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ABSTRACT 

Low-carbon number alcohols (LCNAs) are important platform molecules that can be derived 

from many resources, such as coal, oil, natural gas, biomass, and CO2, creating a route to value-

added chemicals and fuels. Semiconductor photocatalysis provides a novel method for converting 

LCNAs into a variety of downstream products. Photocatalysis is initiated by light-excited charge 

carriers that are highly oxidative and reductive. The polarity and bond dissociation energy (BDE) 

of Cα−H bonds are small for alcohols, so it can be homolytically dissociated by the participation 

of photogenerated holes. Consequently, photocatalytic LCNA conversion overcomes the challenge 

of Cα−H bond activation in thermocatalysis. Apart from carbon radicals generated from Cα−H bond 

cleavage, many other radicals are formed during photocatalysis, which are active and have multiple 

conversion pathways, resulting in complex product distributions. In this perspective, we 

summarize the methods of controlling the generation of radical intermediates and subsequent 

reactions in photocatalytic conversion of LCNAs. The intrinsic properties of photocatalysts and 

external solution environments are the two main factors that affect the selectivity of the final 

products. On this basis, we summarize the challenges in current photocatalytic conversion of 

LCNAs and propose directions for future research, with the aim to inspire studies on the selective 

conversion of small molecular radicals.  
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INTRODUCTION 

Low-carbon number alcohols (LCNAs, CnH2n+1OH, n < 4), including methanol, ethanol, 1-

propanol, and isopropanol, are produced from a wide range of raw feedstocks, such as fossil 

resources,1-4 biomass,5-6 and CO2,
7 by pathways such as oxidation, hydrogenation, hydration, and 

fermentation. LCNAs can be converted to various downstream products via thermocatalytic 

processes. For instance, they can be oxidized to their corresponding carbonyl compounds8 and 

organic acids,9 or be converted to nitriles or amines,10-12 ethers,13 esters,14 and longer-chain 

chemicals15-16 via ammoxidation, dehydration, esterification, and the Guerbet reaction. Recently, 

with the development of the hydrogen energy economy, LCNAs are used as promising hydrogen 

carriers due to their high hydrogen content (12.5 wt%, 13.0 wt%, and 13.3 wt% for methanol, 

ethanol, and 1-propanol or isopropanol, respectively), and their convenience for storage and 

transportation.17 Catalytic reforming of aqueous alcohol solutions allows for the production of H2 

in high yields.18-19 H2 is a promising clean energy carrier which has a high heating value and is free 

from emission of polluting combustion product.20-21 As a result, the wide range of resources for 

LCNAs production together with the facile conversion processes makes LCNAs important 

platform molecules, which creates a route from natural carbon resources to many value-added 

chemicals. 

The hydrogen atoms in LCNAs are connected via three types of covalent bonds: The O−H 

bond of the hydroxyl group (−OH), the Cα−H bond adjacent to the −OH, and other C−H bonds 

distanced from the −OH. Generally, the O−H bond and the Cα−H bond are more likely to be 



 

activated, but the ways in which the chemical bonds are cleaved are different. The O−H bond is 

highly polar, and the electrons constituting this bond are biased towards the oxygen atom, and the 

bond dissociation energy (BDE) of the O−H bond is high (> 430 kJ mol−1).22 Thus, the O−H bond 

is inclined to dissociate heterolytically. On the contrary, the Cα−H bond is less polar and the BDE 

is relatively low (< 400 kJ mol−1),22 and could tend to favor homolytic dissociation to a larger 

extent. While the heterolysis of the Cα−H bond is more complicated than that of the O−H bond. 

Thermocatalytic conversion of alcohols usually follows the mechanism of heterolytic dissociation 

of chemical bonds.23 Reactions requiring the activation of Cα−H bond, e.g., dehydrogenation, are 

usually carried out either at high temperature8, 24 (> 573 K) or in the presence of oxidants.25 The 

challenges associated with the heterolysis of Cα−H bond in LCNAs can be circumvented by 

activating it homolytically. However, Cα−H bond homolysis remains a huge challenge for the 

current thermocatalytic method due to the presence of more reactive −OH in LCNAs. Therefore, 

effective ways to preferentially activate the Cα−H bond need to be developed. 

 

Figure 1. Schematic illustration of elementary steps of photocatalysis over semiconductors. CBM: 

conduction band minimum; VBM: valence band maximum; Eg: band gap energy. Adapted with 



 

permission from ref 29. Copyright 2019 Royal Society of Chemistry. 

Solar energy is the most abundant energy source on the earth. The average solar energy 

reaching the surface of the earth is estimated to be 5.89 × 1020 J h−1, which is almost 1.2 times the 

global energy consumption per year. The utilization of solar energy is an imperative topic of 

sustainable development.26-27 Processes that directly convert solar energy into chemical energy, 

such as water splitting and CO2 reduction,28-31 have been pursuit in recent decades. The mechanism 

of photocatalysis involves three steps (Figure 1). Initially, photocatalysts are irradiated by photons 

with energy larger than the bandgap energy of the semiconductor, generating oxidative holes and 

reductive electrons. Photogenerated holes and electrons then separate and migrate from the bulk 

of the photocatalyst to the surface. Finally, holes and electrons induce oxidation and reduction 

reactions, respectively. Homolytic cleavage of Cα−H bond in photocatalytic LCNAs conversion is 

realized by the participation of photogenerated holes while the O−H bond with larger BDE is 

harder to oxidize by photogenerated holes and it is more readily preserved in the final products, 

which is beneficial to obtain oxygenated products. Due to utilizing the solar energy to drive 

chemical reactions, the hydrogen from C−H or O−H bond cleavage will be evolved as H2. Hence, 

photocatalytic alcohol splitting readily affords H2 as well as products from dehydrogenation or 

C−C bond coupling when the photocatalyst is irradiated by light.32-35  



 

 

Figure 2. Overview of the conversion processes and products of photocatalytic conversion of 

ethanol. 

