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ntribution of singlet oxygen in the
photoelectrochemical oxidation of benzyl alcohol†

Ramón Arcas, Eduardo Peris, Elena Mas-Marzá * and Francisco Fabregat-
Santiago *

Photoelectrochemical approaches are finding use in the transformation of organicmolecules beyondwater

oxidation and CO2 reduction. Among the different reactions that can be performed, the selective oxidation

of alcohols to aldehydes is a transformation of great interest, as aldehydes are the starting materials for the

preparation of more complex organic molecules with high added value. In order to develop efficient

photoelectrochemical methodologies for this reaction, it is crucial to reveal all the different parameters

that are involved in such light-driven processes. Herein we analyse in detail the effect of the light

wavelength and atmosphere on the photoelectrochemical oxidation of benzyl alcohol to benzaldehyde

using BiVO4 electrodes. Our studies demonstrate that an important contribution to the oxidation of

alcohol is due to UV light-induced production of singlet oxygen, which is also responsible for the

formation of hydrogen peroxide in the reaction media. These findings are key for identifying and

evaluating the underlying mechanism involved in this type of photoelectrochemically induced oxidation,

in order to avoid misinterpretations of the efficiencies.
Introduction

During the last decade, photoelectrocatalysis was mostly
focussed in the study of the oxidation of H2O and the reduction
of CO2,1–3 while its use in the synthesis of more complex organic
molecules with high added value was disregarded.4 Given the
high potentials that can be attained in a photoelectrochemical
cell (PEC), it should be considered suitable for the preparation
of organic products via redox transformations that would be
difficult to achieve by chemical means. Just recently, a few
examples have been described where photoanodes are used to
generate added-value organic species.5,6 For example, BiVO4 and
WO3 anodes were recently used for the photoelectrochemical
oxidation of 5-hydroxymethylfurfural,7 benzylic alcohols,8–11

furan,12 tetralines,9 cyclohexane,13,14 glycerol15 and urea.16 Also
of interest is the synthesis of 5,50-azotetrazolate-based salts
using W, Mo co-doped BiVO4 photoanodes17 and the amination
of arenes assisted by a-Fe2O3 electrodes.18

The selective oxidation of alcohols to aldehydes is a key
transformation in organic synthesis. Traditionally, this reaction
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involves the use of stoichiometric amounts of inorganic and
organic oxidants and harsh reaction conditions. Consequently,
efforts have been made in order to perform this transformation
in a cleaner and environmentally friendly method using
homogeneous or heterogeneous catalysts and oxygen.19–25 Pho-
toelectrocatalysis constitutes an eco-friendly and smart
approach for this transformation. When this reaction is per-
formed in a PEC, the oxidation of the substrate is accompanied
by the release of H2 at the cathode.

In many cases, the photooxidation of alcohols requires that
the photocatalyst is irradiated with UV light,26 but this some-
times causes the product to be formed together with over-
oxidized compounds.27,28 Some studies suggest that the irradi-
ation with UV light may increase the efficiency of the oxidation
of benzyl alcohol to benzaldehyde,29 although the reasons
justifying the role of UV light in the process are still unclear.
Recently, Mokari and co-workers proposed that, in the photo-
catalytic oxidation of benzyl alcohol under UV irradiation using
heterogeneous catalysts, there is a competition between the
photocatalytic process and a so-called ‘autooxidation process’.
This autooxidation was suggested to be a consequence of the
photoactivation of small amounts of benzaldehyde present in
the reaction media.30 Aiming to shed some light on the role of
UV irradiation in the photocatalytic oxidation of alcohols,
herein we carried out a study considering all plausible mecha-
nistic pathways. In the rst set of experiments, we detected
a photoelectrode-free oxidation of benzyl alcohol, with
concomitant formation of H2O2 as a persistent side-product.
Aer performing a series of control experiments, we
This journal is © The Royal Society of Chemistry 2021
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concluded that this photoelectrode-free oxidation process is
a consequence of the formation of singlet oxygen in the reaction
media, which is formed upon irradiating O2-containing solu-
tions with UV light. In addition, we also found that this
photoelectrode-free oxidation pathway has an important share
in the total efficiency of the system.

Experimental section

All reagents and solvents were employed as received. Bismu-
th(III) nitrate pentahydrate ($98.0%), zirconyl chloride octahy-
drate (98.0%), vanadium(IV)-oxy acetylacetonate (98.0%),
sodium hydroxide (pellets for analysis), tetrabutylammonium
perchlorate ($99.0% electrochemical degree), benzyl alcohol
(anhydrous 99.8%), ferrocene (98.0%), anisole ($99.0%), tert-
butyl alcohol ($99.0%), 1,4-diazabicyclo{2.2.2}octane (DABCO,
$99.0%) and dimethylsulfoxide (anhydrous) were purchase
from Sigma Aldrich; ethyleneglycol (technical degree) and
acetonitrile (HPLC) were purchase from Scharlab; deuterated
acetonitrile (99.8% D) was purchased from Eurisotop. Anhy-
drous acetonitrile (HPLC, SPS M BRAUN) was obtained from an
SPS M Braun System.

