance from an environmental point of view. In addition, the presented 

PEC reactions were performed at room temperature and ambient pressure under UVA, UVA-

Vis, Vis, and/or solar light. Consequently, the experimental conditions are environmentally 

friendly. However, some PEC works have been performed at high electrolyte concentrations 

(up to 500 mM), at very acidic pH’s, and using soluble mediators/co-catalysts to increase yields. 

The latter works could not be considered green, and often involve additional costs and problems 

in separating the product(s). 

Moreover, although simultaneous production of H2 also can occur during the PEC syntheses, 

in some cases this important reaction is ignored, at least in the title of the paper. 

 

3.1 Benzyl alcohols 
P-anisaldehyde (PAA), the main oxidation product of 4-metoxybenzyl alcohol, is widely used 

in the fragrance and flavour industry. Moreover, it is used in the synthesis of some molecules 

in pharmaceuticals and perfumery [129]. Bettoni et al. performed selective 

photoelectrocatalytic oxidation of 4-metoxybenzyl alcohol (4-MBA, initial concentration: 2.5 

mM) to PAA under UV-Vis irradiation by using Ti/TiO2 electrode in water. Ti/TiO2 plate was 

prepared by thermal oxidation of a Ti plate at 700 °C in air [128]. A two-electrodes system was 

used in the PEC method in which the Ti plate is the cathode. Some experiments were also 

performed in acetonitrile instead of water for the sake of comparison. A lower current efficiency 

(18% vs. 88) and PAA yield (10% vs. 27%) with PEC experiments in water conducted for four 

hours were obtained compared to acetonitrile. 

Özcan and et al. performed the selective oxidation of substituted benzyl alcohol in water under 

UV-Vis irradiation using a batch reactor with a three-electrode system [130]. The Ti/TiO2 

electrodes were prepared by thermal oxidation of the Ti plate (400-700 °C) or by dip-coating 

method using TiCl4 as the precursor and following the calcination process (up to 850 °C). The 

thin films of TiO2 on the electrodes can be used without their morphology being modified with 

loss of activity as they are resistant to breakage and photocorrosion. 

The calcined electrodes showed slightly better activity and selectivity to the product(s) than the 

dip-coated ones. Table 3 summarizes the PEC results of benzyl alcohol (BA) derivatives using 
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a one-layer dip coated TiO2 layer and thermally oxidized TiO2 plates, with the oxide mostly in 

the rutile phase. 

The results obtained show that in the presence of an electron donor group in the para and/or 

ortho position of BA, the conversion rate and selectivity to the corresponding aldehyde 

increased. The electron donor group, in fact, increases the density of the electronic cloud of the 

aromatic ring and this contributes to increasing the oxidation rate [48,130]. The highest activity 

and selectivity values were obtained with 4-MBA oxidation, while 4-nitrobenzyl alcohol (4-

NBA) showed the worst ones. In fact, the selectivity towards 4-nitrobenzaldehyde was only 2-

3% with both types of electrodes. Notably, these PEC results coincide with those obtained by 

performing the same reactions under photocatalytic conditions using powdered TiO2 catalysts 

[48]. 

 

Table 3. The PEC oxidation results of substituted aromatic alcohols (0.5 mM) using a one-layer dip coated and 

following calcination at 700 °C (Ti/TiO2-Dip-Coated-700) and thermally oxidized at 500 °C (Ti/TiO2-Therm.Ox-

500) plates in water under UV-Vis irradiation. Applied potential: 0.75 V [130].  

Catalyst aSubstrate br0 (µM·h−1) cSelectivity (%) 

Ti/TiO2-Dip-Coated-700 4-MBA 134 90 

Ti/TiO2-Therm.Ox-500 4-MBA 151 85 

Ti/TiO2-Dip-Coated-700 BA 32.4 13 

Ti/TiO2-Therm.Ox-500 BA 24.9 20 

Ti/TiO2-Dip-Coated-700 2-MBA 130 60 

Ti/TiO2-Therm.Ox-500 2-MBA 164 70 

Ti/TiO2-Dip-Coated-700 3-MBA 46.9 9 

Ti/TiO2-Therm.Ox-500 3-MBA 40.8 16 

Ti/TiO2-Dip-Coated-700 2,4-DMBA 288 54 

Ti/TiO2-Therm.Ox-500 2,4-DMBA 288 50 

Ti/TiO2-Dip-Coated-700 2,3,4-TMBA 104 35 

Ti/TiO2-Therm.Ox-500 2,3,4-TMBA 102 37 

Ti/TiO2-Dip-Coated-700 4-NBA 32.9 3 

Ti/TiO2-Therm.Ox-500 4-NBA 46.9 2 

Ti/TiO2-Dip-Coated-700 4-HBA 43.5 11 
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Catalyst aSubstrate br0 (µM·h−1) cSelectivity (%) 

Ti/TiO2-Therm.Ox-500 4-HBA 31.4 12 

aBA: Benzyl alcohol; 2-MBA: 2-methoxybenzyl alcohol; 3-MBA: 3-methoxybenzyl alcohol; 2,4-DMBA: 2,4-

dimethoxybenzyl alcohol; 2,3,4-TMBA: 2,3,4-trimethoxybenzyl alcohol; 4-NBA: 4-nitrobenzyl alcohol; 4-HBA: 

4-hydroxybenzyl alcohol. bInitial reaction rate, r0. cSelectivity to the corresponding aldehydes was determined after 

25% alcohol conversion.  

 

The simultaneous PEC oxidation of benzyl alcohol and H2 generation was also studied by Wu 

et al. using an in situ doped Au/TiO2 nanotube anode under simulated solar light in water [131] 

The Au/TiO2 nanotube was prepared by an anodic oxidation method in an ethylene glycol 

medium (in the presence of 0.2 M HF and 1 M H2O), starting from an Au/Ti alloy plate (0.2% 

Au). Carbon-doped Cu2O nanowires on Cu mesh (C/Cu2O/Cu) were used as the cathode. The 

PEC experiment results obtained using different photoanode/photocathode systems are reported 

in Table 4. Notably, (Au/TiO2)/(C/Cu2O/Cu) anode/cathode system in aerobic condition 

showed much more substrate activity (conversion: 85%) with respect to the conditions in which 

undoped TiO2 nanotube was used as the anode ((TiO2)/(C/Cu2O/Cu) conversion: 55%) or Pt as 

the cathode ((Au/TiO2)/(Pt) conversion: 48%). 