Controlling the product selectivity in the photocatalytic conversion of LCNAs is still often 

overlooked, and it is challenging. Photocatalytic conversion of LCNAs usually proceed via radical 

mechanisms and involve many active species, like hydroxyl radicals (•OH), 1-hydroxyalkyl 

radicals and alkoxyl radicals. These radicals undergo dehydrogenation, oxidation, and coupling 

reactions to generate complex products involving carbonyl compounds, organic acids, vicinal diols, 

and over-oxidized products with the participation of water or oxidants (Figure 2). In this 

perspective, we summarize methods, including tuning the size, surface polarity, geometry, and 

surface defects of semiconductors to control radical intermediates involved in photocatalytic 

LCNA conversion. Suitable reduction cocatalysts and using appropriate reaction solutions to tune 

the products are also discussed. These approaches aim to tune the generation and subsequent 

reactions of radical intermediates. Finally, challenges of photocatalytic LCNA conversion 

emerging from current studies are highlighted, such as establishing direct characterization methods 

for short-lived molecular radicals and developing efficient methods to control radical intermediates. 



 

Radical Intermediates Generation and Their Subsequent Reactions during Photocatalytic 

LCNA Conversion 

 

Figure 3. Proposed reaction network of photocatalytic dehydrogenation and dehydrocoupling of 

LCNAs. 

Photocatalytic conversion of LCNAs include oxidation with the participation of oxidants, 

dehydrogenation and dehydrocoupling in oxidant-free conditions, and transfer hydrogenation 

using LCNAs as hydrogen donors. Due to the presence of oxidants, the final products are carbonyl 

compounds or over-oxidation products.36-37 Photocatalytic dehydrogenation and dehydrocoupling 

of LCNAs are competing reactions and are conducted in an inert atmosphere. The selectivity of 

the final products is influenced by radical intermediates produced from the oxidation or reduction 

of LCNAs and their subsequent reaction pathways. The proposed reaction network is shown in 

Figure 3. When the activation of LCNAs begins with O−H bond heterolysis, the final products are 

carbonyl compounds. On the contrary, when homolytic cleavage of Cα−H bond occurs first, the 



 

final products depend on the subsequent reaction of the 1-hydroxyalkyl radical intermediates. 

These radical intermediates can be further oxidized to carbonyl compounds by photogenerated 

holes, or diffuse into the bulk solvent and couple with each other to produce vicinal diols. 

Consequently, either the initial activation of LCNA bonds or the subsequent reactions determines 

the final products. The two pathways mentioned above can be affected by a number of factors, 

including physical and chemical structures of semiconductors and surrounding environments, such 

as the solvent and additives. 

Influence of Photocatalyst Properties on The Generation and Subsequent Reactions of 

Radical Intermediates 

Semiconductors absorb light with energy larger than their band gaps and produce high-energy 

carriers to induce LCNA conversion, but semiconductors usually lack suitable active sites to 

complete the hydrogen evolution reaction. A reduction cocatalyst loaded onto the semiconductor 

can accumulate photogenerated electrons and catalyze reduction reactions, leaving photogenerated 

holes on the semiconductor surface to oxidize LCNAs. Studies related to photocatalytic 

dehydrogenation and dehydrocoupling of LCNAs over semiconductors loaded with reduction 

cocatalysts are summarized and listed in Table 1: 

Table 1. Summary of reaction systems for photocatalytic dehydrogenation and 

dehydrocoupling of LCNAs over semiconductors loaded with different reduction cocatalysts. 



 

entries Photocatalysts 
Reduction 

cocatalyst 
Substrates 

Major oxidized 

products/Sel. (%) 

HER rate 

(mmol g−1 h−1) 
Reaction conditions Ref. 