Preparation and characterization of Zr decorated BiVO4

photoanodes

The synthesis and fabrication of 2.5% zirconium BiVO4 elec-
trodes was performed following the literature procedure.31 This
procedure consists of electrodeposition of a Bi(NO3)3$5H2O (20
mM) and ZrCl2O$8H2O (0.5 mM) solution in ethyleneglycol
followed by drop-coating of a solution of VO(acac)2 (0.15 M) in
DMSO. Absorbance spectra of the BiVO4 photoanodes were
measured on a Varian Cary 300 Bio spectrophotometer. Powder
X-ray diffraction data were acquired on a Rigaku Miniex 600
(Rigaku Corporation, Tokyo, Japan) with copper Ka radiation (l
¼ 1.5418 Å) at a scan speed of 3� min�1. Finally, scanning
electron microscopy (SEM) images were recorded with a Leica-
Zeiss LEO 440 microscopy. To improve the quality of the
images, the top of the samples was covered with platinum. The
UV-vis spectra, X-ray diffraction (XRD) data and surface
morphology were consistent with the ones described in the
literature (see Fig. S1†).

(Photo)electrochemical measurements

Photoelectrochemical and electrochemical measurements were
performed on a PGSTAT302N potentiostat (Metrohm-Autolab,
The Netherlands) in a one-compartment, three-electrode
conguration photoelectrochemical solar cell (PEC). Non-
aqueous Ag/AgNO3 (ALS, Japan) and platinum foil (0.1 mm
thick, Alfa Aesar) constitute the reference and counter elec-
trodes and a solution of 0.1 M of tetrabutylammonium
perchlorate (TBAClO4) in CH3CN was the non-aqueous electro-
lyte selected as the supporting electrolyte. PECs were illumi-
nated using an ozone-free 300 W xenon (Xe) lamp and the
illumination of the working photoelectrode was adjusted with
a thermopile to 100 mW cm�2. CV measurements were carried
out at 50 mV s�1 and all the electrochemical measurements
This journal is © The Royal Society of Chemistry 2021
were referred to the reference electrode Ag/AgNO3. Experiments
were performed at Voc, 0.4, 0.8, 1.2 and 1.6 V vs. Ag/AgNO3, Voc
being the potential reached when illuminating the sample
under open circuit conditions, i.e. without applying a potential
(typically �0.2 V vs. Ag/AgNO3).

To refer the photoelectrochemical potentials to the revers-
ible hydrogen electrode (RHE), the ferrocene/ferrocenium (Fc/
Fc+) couple was used as an internal reference by adding 2.0 mM
ferrocene aer the electrochemical tests (see Fig. S2†).

In typical chronoamperometry (CA), the corresponding
concentration of benzyl alcohol (1) was added to a solution of
30 mL of electrolyte. Half of the solution was kept in a vial and
labelled the blank sample. The other half was introduced in
a transparent quartz PEC, with dimensions of 5 � 3 � 5 cm3,
and was used for chronoamperometry. Before the CA
measurement, CV in the dark and under light was used to test
the performance of the electrode. CA measurements were run
under so stirring and constant potential for 13 hours. The CA
measurements were performed for 5 s each and the faradaic
yield was estimated by integration of the current, adapting the
Faraday law of electrolysis to our case (eqn (1)).

Fyield ¼ n2

n1;0
� 100 ¼ Q

neFn1;0
� 100

¼
Ð
Idt

neFn1;0
� 100z

P
IDt

2Fn1;0
� 100 (1)

where n1,o is the initial number of moles of 1, n2 is the number
of moles of benzaldehyde produced (2), ne is the number of
electrons needed in the reaction (ne ¼ 2 in this case), F is the
Faraday constant, I is the current and Dt is the time step.

As a Xe lamp has visible and UV light, bandpass lters were
used to select the wavelength of incident light when needed.
Experiments with visible light were carried out using a long
wavelength pass UV lter (S&K); experiments with UV light were
carried out using two coupled short wavelength pass lters of
400 nm and 475 nm (Edmund Optics). Filters were placed in the
middle between the lamp and PEC. Considering the part of the
light absorbed by the lters, the nal illumination power in the
photoelectrode was 100mW cm�2, measured with a thermopile,
unless explicitly indicated.
Electrode-free reactions with light

Studies under an inert atmosphere were performed using
anhydrous CH3CN (N2 atmosphere), in a Schlenk ask with
100 mM 1, illuminated with an ozone-free Xe lamp (100 mW
cm�2). The reaction under O2 was performed similarly but by
saturating the solution with O2.
Photocatalytic endoperoxidation of anthracene

A solution of anthracene (0.5 mg mL�1) in CD3CN was illumi-
nated with an ozone-free Xe lamp (100 mW cm�2) in the
absence and presence of O2. Reactions were monitored by 1H
NMR. When needed, DABCO (0.5 mg mL�1) was used as an 1O2

quencher.
Sustainable Energy Fuels, 2021, 5, 956–962 | 957
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Analytical measurements