The highest H2 production amount and efficiency were achieved by using the 

(Au/TiO2)/(C/Cu2O/Cu) system, due to the tuning effect of Au, which reduced electron-hole 

recombination. In aerobic conditions the selectivity values towards benzaldehyde are very high 

(99%), while in anaerobic conditions both a modest selectivity towards benzaldehyde (50%) 

and a low conversion of benzyl alcohol were obtained. The high selectivity under aerobic 

conditions could be due to the production of superoxide radicals instead of hydroxyl radicals, 

usually considered non-selective oxidizing species. The proposed reaction mechanism for the 

production of benzaldehyde and H2 under aerobic conditions is summarized in Eqs 7-12. Eqs 

7-8 occur at the photoanode, while Eqs 9-11 at the photocathode.  

 

         Au/TiO2 + hʋ → Au/TiO2 (h+
vb1 + e_

cb1)   (7) 

C6H5-CH2OH + 2h+ + O2 → C6H5-CHO + 2H+   (8) 

                  Cu2O + hʋ → h+
vb2 + e_

cb2              (9) 

     e-
cb1 + h+

vb2 → hʋ                (10) 

       2H+ + 2e_
cb2 → H2                (11) 

                    overall reaction: C6H5-CH2OH   
�ʋ,   ��  

�⎯⎯⎯	  C6H5-CHO  + H2             (12)             
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Electron and hole pairs on the anode (Au/TiO2) surface are generated by solar light, and the 

adsorbed benzyl alcohol molecules on the anode are oxidized by h+ to the benzyl alcohol active 

cation (*C6H5–CH2OH+), while oxygen molecules reduce to the superoxide radicals O2˙─ (see 

the scheme in Figure 7). After that, the combination of *C6H5–CH2OH+ and O2˙─ produces 

benzaldehyde, H+, and O2. In the oxygenated medium, O2 is first reduced by generated 

electrons, and the obtained O2˙─ preferentially combines with the *C6H5–CH2OH+. 

Consequently, the benzyl alcohol can be oxidized to benzaldehyde with high selectivity. In this 

system O2 acts as a catalyst.  

The structure of this dual electrode photoelectrochemical cell is an isolated Z-scheme (Figure 

7). The produced H+ by the BA oxidation reaction on the anode transfers through the PEM 

(perfluorinated cation exchange membrane) to the cathode area and is reduced by e─ to produce 

H2. Meanwhile, the generated electrons on the anode are transferred through the metal wire and 

combined with the generated holes at the cathode, which further improves the efficiency of 

anodic oxidation and cathodic H2 production reactions. The anodic oxidation reaction of the 

whole system is the rate-determining step; consequently, the H2 production efficiency depends 

on the anodic oxidation reaction. 

 

Table 4. Selective PEC results of simultaneous oxidation of benzyl alcohol and H2 generation by different 

anode/cathode systems under simulated solar light in water [131].  

Electrode system Substrate Condition Conversion 

(%) 

SBAD Jo (mA·cm-2) H2,exper
a H2 efficiency (%) 

(Au/TiO2)/(Cu2O) BA Aerobic 85  99  0.5 143.83 84.6 

(TiO2)/(Cu2O) BA Aerobic 55  99  0.46 90.05 81.8 

(Au/TiO2)/(Cu2O) BA Anaerobic 61  50  0.4 79.25 <65.0 

(Au/TiO2)-(Pt) BA Aerobic 48  99  0.065 47.04 49.0 

(Au/TiO2)-(Cu2O) blank Aerobic   0.045 10.42  

aH2,exper represents the experimental H2 production amount. Initial benzyl alcohol concentration: 100 µM.  

 

 

 



  25 

 

 

Figure 7 The Proposed PEC reaction mechanism for the benzyl alcohol oxidation and H2 

production in a dual electrode photoelectrochemical cell in aerobic condition under simulated 

solar irradiation (AM 1.5) [131].  

 

Hydrogen is a promising alternative energy source and could also be produced from PEC water 

splitting reaction under solar irradiation. The oxygen evolution reaction (OER), the rate-

determining step, involves four electrons, while the hydrogen evolution reaction (HER) 

involves two electrons. Therefore, H2 production efficiency increases by decreasing the 

overpotential of OER. In order to increase HER efficiency, thermodynamically more favourable 

reactions (e.g., oxidation of biomass derivatives) could replace OER [132,133]. 

Simultaneous selective PEC benzyl alcohol oxidation and H2 production in water and under 

solar light were investigated by Zhou and co-workers [134]. Bi2MoO6 loaded nanotube 

structured TiO2 was used as the photoanode, while carbon-doped nanowire structured Cu2O 

was the photocathode (see Figure 8). Table 5 shows experimental results of simultaneous PEC 

BA oxidation and H2 production. Bi2MoO6@TiO2-C/Cu2O (anode-cathode) system showed the 

best BA conversion (67%) and selectivity towards benzaldehyde (99%) results in an oxygen 

atmosphere. In this photoanode-photocathode system, more H2 (5.5 fold)  was produced with 

respect to that obtained when OER was used (115 vs. 20 µmol·cm-2). In the presence of O2, 

better results of selectivity towards BAD were obtained due to the production of O2
•- radicals, 

similar to the work of Wu et al. [131]. In addition, the photoanode kind could change the 

reaction mechanism; hydroxyl radicals were formed on the TiO2 anode (even in O2 

atmosphere), while they were not involved on a Bi2MoO6@TiO2 surface at the photoanode 

position, according to the EPR analysis. Because of strongly oxidizing hydroxyl radicals, a low 

value of selectivity towards BAD (58%, Table 5) was obtained in the presence of TiO2 as a 

photoanode (TiO2-C/Cu2O system). 
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Figure 8 Illustration of a PEC cell where both cathodic and anodic reactions occur simultaneously. 

NTA: nanotube array; NW: nanowire [134].  

 

 

Table 5. PEC simultaneous benzyl alcohol oxidation and H2 production in water and under solar irradiation under 

aerobic/anaerobic conditions [134].  