1 FP-0.5%Pt/TiO2 Pt Methanol HCHO/98.9 2.81 Pure alcohol 38 

2 FP-0.5%Pt/TiO2 Pt Methanol HCHO/65.6 17.38 
40% (mole fraction) 

methanol 

38 

3 Pt/P25 Pt Ethanol Acetal/99.3 79.2a Pure alcohol 39 

4 Pt/P25 Pt 1-Propanol Propylal/99.3 55.3a Pure alcohol 39 

5 Pt/P25 Pt 2-Propanol Acetone/100 11.1a Pure alcohol 39 

6 Pd NCs/TiO2 NS Pd Ethanol Acetal/99.3 51.5 
Pure alcohol with 1 × 10−3 

mol L−1 H+ 

40 

7 Ni/CdS Ni Methanol HCHO/>99 7.7 Pure alcohol 41 

8 Ni/CdS Ni Ethanol Acetaldehyde/>99 10.8 Pure alcohol 41 

9 Ni/CdS Ni 2-Propanol Acetone/>99 46.6 Pure alcohol 41 

10 Ni2P/CdS Ni2P Methanol Methylal/77.53 232.77 
Pure alcohol with 3 × 10−2 

mol L−1 H+ 

42 

11 Ni-MoS2/CdS Ni-MoS2 Ethanol Acetal/99.2 52.1 
Pure alcohol with 3 × 10−2 

mol L−1 H+ 

43 

12 
CdS-Ti3C2Tx 

MXene 

Ti3C2Tx 

MXene 
Ethanol Acetal/85-90 15.4 

10 mL of ethanol containing 

30 mM H2SO4 

44 

13 
CdS + 4 mM 

NiCl2 
Ni Methanol HCHO/N/Ab 48.2 

Pure alcohol with 4 mM 

NiCl2 

45 

14 AgNPs/CdS Ag Ethanol N/Ab 1.72 Pure alcohol 46 

15 AgNPs/g-C3N4 Ag Methanol N/Ab 0.1522 Pure alcohol 47 

16 Pt/R-TiO2 Pt Ethanol 2,3-BDO/96.6 1.85 30 vol% aqueous solution 48 

17 Pt/R-TiO2 Pt Ethanol 2,3-BDO/85 N/A b 10 vol% aqueous solution 49 

18 Pt/F–P25–TiO2 Pt Ethanol 2,3-BDO/65 N/A b 10 vol% aqueous solution 49 

19 MoS2 foam/CdS MoS2 Methanol EG /91 12 
76 wt% CH3OH+24 wt% 

H2O 

50 

20 Ni2P/CdS Ni2P Methanol EG/86.8 0.58 Pure methanol 42 

21 CoP/Zn2In2S5 CoP Methanol EG/90 5.5 a 
76 wt% CH3OH+24 wt% 

H2O 

51 

22 CoP/Zn2In2S5 CoP Ethanol 2,3-BDO/53 3.2 a Pure ethanol 51 



 

23 NaTaO3 None 2-Propanol Pinacol/74.4 N/A b 2.5 M aqueous solution 52 

24 Gelatinous ZnS None Methanol EG/N/A b 1.86 75 vol% aqueous solution 53 

25 Pt/GONaOH Pt 2-Propanol Pinacol/62.3 6.13 5 vol% aqueous solution 54 

26 None None Ethanol 2,3-BDO/91.3 None 
4.8 M aqueous solution and 

H2O2 0.1 mol 

55 

a Values calculated are based on the converted alcohols or oxidized products; b Means not available. FP: flame 

pyrolysis; NCs: nanocubes; NS: nanosheets; F–P25: F-modified P25; EG: ethylene glycol; 2,3-BDO: 2,3-

butanediol; GO: graphene oxide. 

TiO2 (entries 1-6, 16-18) and CdS (entries 7-14, 19-20) are representative semiconductors that 

are ultraviolet and visible light responsive, respectively. Metals (entries 1-9, 13-18, 25), metal 

sulfides (entries 11, 19), metal phosphides (entries 10, 20-22) and MXene (entry 12) are used as 

reduction cocatalysts, some reactions can also be conducted over semiconductors without 

cocatalysts (entries 23-24). Except activation by photogenerated carriers, LCNAs can also react 

with radicals generated by light without the participation of catalysts (entry 26). Generally, the 

dominant products are carbonyl compounds (entries 1-9, 13-15) for reactions over metal oxides or 

semiconductors loaded with metallic cocatalysts, while for semiconductors loaded with metal 

sulfides or phosphides, or without cocatalyst, vicinal diols are the main products (entries 19-24). 

In addition to the effects of semiconductors and cocatalysts on product selectivity, the solution is 

also a critical factor that influences the selectivity of products in photocatalytic conversion of 

LCNAs. Dehydrocoupling reactions are usually reported to be carried out in aqueous solutions 

(entries 16-19, 21, 23-26) while dehydrogenation in pure alcohols (entries 1, 3-5, 7-9, 13-15) or 

acidic solution (entries 6, 10-12). In the following sections, the effects of photocatalysts and 



 

reaction environments on product selectivity are discussed. Furthermore, the hydrogen evolution 

reaction (HER) is also covered. The rate of the dehydrocoupling reaction is generally slower than 

that of the dehydrogenation reaction, and the reasons are also analyzed in the Summaries and 

Outlooks. 

Selective generation of radical intermediates tuned by the polarity of photocatalyst surfaces 

The high selective photocatalytic dehydrogenation of LCNAs over metal oxides can be partially 

attributed to surface polarity. The polarity of the photocatalyst surface affects the activation priority 

of Cα−H and O−H bonds of LCNAs. A photocatalyst with a polar surface, e.g., TiO2, catalyzes the 

O−H bond cleavage in a heterolytic manner. The intrinsic surface polarity of TiO2 is derived from 

the large electronegativity difference of Ti (1.54) and O (3.44).56 In the first step (Figure 4), the 

LCNA adsorbs onto TiO2 through −OH, and heterolytically dissociates into an alkoxide and a 

proton, adsorbing to unsaturated surface Ti3+ and O2−, respectively.57-58 After excitation by light 

irradiation, photogenerated holes of TiO2 transfer to surface active sites and oxidize the adsorbed 

alkoxide followed by the generation of an adsorbed carbon-terminated or oxygen-terminated 

radical.59 Subsequently, the adsorbed radical is further oxidized to a carbonyl compound by another 

photogenerated hole. This step can even conveniently occur spontaneously.60 The details will be 

discussed in the following section. In the above process of LCNA conversion, the polar surface of 

the photocatalysts results in the initial activation of the O−H bond and the generation of adsorbed 

radical species. These radical intermediates readily undergo further oxidation, rather than C−C 

bond coupling, because of the restricted diffusion caused by adsorption as well as the 



 

thermodynamic tendency to form carbonyl compounds. 

 

Figure 4. Reaction mechanism of photocatalytic dehydrogenation of LCNAs over metal loaded 

TiO2. 

Generally, metal sulfides have lower surface polarity. For example, the electronegativity 

difference of Cd (1.69) and S (2.58) is smaller than that of Ti (1.54) and O (3.44), and smaller than 

that of H (2.18) and O (3.54).56 The weak adsorption of −OH on a lower polarity surface, such as 

metal sulfides, makes the dissociation of −OH more challenging. In this case, the chemical bond 

is cleaved in a homolytic manner and relies on the BDE of the chemical bond. The BDE of Cα−H 

bond (< 400 kJ mol−1) is lower than that of the neighboring O−H bond (> 430 kJ mol−1), thus, 

direct activation of the Cα−H bond to generate a 1-hydroxyalkyl radical is more likely to occur and 

is thermodynamically favorable. For instance, in 1984, Yanagida et al. reported the photocatalytic 



 

dehydrocoupling of methanol to ethylene glycol (EG) over colloidal ZnS.53 The selectivity of EG 

was about 75% after 60 h. Due to the wide band gap of ZnS (~3.6 eV), the reaction was irradiated 

under a high-pressure Hg arc lamp that emits intense visible light. Compared to ZnS, CdS-based 

photocatalysts are effectively excited by visible light.61 Thus, they are more commonly used for 

photocatalysis.62-64 In other work, Xie and coworkers found that EG was obtained with 90% 

selectivity over CdS nanorods modified by MoS2 nanofoams.50 According to the radical trapping 

experiments using DMPO (5,5-dimethyl-1-pyrroline N-oxide), the whole process was suggested 

to be conducted via a proton-coupled electron transfer mechanism to form •CH2OH radicals. 