Photoanode/photocathode Condition 
J0  

(mA·cm−2) 

Conversion 

(%) 

Selectivity 

towards 

BAD (%) 

H2 

(μM 

cm−2) 

H2 

efficiency 

(%) 

Bi2MoO6@TiO2-C/Cu2O anaerobic 0.32 48 46 60 62 

TiO2-C/Cu2O anaerobic 0.33 51 37 52 59 

Bi2MoO6@TiO2/Pt  aerobic 0.24 43 98 34 40 

Bi2MoO6@TiO2-C/Cu2O aerobic 0.54 67 99 115 85 

TiO2-C/Cu2O aerobic 0.36 69 58 92 67 

Bi2MoO6@TiO2-C/Cu2O* aerobic 0.09 – – 21 – 

*Experiment performed without BA. PEC reaction time: 8 h. Initial benzyl alcohol concentration: 100 mM 

dissolved in 100 mM Na2SO4 aqueous solution. 

 

Table 6 shows experimental results of selective PEC oxidation of furan and para-substituted 

benzyl alcohol derivatives by Bi2MoO6@TiO2-C/Cu2O system under aerobic conditions [134]. 

Selectivity towards 2,5-furandicarbaldehyde (FDC) and produced H2 amount were only 47% 

and 32 μM·cm−2, respectively. On the contrary, selectivity to other corresponding aldehydes 
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and produced H2 from other substrates oxidation were very high, ca. 99% and ca. 110 μM·cm−2, 

respectively. Moreover, benzyl alcohols with electron donor groups at para position (e.g., -

OCH3, -CH3) showed better selectivity values towards aldehyde and H2 production yield than 

those bearing electron-withdrawing groups (e.g., -F, -NO2), as expected [130]. 

 

Table 6. Experimental results of selective PEC oxidation of furan and different p-substituted benzyl alcohol 

derivatives by Bi2MoO6@TiO2-C/Cu2O system under aerobic condition [134].  

Substrate 
Conversion 

(%) 

Selectivity 

to aldehyde 

(%) 

J0 

(mA· 

cm−2) 

H2 

(μM· 

cm−2) 

H2 

efficiency 

(%) 

 

67 99 0.54 115 85 

 

63 98 0.53 104 84 

 

55 47 0.50 32 61 

 

72 99 0.56 125 87 

 

69 98 0.54 119 86 

 

65 98 0.53 109 84 

 

62 98 0.52 103 83 

Water – – 0.09 21 – 

 

 

Pulignani et al. [135] investigated high-performance carbon nitride-based electrode for 

selective PEC oxidation of 4-methylbenzyl alcohol to 4-methylbenzaldehyde (p-tolualdehyde) 

in water at pH 7 in Na2SO4 solution (0.1 M) in a single compartment under simulated solar 

light. In the photoanode, cyanamide-functionalized carbon nitride was co-deposited with ITO 

nanoparticles on a 1.8 Å thick Al2O3-coated FTO electrode. In the investigated material, ITO 

nanoparticles act as a conductive binder and improve electron extraction from the cyanamide-

OH

O

OH

O

OHO

OH

O

OH

OH

F

OH

O2N



  28 

 

functionalized carbon nitride, while the alumina underlayer reduces recombination losses 

between the ITO and the FTO glass. Initial 4-methylbenzyl alcohol concentration was not low 

(50 mM); consequently, only 22.3 % substrate conversion after 18h of the PEC reaction was 

observed. 

3.2 HMF 

Partial electrochemical and PEC oxidations of HMF in water and under solar irradiation in the 

presence of 2,2,6,6-tetramethylpiperidine 1-oxyl radical (TEMPO) as a mediator and BiVO4 as 

a photoanode were investigated by Cha and Choi [136]. The reaction mechanism for 5-formyl-

2-furoic acid (FFA) and FDCA formations is through 5-hydroxymethyl-2-furancarboxylic acid 

(HMFCA), while in the presence of TEMPO it is through 2,5-diformylfuran (FDC) (Figure 9). 

Table 7 reports the (photo)electrochemical conversion values of HMF and products yield versus 

the circulated electric charge. At 40 Coulomb, complete HMF conversion (100%) and high 

FDCA selectivity (ca. 99%) both for EC and PEC were obtained. The proposed reaction 

mechanism is reported below (Eq. 13-15). The photogenerated electrons were transferred to the 

Pt counter electrode to produce H2 from water, while the holes on BiVO4 were used for the 

HMF oxidation mediated by TEMPO (See Figure 9). 

 

at cathode: 6H2O + 6e-  →  3H2  + 6OH-    (13) 

at anode:  (HMF) + 6OH-  →  (FDCA) + 4H2O + 6e-             (14) 

             Overall reaction: (HMF) +  2H2O →  (FDCA) + 3H2         (15) 

The experimental results of PEC and EC are similar; however, 0.5 V lower potential was used 

for PEC with respect to EC ones thanks to e-/h+ generation on the BiVO4 by solar light. 

Schematic illustrations of the (photo)electrochemical TEMPO-mediated HMF oxidation are 

shown in Figure 9. The photogenerated holes at the valance band of the BiVO4 could be used 

both for HMF and water oxidation [136]. However, photoelectrochemically TEMPO-mediated 

HMF oxidation at the BiVO4 surface is more favourable both kinetically and 

thermodynamically than H2O oxidation since TEMPO oxidation was kinetically much faster 

than water. Consequently, a high FDCA yield was obtained in the presence of TEMPO and 

HMF. 

Table 7. The electrochemical and photoelectrochemical HMF conversion and product yield values versus 

circulated electric charge [42].  
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Method 

Electric 

charge 

circulated (C) 

HMF 

conversion (%) 

FFA  

yield (%) 

FDCA  

yield (%) 

FDC  

yield (%) 

HMFCA 

yield (%) 

EC 

0 0 0 0 0 0 

10 63 52 5 7 < 1 

20 94 84 8 2 < 1 

30 99 26 73 trace trace 

38 100 1 99 trace trace 

40 100 trace 100 trace trace 

PEC 

0 0 0 0 0 0 

10 59 52 1 7 trace 

20 89 78 7 3 < 1 

30 98 48 51 trace trace 

38 99 16 82 trace trace 

40 100 trace 98 trace trace 

Bias: 1.54 V (for EC) and 1.04 V (for PEC) were applied versus reversible hydrogen electrode (RHE) in 0.5 M 

borate buffer solution containing 5 mM HMF and 7.5 mM TEMPO. PEC runs were performed under AM 1.5 G 

illumination (100 mW). FFA: 5-formyl-2-furoic acid, FDCA: 2,5-furan-dicarboxylic acid, FDC: 2,5-

diformylfuran, HMFCA: 5-hydroxymethyl-2-furan-carboxylic acid.  