Parallel to this work, Chao et al. reported 85% selectivity of EG in neat methanol over a Ni2P/CdS 

catalyst.42 Besides CdS, Zn2In2S5 was also used to catalyze the production of vicinal diols from 

LCNAs.51 The change of product selectivity caused by the different polarity of the catalyst surface 

was also reported over a GaN photocatalyst.65-67 The above studies indicate that a weaker polarity 

surface of the photocatalysts favors their interaction with the alkyl groups of LCNAs, resulting in 

the preferential activation of the C−H bond. Therefore, if vicinal diols are the target product, 

semiconductors with low surface polarity would be preferred to improve the product selectivity. 

Reactions of radical intermediates affected by the morphology and sizes of photocatalysts  

The generated 1-hydroxyalkyl radical intermediates can be further oxidized to carbonyl 

compounds or undergo C−C bond coupling. Decreasing surface polarity can weaken the adsorption 

of alcohols, and change the priority for the activation of Cα−H bond and O−H bond. However, 

unlike alcohols that tend to desorb from catalyst surfaces, 1-hydroxyalkyl radicals are highly 



 

reactive and incline to interact with their surrounding environment, e.g., the catalyst, and be further 

oxidized. Thus, to obtain vicinal diols, the radical intermediates should be avoided in a confined 

space where diffusion is limited. 

 

Figure 5. Schematic illustration of varied diffusion of 1-hydroxyethyl radical intermediate on the 

external surface and the internal channel of TiO2 nanotubes. Adapted with permission from ref 48. 

Copyright 2011 Royal Society of Chemistry. 

In the dehydrocoupling of LCNAs through the 1-hydroxyalkyl radical, rutile phase TiO2 with 

morphology of nanotubes (R-TNTs) and a non-porous structure were compared.48 The selectivity 

of 2,3-BDO was 53% over the R-TNTs, while it was more than 90% over the non-porous rutile 

TiO2.
48 Considering the possible effects of the pores, liquid paraffin was added to selectively fill 

the internal space of the R-TNTs to avoid further oxidation of the 1-hydroxyethyl radical on the 

internal surface (Figure 5), and the selectivity of 2,3-BDO increased from 53% to 86%.48 These 

results indicate materials with porous structures having abundant catalytic sites and large specific 



 

surface areas,68-69 and beneficial for the dehydrogenation reaction, but detrimental for 

dehydrocoupling of LCNAs due to the adverse effect of radical diffusion in the cavity. For the 

generated 1-hydroxyalkyl radicals, diffusion into the bulk solution or being further oxidized to 

carbonyl compounds over the catalyst surface is competitive. If further oxidation to carbonyl 

compounds is slow, the radicals will have sufficient time to diffuse into the bulk solution and 

undergo C−C bond coupling. 

Table. 2 Comparison of reaction parameters for illuminated 3 nm-ZnS and 4 μm-ZnS 

particles70. 

Reaction parameter Particle diameter 

 3 nm-ZnS 4 μm-ZnS 

Time interval between two absorption incidences 

within one particle, ∆t = g
particle

-1

 (ms) 
56.0 19.0 × 10−9 

Time interval between two successive hole transfer 

processes within one particle, ∆ttransfer (ms) 
306.0 55.0 × 10−6 

Average lifetime of the 1-hydroxyethyl radicals formed 

(ms) 
27.0 - 

Further oxidation of adsorbed radical intermediates needs the participation of photogenerated 

holes, one way to inhibit further oxidation is to extend the time interval between two successive 

photogenerated holes transferring to surface reaction sites, i.e., reducing the coverage of 

photogenerated holes on the semiconductor surface. Acetaldehyde and 2,3-BDO were found to be 

the dominant products over ZnS with sizes of 4 μm and 3 nm, respectively, in photocatalytic 

ethanol conversion. Based on the experimental physical properties of the two kinds of ZnS (Table 

2),70-71 the time interval between two successive photon absorptions within one particle and two 



 

successive hole transfers to the reaction sites were calculated. These two values for 4 μm-ZnS were 

nine and seven orders of magnitude smaller than those for 3 nm-ZnS, respectively, indicating faster 

oxidation of the 1-hydroxyethyl radical to generate acetaldehyde than C−C bond coupling over 4 

μm-ZnS. The average lifetime of the 1-hydroxyethyl radical intermediates formed over 3 nm-ZnS 

was 27 ms, which was shorter than the time interval between two successive hole transfers to the 

reaction site within one particle (306 ms). Thus, the 1-hydroxyethyl radical had sufficient time to 

diffuse into the solvent and undergo C−C bond coupling before the next hole transfer when 3 nm-

ZnS was used. This result shows that altering the coverage of photogenerated holes transferring to 

the surface by tuning the particle size of the photocatalyst changes the subsequent transformation 

paths of adsorbed radical intermediates. 

Charge transfer from radical intermediates or substrates to photocatalysts tuned by surface 

defects 

The presence of surface defects can introduce new surface energy levels and provides sites for 

substrate adsorption, which affects charge transfer between surface adsorbed 

substrates/intermediates and the photocatalyst. Except for tuning the surface concentration of 

photogenerated holes to control the selectivity of C−C bond coupling and further dehydrogenation 

of radical intermediates, surface defects can also affect the selectivity of the two competitive 

reaction paths. Apart from being oxidized by photogenerated holes, a 1-hydroxyethyl radical can 

also be oxidized by spontaneously injecting an electron to the conduction band (CB), if the CB 

position is lower than the oxidation potential of the radical/acetaldehyde.71-72 In comparison, when 



 

the CB position is high, the electron transfer from the radical or acetaldehyde to ZnS is inhibited 

(Figure 6a). However, it is difficult to totally remove surface defects during the preparation of ZnS, 

thus leaving surface defects with energy below the CB of ZnS that can accept electrons. For 

instance, when 2.6 nm ZnS colloids with 4 mol% excess of Zn2+ were used for photocatalytic 

conversion of ethanol in an inert atmosphere, acetaldehyde rather than 2,3-BDO was the main 

product. The ZnS colloids exhibited fluorescence at 430 nm, which could be quenched by SH− 

ions, indicating the presence of surface sulfur vacancies that located between the CB potential of 

ZnS and the oxidation potential of the 1-hydroxyl radical and acetaldehyde. During photocatalytic 

ethanol conversion, sulfur vacancies were suggested to accept electrons from the 1-hydroxyethyl 

radical which was converted to acetaldehyde (Figure 6b).71 Similarly, for the reaction over 

semiconductors with CB positioned lower than the oxidation potential of the radical/acetaldehyde, 

electron transfer from the radical to the CB is also likely to occur (Figure 6c), the so-called current 

doubling reaction.60 In summary, trapping energy levels formed by surface defects can change the 

selectivity of C−C bond coupling and further dehydrogenation via controlling the electron transfer 

channel between photocatalysts and radical intermediates. 



 

 

Figure 6. Schematic illustration of electron transfer between photocatalyst and radical controlled 

by surface defects. a and b, CB level is located above the redox potential of the 

radical/acetaldehyde in the absence (a) and presence (b) of trapping energy levels, respectively. c, 

CB level is located below the oxidation potential of the radical/acetaldehyde. Adapted with 

permission from ref 71. Copyright 1997 American Chemical Society. 

Substrate adsorption is an important step in catalytic reactions, and surface defects can serve 

as sites for substrate adsorption and activation.73 By providing adsorption sites, surface defects can 

affect the activation mode of the substrate, thereby affecting the charge transfer from substrates to 

catalysts. In the transfer hydrogenation of furfural by using methanol as the hydrogen donor, TiO2 

with morphologies of anatase bipyramids, anatase sheets, and rutile rods were compared, together 

with the concentrations of surface oxygen vacancies (OV).74 Furfural alcohol generated via transfer 

hydrogenation was the dominant product over OV-rich TiO2. By contrast, hydrofuroin and furoin 

from reductive coupling were obtained with a combined selectivity of nearly 100% over OV-free 

TiO2. Density Function Theory (DFT) calculation showed that furfural weakly interacts with OV-



 

free TiO2 with no obvious charge transfer. The oxygen atom of the carbonyl group was negatively 

charged due to the larger electronegativity of oxygen than that of carbon. In the case of OV-rich 

TiO2, the oxygen atom of the carbonyl group adsorbed to OV and accepted electrons from nearby 

Ti3+, thus, a charge redistribution between oxygen and carbon of the carbonyl group might induce 

negative charges around the carbon atom. The subsequent hydrogen transfer relies considerably 

on the electron density of the atom of the adsorbed carbonyl group. The atoms of the carbonyl 

group with a larger electron density is inclined to be hydrogenated and forms carbon- or oxygen-

centered radicals (Figure 7). The carbon-centered radicals readily desorb from the surface and 

couple with each other, while the oxygen-based radicals continue to adsorb on the TiO2 surface, 

thus being further hydrogenated. This work shows the mechanism that surface defects affect the 

electron transfer between the substrate and photocatalyst. 

 

Figure 7. Reaction pathways for the hydrogenation of an aldehyde group and reductive C−C bond 

coupling over OV-rich and OV-free TiO2, respectively. Reproduced with permission from ref 74. 

Copyright 2020 Elsevier. 



 

Generation and subsequent reactions of radical intermediates controlled by cocatalysts 

Immobilization of reduction cocatalysts onto a photocatalyst can modify the catalyst by 

introducing active sites, assisting charge transfer and enhancing reactant adsorption.75-76 

Accordingly, cocatalysts are also able to influence the generation and subsequent reactions by 

several effects, such as the above discussed adsorption and activation of substrates, surface charge 

carrier coverage and transfer, and surface polarity. 

 

Figure 8. The mechanism of photocatalytic dehydrogenation of LCNAs. a, Over Ni/CdS. Adapted 

with permission from ref 41. Copyright 2016 American Chemical Society; b, Over MoS2/CdS. 

Metallic reduction cocatalysts can provide adsorption sites for LCNAs and affect the 

generation of radical intermediates. Higher selectivity of carbonyl compounds is commonly 

obtained in the presence of metallic reduction cocatalysts. A typical example is the photocatalytic 

dehydrogenation of LCNAs over a Ni/CdS catalyst.41 In the reaction system, metallic Ni 

nanoparticles (NPs) with sizes of 5 nm were deposited onto CdS by in situ photo-deposition in 



 

pure alcohols. The Ni/CdS photocatalysts were found to afford quantum yields of 38%, 46% and 

48% for methanol, ethanol and isopropanol dehydrogenation, respectively. Another result worth 

noting is that when benzyl alcohol was used as a substrate, the selectivity shifted towards C−C 

bond coupling over bare CdS when Ni NPs were absent, indicating the strong effect of metallic Ni 

on the selectivity of photocatalytic dehydrogenation and dehydrocoupling. These results can be 

rationally explained by the preferential adsorption of LCNAs at the interface of Ni NPs and CdS. 