 

Figure 9 Schematic illustration of photoelectrochemical TEMPO-mediated HMF oxidation (a) and 

electrochemical TEMPO-mediated HMF oxidation (b). CB, conduction band; EF, Fermi energy [42].  

Özcan and co-workers prepared nanotube-structured TiO2 on Ti layers (NT-Ti/TiO2), as 

photoanode, by anodic oxidation method in an ethylene glycol medium for PEC oxidation of 

HMF to FDC in water under UVA irradiation [137]. The NT-Ti/TiO2 plates were calcined at 

400-750 °C, and they showed much better performance with respect to thin TiO2 layers on Ti 

plates prepared only by thermal oxidation (See Table 3). The NT-Ti/TiO2 samples were also 

platinized by the photoreduction method. The optimum calcination temperature was determined 

as 500 °C, and optimum bias and pH values for PEC experiments were found as 0.5 V and 5, 
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respectively. Interestingly, another intermediate, FFA, was also produced only in the presence 

of platinized catalyst. The Pt nanoparticles on the TiO2 surface hinder the recombination of 

generated electron/hole pairs due to their electron trap role. Consequently, they allowed also 

higher performance (reaction rate and product selectivity) with respect to the pristine electrode: 

selectivity up to 40% towards FDC and 18% towards FFA after 10% conversion. 

Figure 10 shows a representative run carried out by Pt-loaded nanotube structured photoanode 

versus time [137]. During the PEC reaction, HMF concentrations decrease while product 

concentrations increase. This increase, however, is not so significant due to the further oxidation 

reactions of the latter, so the selectivity values continuously decrease. For instance, selectivity 

value to FDC was 34% for 10% conversion, whereas it was only 19% for 60% conversion. 

 

 
Figure 10 Representative run of PEC oxidation of HMF vs. time using Pt-loaded nanotube structured photoanode 

at 0.50 V and pH 5 in water under UVA light. Concentrations of HMF (♦), FDC (■), and FFA (▲) are at the left 

axis; Selectivity towards FDC (□) and FFA (∆) along with conversion (●) values are at the right axis [137].  

 

2,5-Furandicarboxylic acid (FDCA), one of the main oxidation products of HMF, is a monomer 

for bioplastic production such as polyurethane, polyamide, and polyester [138,139]. 

Traditionally, synthesis conditions are not environmentally friendly, as they use noble metal 

catalysts, toxic oxidants, and high pressure and temperature, requiring high energy expenditure 

[140]. Pahari and Chen [141] investigated a catalyst composed of bismuth ferrite (BFO) 

nanosheets and few-layer phosphorene (FLP) with its surface modified with phosphate groups 

(P) to perform simultaneous H2 production and selective HMF conversion to FDCA in water 

under neutral conditions and solar light. In the FLP-P-BFO-assisted OER of this study, the Fe 

centers of BFO offer the iron-oxo intermediate formation (Fe=O and Fe-OOH, determined by 

in situ Raman spectroscopy), and the phosphate groups modified on FLP help to stabilize the 
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Fe-OOH complex via a proton transfer. In 80 minutes, HMF (10 mM) totally transformed into 

FDCA with 100% selectivity and yield in the presence of 0.5 M Na2SO4. 

Chadderdon et al. [142] investigated cobalt phosphate (CoPi) loaded BiVO4 photoanode for 

partial HMF oxidation mediated by TEMPO in water and under solar irradiation. TEMPO 

oxidation potential was reduced to 0.5 V by the presence of CoPi layer compared to that of 

pristine BiVO4. Notably, 88% selectivity to FDCA from PEC HMF oxidation was obtained 

with BiVO4/CoPi double-layer photoanode, whereas almost no FDCA formation was obtained 

with pristine BiVO4. Table 8 reports some experimental results of HMF oxidation and its 

product distribution versus transferred charge. The results show that the product FFA 

transforms into FDCA by increasing the transferred charge (time). 

 

Table 8. Experimental results of PEC HMF oxidation and its product distribution versus transferred charge using 

cobalt phosphate loaded BiVO4 photoanode. Applied potential: 0.64 V (versus RHE) under AM1.5 illumination 

in an electrolyte containing 5.0 mM TEMPO [142].  

Transferred 

Charge (C) 

HMF 

conversion 

(%) 

FFA yield 

(%) 

FDCA yield 

(%) 

FDC yield  

(%) 

0 0 0 0 0 

3 58 7 5 9 

6 91 67 22 3 

9 99 58 78 1 

12 100 4 88 <1 

 

 

3.3 3  3-Pyridinemethanol 

Yurdakal et al. [143] investigated nanotube-structured TiO2 on Ti plates for PEC oxidation of 

3-pyridinemethanol to 3-pyridinemethanal and vitamin B3 in water under UVA irradiation. In 

Scheme 2 the reaction mechanism is proposed: 3-pyridinemethanol was oxidized to 3-

pyridinemethanal by h+ or hydroxyl radicals, followed by its oxidation to vitamin B3. The 

selectivity of the products decreased versus reaction time due to overoxidation of the products 

to open broken species and CO2. 
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Scheme 2. Proposed reaction mechanism for PEC oxidation of 3-pyridinemethanol to carbonyl derivatives and 

CO2 [143].  

 

Photocatalytic and PEC 3-pyridinemethanol oxidations were performed both in N2 and O2 

atmospheres. As expected, no photocatalytic oxidation was observed in N2 atmosphere, unlike 

what observed in the PEC process. Furthermore, PEC reactions were faster in N2 atmosphere 

than in O2 atmosphere. 

3-Pyridinemethanal was also used as a substrate; it could be reduced to 3-pyridinemethanol at 

the cathode in the PEC reaction, although its oxidation to vitamin B3 proved to be much more 

favoured [143]. Therefore, a H-type reactor in which the anode and cathode are divided is 

beneficial for the PEC synthesis reactions. In addition, the product selectivity was increased by 

decreasing the concentration of Na2SO4 (as electrolyte) and the applied potential, although the 

reaction rate decreased. The reaction rate increased by increasing the stirring rate, probably due 

to an improvement in the mass transfer of the substrate (3-pyridinemethanol) from the bulk of 

the solution towards the surface and inside the nanotubes. In addition, the selectivity for 3-

pyridinemethanal production increased since increasing its desorption rate hindered to 

overoxidation. For instance, 3-pyridinemethanal selectivity for 50% 3-pyridinemethanol 

conversion was 18% at 200 rpm, while it was 32% at 600 rpm. 

The pH effect on the PC and PEC 3-pyridinemethanol oxidations was also investigated. 

Interestingly, no PC activity was observed at low pH (i.e., 2), and PC activity increased linearly 

by increasing pH. In an acidic medium, the stability of the aromatic ring is high due to the 

protonation of the nitrogen atom in the substrate's pyridine ring. However, PEC 3-

pyridinemethanol oxidation could be performed at all pH values. In addition, selectivity towards 

vitamin B3 increased by increasing the pH for PC reactions, while the PEC process was not 

significantly affected by the pH (see Table 9). However, PEC selectivity towards 3-

pyridinemethanal decreased by increasing the pH. The results show that pH is an essential 
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parameter for the activity and selectivity to products, and its effect is different for PC and PEC 

reactions. 

 

Table 9. The experimental results of 3-pyridinemethanol (0.5 mM) oxidation under UVA using the nanotube 

structure TiO2 on Ti plate for different pH values. [Na2SO4] = 5 mM. Stirring speed: 400 rpm. Applied potential 

for PEC runs: 0.5 V vs Ag/AgCl (3M KCl) [143].  

pH  -r0·103 

(mM·h-1) 

k*·103 

(h-1) 

t1/2 

(h) 

aS3-Pyridinemethanal 

(%) 

bSVitamin B3 

(%) 

cS[CO2]/6 

X3h 

(%) 

X1h 

(%) 

X3h 

(%) 

pH 

X3h 

X0.15 X0.50 X0.15 X0.50 

2.31 PC 3.78 7.80       0 2 2.10 

4.03 PC 34.7 59.5 11.6 45  9   6 16 4.02 

7 PC 93.8 198 3.55 56  19  8.6 19 44 6.83 

10.4 PC 120 218 3.18 27 33 49 35 1.0 22 48 8.12 

12.4 PC 140 286 2.42 25 23 55 59 16 25 58  

2.38 PEC 153 415 1.67 54 48 29 36 5.3 30 71 2.21 

4.04 PEC 179 375 1.85 44 31 32 37 22 31 68 3.61 

7 PEC 134 271 2.50 42 27 45 36 21 25 55 6.24 

10.1 PEC 167 320 2.16 40 24 32 35 21 31 63 7.91 

12.4 PEC 125 307 2.26 22 6 45 38 31 25 60 11.9 

12.4 *PEC 185 414 1.67 13 7 61 52 23 32 71 11.9 

*For this run Na2SO4 was not used. 

-r0: initial reaction rate, k: first-order rate constant, and t1/2: half life time. 
aS3-Pyridinemethanal and bSVitamin B3: 3-pyridinemethanal and vitamin B3 selectivity values after 15% (X0.15) and 50% 

(X0.50) conversion. X1h and X3h: the conversion values after 1h and 3h of reaction times, respectively.  
cCO2 selectivity values were considered after 3h of reaction time (X3h). 

 

The above work shows that selective PEC oxidation of 3-pyridinemethanol could be performed 

in environmentally friendly conditions in water at low applied potential (0.5 V), low electrolyte 

concentration (5 mM Na2SO4), under significant stirring speeds (at least 400 rpm) at all pH 

values. 

In the second part of the work of Yurdakal et al. [144], the effect on the oxidation of 3-

pyridinemethanol of loading some nanotube-structured TiO2 plates with one or two noble 

metals present at the same time (Au, Pt and Pd) was studied. A high amount of metal loading 

negatively affected the PEC reaction since the metal prevented the light from penetrating inside 

the nanotubes. Nevertheless, a small amount of some metal as Pd slightly increased the PEC 

activity and selectivity to products with respect to the pristine plate. For instance, the conversion 

of the Pd-loaded catalyst and pristine one after 3h was 56 and 49%, while the selectivity towards 

3-pyridinemethanal and vitamin B3 after 50% conversion was 52 and 58%, respectively. 
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Moreover, a high 3-pyridinemethanal amount was obtained in the PC reaction, while the PEC 

produced a high amount of vitamin B3. In other words, the activity and the product distribution 

strongly depended on the process used. 

 

3.4 Glycerol 

Liu and co-workers investigated a nanoporous BiVO4 catalyst for selective glycerol oxidation 

in water under solar irradiation [145]. The PEC reaction was performed at very acidic 

conditions (pH=2), and 200 mmol DHA per m2 was produced with 51% selectivity. 

Glyceraldehyde (GDA), glyceric acid, and formic acid were the other products.  

Gu and co-workers [146] also performed PEC glycerol oxidation using WO3/TiO2 

heterostructures on porous carbon fibers as 3-D microflow channels. This electrode showed a 

high reaction rate and GDA and DHA yields because a nanojunction improved charge 

separation, and the microchannel made mass transfer easier. For instance, total GDA and DHA 

selectivity was 85%, and their production rate was 35.3 μmol cm−2 h−1 at 1.2 V vs.  RHE. 

Relatively low glyceric acid, formic acid, and CO2 were also obtained (carbon balance: 92-

97%).  

PEC cyclohexane oxidation to cyclohexanol and cyclohexanone was also performed in the same 

system (yield: 12.8 μmol cm−2·h−1) [146]. Notably, an efficient photocatalytic fuel cell 

exhibiting short-circuit current of 1.2 mA·cm−2 and a high open-circuit bias of 0.9 V was 

coupled with this microfluidic photoanode. The presence of the nanojunction in this two-in-one 

photocatalytic fuel cell system made it possible to obtain not only high added value products 

but also electricity (Figure 11).  
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Figure 11 Schematic illustration of photocatalytic fuel cell system for PEC biowaste oxidation on the WO3/TiO2 

heterostructures on porous carbon fibers as 3-D microflow channels [146].  