LCNA initially adsorbed on Ni NPs through the O−H bond and was subsequently reduced by 

photogenerated electrons migrating from CdS to Ni NPs, forming an adsorbed alkoxy anion. 

Accompanied by the oxidation of the alkoxy anion by photogenerated holes of CdS, the adjacent 

Cα−H bond was oxidatively cleaved simultaneously (Figure 8a). This mechanism is also supported 

by aromatic alcohol oxidation to an aromatic aldehyde over nickel-modified metal sulfide 

photocatalysts.77-78  

When metal sulfides or phosphides, rather than metallic nanoparticles, are used as reduction 

cocatalysts, LCNA undergoes Cα−H bond oxidation firstly to generate a 1-hydroxyalkyl radical 

over the CdS surface. In the subsequent step, the radical intermediates tend to desorb from the CdS 

surface and couple with each other (Figure 8b).42, 50 Based on the above-reported mechanism, it 

seems that metal sulfides cannot activate the O−H bond of LCNAs. By contrast, metal cocatalysts 

enable the cleavage of the O−H bond as reported in thermocatalytic dehydrogenation of 

alcohols.79-80 



 

 

Figure 9. Steady-state photoluminescence emission spectra. a, CdS loaded with 0.1 wt% of Pt as 

reduction cocatalyst. Reprinted with permission from ref 83. Copyright 2012 Elsevier; b, CdS 

loaded with 5 wt% of MoS2 as reduction cocatalyst. Reprinted with permission from ref 50. 

Copyright 2018 Springer Nature. 

The above-mentioned experimental results of photocatalytic LCNA conversion over ZnS with 

different particle sizes have proved that increasing the hole coverage is beneficial for the 

dehydrogenation of LCNA. By contrast, decreasing hole coverage allows radical intermediates to 

couple with each other. One function of reduction cocatalysts is to accelerate charge separation. 

The different ability of cocatalysts to aggregate carriers affects surface hole coverage. CdS-based 

photocatalysts are used as examples to illustrate the effect of loaded cocatalysts on product 

selectivity of photocatalytic LCNA conversion by altering surface hole coverage. The 

photogenerated charge carriers over CdS easily recombine,81 thus, metal or metal sulfide has to be 

loaded on CdS to increase charge separation. The promotion of charge separation by the cocatalyst 

can be characterized by measuring the steady-state photoluminescence emission spectrum and 



 

referring to the emission at 530 nm, which can be attributed to the excited electron in CdS relaxing 

to the ground state.82 Figure 9 shows the steady-state photoluminescence emission spectra of CdS 

loaded with 0.1 wt% of Pt (Figure 9a),83 and 5 wt% of MoS2 (Figure 9b)50 as reduction cocatalysts, 

respectively. 0.1 wt% Pt loaded on CdS can dramatically decrease fluorescence intensity, while 

the decrease of fluorescence caused by 5 wt% MoS2 was less evident than that of 0.1 wt% Pt. 

Although the two catalysts have differences in preparation methods and test conditions, the 

comparative result of the PL spectra indicates their obviously different abilities to inhibit electron-

hole recombination. When metal cocatalysts with a strong ability to promote electron-hole 

separation are loaded onto semiconductors, surface hole coverage is high, and LCNAs are readily 

oxidized to carbonyl compounds by two successive photogenerated holes that transfer to the active 

site. On the contrary, metal sulfide cocatalysts with a relatively weak inhibition ability result in a 

lower coverage of surface holes and allow radical intermediates to have sufficient time to diffuse 

into the bulk solution. Bare CdS has the lowest hole coverage, but the selectivity of EG over bare 

CdS (86.8%) is slightly lower than that over MoS2/CdS (90%).42, 50 The reason is that the hole 

coverage on a bare CdS surface is too low to ensure a critical concentration of radical intermediates 

in the reaction solution. The C−C bond coupling reaction is a bimolecular reaction, while 

dehydrogenation is a monomolecular reaction, a high concentration of radical intermediates in the 

solution will selectively favor the dehydrocoupling reaction. 



 

 

Figure 10. Possible effect of semiconductor surface energy levels introduced by loading 

nonmetallic (a) or metallic (b) reduction cocatalysts on electron transfer from absorbed radical 

intermediates to photocatalysts. 

Reduction cocatalysts as electron accumulation centers may affect electron transfer processes 

between radical intermediates and photocatalysts. Noble metals that have relatively large work 

functions are the most commonly used reduction cocatalysts.76 The work function of Pt (111) is 

−5.98 eV.84 This energy is lower than the CB levels of most metal sulfides.85 Thus, the energy 

difference between the redox potential of a radical/carbonyl compound and the Fermi level of the 

metal cocatalyst is larger than that between this redox potential and the metal sulfide CB energy 

level. The larger energy difference makes the electron transfer from the adsorbed radical 

intermediate to the photocatalyst thermodynamically more favorable (Figure 10a, b). Therefore, 

reduction cocatalysts may affect the surface electronic structure of photocatalysts in a similar way 

to the effect of surface defects, and changes the conversion pathway of surface radical 



 

intermediates. 

The surface polarity of semiconductor photocatalysts may be affected by the preparation 

process of loading a cocatalyst. The polarity of a semiconductor photocatalyst surface is affected 

by the electronegativity of surface atoms and the polarity of surface groups. Calcination, 

hydrothermal, deposition-precipitation and other preparation methods can introduce or remove 

polar or nonpolar surface moieties and alter adsorption of substrates or radical intermediates, 

finally influencing product selectivity. In summary, the effects of cocatalyst on product selectivity 

may also be present in other photocatalytic reactions. Providing more evidence for these factors 

mentioned above will help to reveal the mechanism of photocatalytic reactions in detail, and is 

beneficial for developing more effective photocatalysts. 