Çetinkaya et al. [147] prepared nanotube, nanobelt, and nanosponge structured TiO2 

nanoparticles on Ti layers to perform PEC glycerol oxidation in water and under UVA 

irradiation. The optimum PEC performance was obtained in 20 mM Na2SO4 at pH=7 and by 

applying 1.5 V. NaCl and KNO3 as electrolytes were also tested, but Na2SO4 showed to be the 

best one. In addition, the calcination temperature of the plates was determined as 500 °C. 

Thermally oxidized Ti/TiO2 plate showed no activity for 4h of PEC reaction, while with 

nanotube and nanobelt structured samples, 35% conversion was obtained. In the PEC 

experiments, initial glycerol concentration was 10 mM. These results show that nanotube, 

nanosponge, and nanobelt structured samples have a much higher efficient surface area than 

the thin-film structured ones. However, product selectivity values of nanotube and nanobelt are 

low: 15% DHA, 6% GDA, and 15% formic acid. Moreover, ca. 20% CO2 (normalized by 

dividing by three) selectivity was also obtained. Nanosponge-structured electrodes showed 

higher product selectivity but lower PEC activity than the other nanotube and nanobelt ones. 

Pecoraro et al. [148] synthesized nanotube-structured TiO2 on Ti foil and felt, as photoanode, 

for simultaneous PEC oxidation of glycerol and H2 production in water under UV-Vis 

irradiation. Ni foam was used as the cathode. The initial substrate (glycerol) and electrolyte 

(Na2SO4) concentrations, applied potential, and light intensity values are 100 mM, 0.5 M, 1 V, 

and 10 mW/cm2, respectively. The PEC experiments were performed at pH=2, and the 

photoanode area was 90 cm2. Under these conditions, DHA, GDA, and H2 production rates 

were 0.0484, 0.134, and 1.67 μmol·h−1·mW−1, respectively, using the best electrode which was 

calcined at 450 °C after its production in ethylene glycol. 

Jung et al. [149] investigated a Bi-based metal-organic framework decorated WO3 anode on an 

FTO surface for selective PEC oxidation of glycerol to GDA under solar light at pH=2 in 0.5 

M Na2SO4 electrolyte medium. The catalyst was prepared on the FTO surface by 

hydro/solvothermal synthesis methods. The GDA production rate using high glycerol 

concentration (2 M) was 420 mmol·m-2h-1 at 1.2 V vs RHE after 1h reaction. In addition, 

selectivity towards GDA at that condition was high (ca. 94%), and a small DHA amount was 

also observed.  

Liu and coworkers [87] achieved selective PEC oxidation of glycerol to DHA by investigating 

Ag nanoparticle-loaded layered double hydroxide (LDH) nanosheets on TiO2 nanoarray 

(Ag@LDH@TiO2) under solar irradiation in water at pH=7 in H-type cell. The dominating 

active oxygen species is the hydroxyl radical generated by water oxidation. It was determined 
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that the middle hydroxyl group is preferentially adsorbed to Ag-loaded LDH surfaces, and the 

surface-bound hydroxyl radicals mediated dehydrogenation barriers of middle carbon of 

adsorbed glycerol. Consequently, Ag@LDH@TiO2 photoanode gave 72% (carbon balance ca. 

95%) selectivity to DHA, while pristine TiO2 only ca. 24% at 1.2 V. Formic acid was the main 

product (selectivity: 51%) for pure TiO2. Due to the high initial concentration of glycerol (100 

mM), the conversion after 4 hours using Ag@LDH@TiO2 was only 2-3%, but the oxidation 

rate of glycerol was high, i.e. 315 mmol·m-2·h-1. 

Selective PEC middle hydroxyl group of glycerol adsorption was also achieved on Bi2O3-

incorporated TiO2 nanorod arrays under solar irradiation at pH=2 by Luo et al. [150]. The 

mainly formic acid formation was observed on the pristine TiO2 surface, while the 

electrochemically Bi2O3 incorporated TiO2 on the FTO surface produced mainly DHA with 

65% selectivity after 50% conversion (initial glycerol concentration: 0.1 M). In the PEC system, 

simultaneous DHA and H2 production rates were 11.5 µmol·cm-2·h-1 and 0.32 mL·cm-2·h-1, 

respectively. However, if an environmental point of view was considered, highly acidic medium 

(pH=2) and high electrolyte concentration (0.5 M Na2SO4) used in this work should be avoided. 

Unfortunately, most PEC glycerol oxidation work has been performed under these undesirable 

conditions [87,148,150]. 

Yu et al. [88] performed PEC glycerol oxidation at near-neutral conditions in water under UV 

irradiation using home-prepared calcined (at 450 °C) WO3 deposited on ITO. A commercial 

catalyst, 5%wt WO3/TiO2, was also used for the sake of comparison. The calcined and 

crystalline WO3 showed better performance than the non-calcined, mainly amorphous one. A 

high amount of commercially valuable products, DHA and GDA, was obtained with calcined 

WO3, while the amount of these products was low using the commercial 5%wt WO3/TiO2 

sample. For instance, total selectivity towards DHA and GDA in the presence of calcined WO3 

was 87-95%. Commercial 5%wt WO3/TiO2, in fact, produced a high amount of formic acid 

rather than C3 compounds. PEC oxidation could occur via direct reaction by photogenerated 

holes or indirect pathway using some oxidant species like hydroxyl radicals. Direct pathways 

supply mainly valuable C3 compounds, while indirect ones give raise mainly to over-oxidation 

species such as formic acid and CO2.  

Tateno et al. [151] prepared Ta doped BiVO4/WO3 catalyst on FTO as a photoanode for PEC 

glycerol oxidation in an acidic medium under visible irradiation. Like other PEC works, 

simultaneous H2 production at the cathode was also observed. Initial glycerol concentration was 

1 M, and it transformed almost entirely into DHA. Only negligible amounts of GDA and formic 

acid were detected after 2h of PEC reaction. In addition, by increasing the H2SO4 amount, 
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Faraday efficiency (FE) also increased; in the presence of 25 or 100 mM of the acid, FEs were 

61 and 80%, respectively. The prepared photoanode was stable in 25 mM H2SO4 medium after 

2h of PEC reaction, while the BiVO4 electrode, used for comparison, showed some leaching in 

the acidic medium. Moreover, the FE of the BiVO4 electrode was low (41%), although the 

selectivity towards GDA was also high (ca. 93%).  