Generation and Subsequent Transformation of Radical Intermediates in The Presence of 

Water 

Production of LCNAs by processes such as CO2 reduction, CH4 oxidation, and fermentation is 

accompanied by the generation of water. Ethanol, propanol, and isopropanol all form azeotropes 

with water, removing trace amounts of water from LCNAs requires huge energy consumption. 

Thus, in photocatalytic LCNA conversion, aqueous alcohols are generally used as substrates. In 

comparison of reactions with pure alcohol, the presence of water changes the rate of conversion 

and the selectivity of products from photocatalytic conversion of LCNAs in many cases. This is 

because water in the reaction system may change the activation path of LCNAs or polarity of the 



 

solution. 

Generation of radical intermediates initiated by •OH in the presence of water 

Early in the 1980s,86 LCNAs were used as alternatives to water to consume photogenerated holes 

in photocatalytic water splitting reactions due to the relatively low voltage and overpotential of 

oxidation. If alcohols are over-oxidized to CO2, the process is known as photocatalytic reforming 

of alcohols.38, 87 TiO2 loaded with a metal (M/TiO2) is the most widely used photocatalyst.88-90 In 

the presence of water, abundant active species, such as nonselective •OH species,91 are usually 

generated. These oxidative species are expected to induce over-oxidation of LCNAs or 

intermediates to carboxylic acids or CO2. The non-selective conversion of LCNAs were not 

discussed here but the intermediates, particularly the •OH radical is of interest here. 

The presence of water provides the possibility to generate •OH. An appropriate amount of 

•OH can control product selectivity by changing the reaction pathway of LCNAs. For example, 

according to the above sections, when metal oxides with polar surfaces are used as photocatalysts, 

such as M/TiO2, the main products are carbonyl compounds. However, vicinal diols can be 

obtained with more than 65% selectivity over Pt/TiO2 in aqueous alcohols.49 This is because in the 

presence of water, −OH preferentially adsorbs onto the TiO2 surface,92, 93 occupying adsorption 

sites and being oxidized to •OH by photogenerated holes. The produced •OH can directly activate 

chemical bonds of alcohols, resulting in a reaction mechanism different from that in the absence 

of water.49, 94 Besides, if the 1-hydroxyalkyl radical is generated, it is possible to rapidly diffuse 

into the bulk solution when water is present, so further oxidation of the 1-hydroxyalkyl radical by 



 

surface •OH radical is suppressed. The advantage of inducing a dehydrocoupling reaction by •OH 

is demonstrated in previous work that used H2O2 to produce •OH to trigger the dehydrocoupling 

of ethanol. The selectivity of 2,3-BDO was reported to reach 91.3%.55 In addition, water plays an 

important role in recycling surface −OH of TiO2,
93 thus, the existence of water is necessary to 

realize the oxidation of LCNAs through •OH and complete the C−C bond coupling reaction.  

Controlling the concentration of •OH is the key to the selective conversion of LCNAs in the 

presence of water. The dehydrocoupling reactions of LCNAs mainly occur in the solution with a 

water content of less than 30 vol%, higher water content will cause more production of CO2 in the 

photocatalytic aqueous-phase reforming reaction.38 Hence, controlling the water content is an 

effective method to avoid over-oxidation caused by excessive •OH. 

 

Figure 11. The effect of surface −OH content on the selectivity of 2,3-BDO and PL intensity of 

HTA formed in the reaction between TA and •OH. a, Pt-decorated Degussa P25-, A-, B-, and R-

TiO2 with different content of surface −OH. A: anatase; B: brookite; R: rutile; P25: Degussa mixed 

crystal; b, Pt-decorated F-P25-TiO2 with different amounts of F− substituted for surface −OH. 



 

Adapted with permission from ref 49. Copyright 2015 Wiley-VCH. 

Controlling the content of surface −OH on a TiO2 surface can tune the •OH concentration. 

•OH produced in the photocatalytic system can react with terephthalic acid (TA), producing 2-

hydroxyterephthalic acid (HTA) of which the photoluminescence emission intensity can be 

correlated with •OH concentration. Furthermore, XPS (X-ray photoelectron spectroscopy) can be 

used to quantify surface −OH. These methods provide an accurate way to study the function of 

surface −OH during photocatalytic conversion of LCNA in the presence of water. By virtue of 

these methods, Yang and coworkers found a decreased surface −OH content reduced the amount 

of •OH produced, resulting in 2,3-BDO selectivity increasing from 2.6% to 65% (Figure 11a).49 

The above results were also supported by experiments to control the concentration of surface −OH. 

Modification by fluoride was used to partially substitute −OH groups on P25-typed TiO2. When 

the −OH on the TiO2 surface decreased, •OH in the solution decreased and the selectivity of 2,3-

BDO increased significantly from 2.6% to 85% (Figure 11b). This result further proved that 

selectivity of photocatalytic dehydrocoupling of LCNA could be efficiently improved by tuning 

the amount of •OH in the reaction system. 



 

 

Figure 12. Proposed reaction pathways of methanol and azoxybenzenes in neat methanol and 

aqueous methanol solution, respectively. Adapted with permission from ref 95. Copyright 2012 

Elsevier. 

The 1-hydroxyalkyl radical from the oxidation of LCNA by •OH can induce other reactions. 

Water in the reaction solution was found to change the products of photocatalytic transfer 

hydrogenation of methanol and azoxybenzene.95 In an aqueous solution, azoxybenzene reacted 

with methanol and afforded 2-phenylindazole, by contrast, amine as the hydrogenolysis product 

of azoxybenzene was obtained in neat methanol (Figure 12). This result was rationalized by the 

aforementioned role of water in producing •OH. In aqueous methanol a •CH2OH radical was 

generated from methanol oxidation by •OH, thus, the •CH2OH radical easily diffused into the bulk 

solution and was able to react with the N=N bond. Adversely, methanol was absorbed onto the 

TiO2 surface in the absence of water and was directly oxidized by holes, subsequently being 

oxidized to aldehyde. Therefore, only hydrogen radicals can attack the N=N bond to form complete 

hydrogenolysis products. 



 

Desorption behavior of radical intermediates in the presence of water 

Apart from altering the reaction mechanism via the production of •OH and acting as a strong polar 

protic solvent, water can also increase the polarity of organic solvents. For example, 2% of water 

in CH3CN significantly increases the polarity of the mixture from 0.46 for pure CH3CN (the value 

for pure water is 1.96) to 0.61.92 In photocatalytic dehydrocoupling of LCNAs, reactive 1-

hydroxyalkyl radicals may both interact with the solvent and surface of photocatalysts, and 

desorption is dependent on the relevant strength of the interaction of the radicals with the solvent 

and the photocatalyst surface. A solvent with enhanced polarity may have stronger interaction with 

the −OH of 1-hydroxyalkyl radicals and promote the desorption of the radical from the 

photocatalyst surface.49 The effect of water addition in the reaction system is universal, no matter 

if metal oxide or sulfide semiconductors are used as photocatalysts, thus, the influence of water on 

radical intermediate desorption is an important phenomenon that needs more comprehensive 

studies. In conclusion, the presence of water affects the generation of 1-hydroxyalkyl radicals and 

subsequent reactions in the process of photocatalytic conversion of LCNAs by changing the 

reaction mechanism and promoting the desorption of the radicals, which is ultimately conducive 

to the formation of coupling products. 

Effect of pH on photocatalytic conversion of LCNAs 

An acidic aqueous solution is beneficial for the dehydrogenation reaction of LCNAs, even using a 

combination of metal sulfide semiconductors and non-metallic reduction cocatalysts, which are 

preferred for C−C bond coupling reactions. H+ in solution is from the ionization of the alcohol or 



 

water molecules, or oxidative half-reaction of alcohols, and it has a low concentration. On the 

contrary, the concentration of H+ in acidic aqueous solution is high, which is beneficial for the 

proton transfer and reduction. For example, Chao et al. reported that the HER rate was 0.58 mmol 

g−1 h−1 over Ni2P/CdS in pure methanol, and EG was the main product with 86.84% selectivity. 

When the reaction was carried out in an acidic solution with 3 × 10−2 mol L−1 H+, acetal, from 

reaction of methanol and formaldehyde, was obtained with 77.53% selectivity. The HER rate was 

232.77 mmol g−1 h−1, which is 400 times larger than that in pure methanol.42 The high 

concentration of H+ may promote electron consumption, leaving more holes on the catalyst surface. 

Consequently, the hole concentration on the catalyst surface in acidic aqueous solution may remain 

at a higher level than in pure alcohol or pure water, which is helpful for the photocatalytic 

dehydrogenation of LCNAs. 

Summaries and Outlooks 

Controlling the generation and subsequent transformation of radical intermediates involved in the 

photocatalytic LCNA conversion is an important way of improving the selectivity of target 

products. In this context, interactions of alcohols or radical intermediates with the catalyst and the 

surrounding environment needs to be considered. The interactions, including adsorption, activation, 

diffusion, and charge transfer, are influenced by the changes in photocatalyst sizes, geometric 

structures, surface polarities, surface defects, and the nature of reduction cocatalysts. Additionally, 

surrounding solvents, especially aqueous solutions, affect the activation of LCNAs and the 



 

subsequent reactions of radical intermediates, changing the reaction pathway and influencing 

product selectivity. Despite these research results, some issues still require further attention. 

So far, determining whether a method effectively controls the radical intermediates mainly 

relies on the evaluation of the reaction activity and selectivity. The characterization methods for 

free radicals is limited, radical capture experiments can provide information about the types and 

accumulated concentrations of radicals, in situ Electron Paramagnetic Resonance (EPR) 

spectroscopy shows their instantaneous concentrations. The lack of suitable direct detection 

methods hinders the direct investigation of the behavior of radical intermediates in real reaction 

systems. The critical information used to explain the change of radical behavior in different 

reaction systems, such as lifetime and the interaction between radicals and their surroundings is 

hard to obtain. Direct measurement of the radical intermediates is a formidable task due to their 

high reactivity and low abundance in solution. Thus, methodology development for 

characterization of small molecular radicals during a reaction is helpful, not only for investigating 

the photocatalytic LCNA conversion, but also for studying other processes that involve small 

molecular radicals.  

The rate of the photocatalytic dehydrocoupling reaction is usually slower than that of the 

photocatalytic dehydrogenation reaction. Most current methods of improving the dehydrocoupling 

selectivity slow down the oxidation step of LCNAs, e.g., reducing surface polarity of the 

photocatalyst weakens the adsorption of alcohols, while adsorption is an effective way for substrate 

activation; filling the photocatalyst pores by using paraffin reduces the specific surface area of 

photocatalyst; decreasing the size of the photocatalyst particle and selecting non-noble metal 



 

cocatalyst may cause a lower density of holes. Thus, more effective methods to control the 

reactivity of small molecular radical intermediates needs to be developed to simultaneously 

improve the selectivity of target products and the conversion rate of LCNA for practical 

applications. Furthermore, controlling the reactivity of the radical intermediates from LCNAs is 

beneficial for the reaction of the radical intermediates and unsaturated compounds or other radicals. 

Limited studies have focused on this aspect52, 97-99, and the selectivity needs improvement. This is 

attributed to the difficulty of controlling small molecular radicals. Hence, more novel reactions are 

required to be achieved by developing diversified methods of controlling the reactivity of small 

molecular radicals, and if successful more valuable products would be obtained. 
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