 

3.5 Glucose 

Photoelectrocatalytic GLA synthesis could be performed under mild operative conditions. Tian 

et al. [152] investigated single atom Pt defective decorated and nanorod structured TiO2 (rutile) 

on FTO surface to perform selective PEC oxidation of glucose to GLA under simulated solar 

light in water at 0.6 V vs RHE and in a strongly basic medium (1 M KOH). After 5.5 h PEC 

reaction, 99% glucose (initially 10 mM) conversion, 84 % GLA, and 9.2 GLU yields were 

obtained. The preparation and some characterization (SEM, XRD, DRS and XPS) results of the 

anode are shown in Figure 12. The TiO2 nanorods on FTO were prepared by hydrothermal 

method, then calcined in air. The electrochemically obtained defective TiO2 shows high 

absorption in the UV-Vis region and the presence of Ti3+. After that, a single Pt atom deposition 

on the TiO2 surface was applied using the atomic layer deposition method. 
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Figure 12. a) Schematic illustration of the TiO2, defective TiO2, and Pt-loaded defective TiO2 photoanode. b) Top-

view and c) side-view SEM images of the nanorod-structured TiO2 arrays. Inset: the diameter distribution of the 

TiO2. d) XRD patterns, e) UV–vis absorption spectra, and f) XPS spectra of Ti 2p for TiO2, defective TiO2, and 

Pt loaded defective TiO2 [152].  

Figure 13 shows a reaction mechanism for PEC oxidation of glucose on a Pt decorated defective 

TiO2 surface. Photogenerated holes react with water to produce hydroxyl radicals, which 

abstract H atoms of the C1-H and C1-O-H to form C1=O in step 2. After that, the C5-O bond is 

broken by hydrolysis, and the GLU molecule is formed through desorption from the anode 

surface. Pt single atoms selectively adsorb the GLU from the C6 position (step 4), where the 
•OH radicals could react with the H atoms of C6-OH and C6-H to form a C6=O bond (step 5). 

In addition, some products desorb from the catalyst to generate glucuronic acid (GUR), and 

others will adjust their adsorption states for the subsequent reaction. A new C6-OH bond could 

be formed by activating the C6=O bond with holes and hydroxyl radicals during step 6. 

Subsequently, the groups from the C6 position can follow the same reaction pathway as the C1 

position to yield GLA. Consequently, the single Pt atoms and •OH radicals can play critical 

roles in the partial glucose oxidation to GLA. 
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Figure 13 Schematic illustration of the proposed reaction mechanism of PEC oxidation of glucose into GLA on 

Pt-loaded defective TiO2 [152].  

 

3.5 Glyoxal 

Glyoxylic acid (GA) was used as a chemical intermediate to synthesize commercially valuable 

products such as vanillin and penicillin. It could be synthesized by glyoxal oxidation with nitric 

acid or oxalic acid reduction electrochemically. However, glyoxal oxidation with nitric acid 

also gives an overoxidation product, oxalic acid. Zhao and co-workers [153] synthesized GA 

by PEC oxidation of glyoxal in water using WO3 nanoplate anodes under simulated solar light 

at a potential of 1.6 V. The PEC reaction was performed in an acidic medium (in the presence 

of 0.16 M HCl, at pH 2.8) starting from 100 mM glyoxal. The WO3 photoanodes on FTO were 

prepared by hydrothermal method at 120 ℃, following calcination in air at 350-500 ℃. WO3 

catalysts with different quantities of facets ({020}, {200}, and {002}) were prepared. However, 

that containing mainly the {200} facet showed high Faraday efficiency (84%), selectivity 

towards GA (86.5%), and GA production rate (308.4 mmol m-2 h-1) at 1.6V vs RHE after 2h of 

the PEC reaction. The good results obtained with this material were explained by theoretical 

calculations as due to its strong glyoxal adsorption capacity and the low energy requirement for 

the formation of glyoxal radicals on this facet. Moreover, the high energy requirement for GA 

oxidation to oxalic acid on the {200} facet is the reason for the obtained high selectivity towards 

GA.  
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3.6 Methanol and butanol  

Mesa et al. [154] investigated selective PEC oxidation of methanol to formaldehyde by using 

TiO2 or hematite (α-Fe2O3) under simulated solar irradiation in methanol-water medium. 

Interestingly, no other products were detected, and selectivity towards formaldehyde was 

100%. TiO2 catalyst was more effective than hematite for PEC methanol oxidation. The 

reaction rate mainly depended on the surface hole density and the rate determining step was C-

H bond breaking in methanol.  

Harris et al. [155] used a biohybrid cell for the PEC transformation of n-butanol into n-

butyraldehyde and 2-ethylhexenal by tandem enzymatic oxidation and aldol condensation at 

pH=7.5 under visible irradiation (ʎmax=465 nm) with three-electrode system in H-type cell 

(Figure 14). Alcohol oxidase enzyme transformed n-butanol into n-butyraldehyde, while the 

produced H2O2 oxidized to H+ and O2 on BiVO4 anode. The enzyme activity was protected by 

H2O2 oxidation. PEC conversion was higher than the photocatalytic one (6.2 vs. 3.1%). In 

addition, H2 was also produced at cathode surface in the PEC process. 

 

 

 

 

Figure 14. Reaction scheme for light-driven oxidation of n-butanol to n-butyraldehyde and its transformation into 

2-ethylhexenal in a biohybrid photoelectrochemical cell [155].  

 

3.7 Aromatic and heteroaromatic hydrocarbons 

A PEC synthesis study performed simultaneously at both the photoanode and cathode was 

conducted by Choi et al. [156]. In this PEC system, a Mo-doped BiVO4 was used as the anode 

(only the anode was exposed to solar light), and an inverse opal ITO (IO-ITO) electrode was 
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used as the cathode that gives rise to the coupling of peroxygenase and ene-reductase-mediated 

catalysis, respectively. In the PEC cell, the photoexcited electrons generated from the 

Mo:BiVO4 were transferred to the IO-ITO and regenerated reduced flavin mononucleotides to 

drive ene-reductase-catalyzed trans-hydrogenation of ketoisophrone to (R)-levodione. 

Meanwhile, the photoactivated Mo:BiVO4 formed H2O2 in situ via a two-electron water-

oxidation process with the aid of an applied bias, which simultaneously supplies peroxygenases 

to drive selective hydroxylation of ethylbenzene into enantiopure (R)-1-phenyl-1-

hydroxyethane (see Figure 15). 

 

Figure 15 Schematic illustration of the dual PEC reaction mechanism in the presence of peroxygenase and ene-

reductase enzyms using Mo:BiVO4 and IO-ITO electrodes [156].  

 

5,5’-Azotetrazolate salt derivatives have good thermal stability and low flammability; 

consequently, they are used in gas generators, propellants, and fireworks in the industry 

[157,158]. He and co-workers performed the PEC synthesis of sodium 5,5'-azotetrazolate (SZT) 

from 5-amino-1H-tetrazole (Scheme 3) by using W(2%) and Mo(6%) co-doped BiVO4 

photoanode in 0.2 M Na2CO3 medium under simulated solar light [159]. After 8h of PEC 

reaction, 0.230 mmol SZT was produced (conversion: 11.5%). The same synthesis reaction was 

also performed with Ti-Fe2O3 film on FTO as the photoanode in 0.1 M NaOH aqueous solution 

under solar irradiation [160]. The Faraday efficiency of the previous PEC reaction system [159] 

was higher than the last one (80 vs. 65%) [160]. In addition, the STZ synthesis reaction was 

also performed in the presence of a magnetic field of 0.5 T as well as irradiation and potential, 

and about 50% of STZ production increase (18 vs. 27 µmol for 90 min) was obtained. 
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Scheme 3. The PEC synthesis reaction of sodium 5,5'-azotetrazolate (SZT) from 5-amino-1H-

tetrazole [159].  

 

Tang et al. [161] performed PEC simultaneous synthesis of vitamin B3 and H2 from 3-

methylpyridine using WO3 as anode in a dual-chamber quartz cell consisting of a proton 

exchange membrane under solar irradiation. Selectivity towards vitamin B3 was high as no other 

by-product was obtained; however, the PEC reaction was performed in an extremely acidic 

solution (in 1.5 M H2SO4); consequently, the process is not environmentally friendly. After 8h 

of PEC reaction, 60 µmol vitamin B3 was produced. 

Çetinkaya et al. used nanotube-structured TiO2 decorated with WO3 on Ti plates to perform the 

PEC oxidation of 3-methylpyridine in water under UVA irradiation under neutral conditions 

(pH=7) instead of in the presence of a highly acidic solution [162]. The Ti/TiO2 plates were 

prepared in ethylene glycol medium by the anodic oxidation method and calcined at 500 °C. 

WO3 decoration significantly increased the yield of vitamin B3 (ca. 3.0 vs. 50%) with respect 

to pristine NT-structured TiO2 under UVA. On the contrary, the reaction rate was low, and no 

products were obtained under visible light where only unselective photolytic reactions of 3-

methylpyridine occurred. In addition, 3-pyridinemethanol, 3-pyridinemethanal, and vitamin B3 

molecules were inactive in a photolytic way since -CH2-OH, carbonyl, or –COOH groups in 

the pyridine ring deactivated the aromatic ring because of their withdrawing effect. In 

conclusion, PEC and photolytic reactions of 3-methylpyridine occurred competitively under 

UVA.  

A representative experiment of selective PEC oxidation of 3-methylpyridine under UVA light 

versus time is reported in Figure 16a. The 3-pyridinemethanol concentration is always low 

during all the time. 3-pyridinemethanal concentration increased and reached a maximum after 

ca. 95 min, then it decreased due to its transformation into vitamin B3. For this reason, 

selectivity towards vitamin B3 increased, while those towards 3-pyridinemethanol and 3-

pyridinemethanal decreased versus time, and the total product selectivity value was almost 

constant (62%) during 3h of reaction (see. Figure 16b). 
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Fig. 16. a) A representative experiment of selective PEC oxidation of 3-methylpyridine to 3-pyridinemethanol (■), 

3-pyridinemethanal (▲) and vitamin B3 (●) by using WO3 decorated electrode in water under UVA versus time. 

The product concentrations are quoted on the right-hand axes. b) The conversion (♦) and selectivity values of 3-

pyridinemethanol (■), 3-pyridinemethanal (▲) and vitamin B3 (●).  +: total selectivity of all three products [162].  

 

Conclusions and perspectives 

In this paper, articles in which the synthesis of valuable molecules was performed in water by 

heterogeneous photocatalysis and photoelectrocatalysis have been presented and some of them 

briefly discussed.  

Photocatalytic works on this topic involving the use of the photocatalyst in powder or supported 

form in both discontinuous and continuous systems are very numerous, and it should be noticed 

that membrane reactors have also been used to achieve high product purity in photocatalytic 

systems and to achieve intensification of the entire process. High selectivity towards one or 

more products has been obtained using these technologies generally by carrying out the 

reactions in organic solvents. However, the use of water as the solvent is the most important 

parameter for these reactions to be defined as green processes, i.e. environmentally friendly. 

Papers on synthesis reactions carried out by photoelectrocatalysis are very few, and notably, 

only about half of them have been carried out in an aqueous environment. During PEC synthesis 

reactions, interestingly a simultaneous production of H2 at the cathode in a separate cell has 

been reported in some cases. Nevertheless, most of these works were performed at strongly 

acidic pH’s in the presence of high amounts of electrolytes, and these experimental conditions, 

of course, do not obey the principles of green chemistry. Another weakness is that all these 

reactions have been carried out in supported fragile anodes, and in small batch systems. 

However, photoelectrocatalytic processes could be performed in continuous mode and 

industrial-scale PEC reactors could also be considered for some niche applications. These 

systems could, in principle, be coupled with suitable membranes to selectively permeate the 



  44 

 

desired product(s). In this way the anodic compartment would remain separated from the 

cathodic one, avoiding a possible cathodic reduction of the product(s). 

We conclude by saying that the study of PEC systems for the selective synthesis of valuable 

compounds and the simultaneous production of H2 is in its initial stages. The ideal conditions 

for a scale-up prior to a possible application are the use of catalysts stably supported in divided 

cells, a minimum amount of electrolyte, pH conditions close to neutrality and sunlight. 

However, the authors realize that achieving this objective by optimizing all these parameters is 

not easy, and readers know well that each type of reaction requires often very different 

experimental conditions (including the type of reactor). 
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