The analytical performance of the reactions was measured by
1H NMR spectroscopy. NMR spectra were recorded, under
ambient temperature, on a Bruker 400/300 MHz instrument.
For this purpose, CD3CN and anisole were used as the solvent
and integration reference standard.
Fig. 1 Cyclic voltammetry of benzyl alcohol (1). (a) 2 mM 1 in 0.1 M
TBAClO4 in CH3CN, using a Pt microelectrode as the WE, Pt film as the
counter electrode (CE) and Ag/AgNO3 as the reference electrode (RE).
Oxidation peak of 1 to benzaldehyde (2) is observed (1 / 2). (b) 0 and
100 mM 1 (benzyl alcohol), in 0.1 M TBAClO4 in CH3CN, using Zr
decorated BiVO4 as the WE, a Pt film as the CE and Ag/AgNO3 as the
RE. The cyclic voltammetry in this case was performed under dark and
light conditions. Illumination was performed with an ozone-free Xe
lamp 100 mW cm�2.
Results and discussion

With the aim of investigating the photoelectrochemical oxida-
tion of primary alcohols, we used a Zr-decorated BiVO4 photo-
anode, due to its proven oxidation capabilities.31 In order to
avoid competition with water oxidation, and aiming to ensure
solubility of reagents and products while maximizing the
stability of our BiVO4 electrodes, we used acetonitrile as the
solvent.9 We studied the photoelectrooxidation of benzyl
alcohol (1) to benzaldehyde (2) (Scheme 1), which constitutes
a convenient model reaction for study because the reaction can
be easily monitored by 1H NMR spectroscopy and gas chroma-
tography (GC).

The electrooxidation of 1 (2 mM in CH3CN) was performed
using a Pt microelectrode for oxidation as the working electrode
(WE), Pt lm as the counter electrode (CE), and 0.1 M tetrabu-
tylammonium perchlorate (TBAClO4) as the electrolyte. All
measurements were referenced against Ag/AgNO3. The cyclic
voltammetry curve shown in Fig. 1a shows an oxidation wave at
1.94 V, which is attributed to the oxidation of 1 to 2.32 When the
working electrode is replaced by BiVO4, in the absence of 1
under dark conditions, no current was detected below 2 V.
However, a photocurrent was observed upon illumination
(ozone-free Xe lamp 100 mW cm�2) (Fig. 1b). This photocurrent
observed in the absence of 1 can be attributed to the presence of
traces of water in the system (see Fig. S3†). In the presence of 1
and in the dark, almost negligible differences in the oxidation
potential for both electrodes (Pt and BiVO4, see Fig. S4†) are
observed. However, under illumination, a signicant shi to
lower potentials (+0.45 V) was observed when using BiVO4, due
to the photoelectroactivity of the electrode. This potential is
similar to the ones reported previously when BiVO4/WO3 pho-
toanodes were used for the oxidation of benzylic alcohols.10

We next performed a series of chronoamperometry experi-
ments with light for the oxidation of 1 (100 mM) at different
voltages (open circuit voltage Voc, 0.4, 0.8, 1.2 and 1.6 V vs. Ag/
AgNO3) during 13 h, illuminated with an ozone-free Xe lamp at
100 mW cm�2. At the end of each experiment, the product yield
was determined by 1H NMR spectroscopy. As can be observed in
Fig. 2a, together with the formation of benzaldehyde (2),
Scheme 1 Oxidation of benzyl alcohol (1) to benzaldehyde (2).

958 | Sustainable Energy Fuels, 2021, 5, 956–962
a signicative amount of benzoic acid (3) was also detected at
each potential. The production of 3 is a consequence of the
overoxidation of 1. The combined yield of both, 2 and 3,
increased with the potential, with no signicant changes upon
potentials above 1.2 V. Surprisingly, at Voc, non-negligible yields
of 25 and 5% were obtained for 2 and 3, respectively. Moreover,
chronoamperometry at Voc led to the formation of H2O2 in
a 1 : 1 molar ratio with respect to 2. Identication and quanti-
cation of H2O2 were performed by 1H NMR, by comparing with
the 1H NMR spectrum of H2O2 in the same deuterated solvent
and integrating against anisole as the integration reference
standard (see ESI Fig. S5† for further details). It is worth
mentioning that the detection of H2O2 in the photo-
electrochemical oxidation of alcohols has previously been re-
ported, although its origin remains unclear.33

The Faraday yield (obtained from the Faraday law, eqn (1))
was also determined at each potential, being negligible at Voc
(as expected) and showing no signicant changes above 1.2 V
(Fig. 2b). Interestingly, we also observed that, at all potentials,
the amount of product determined by NMR was larger than the
expected amount according to the Faraday yield. In addition,
the difference between these two yields (NMR and Faraday)
remained virtually constant for each potential. This result
strongly suggests that a parallel pathway, different from the
photoelectrochemical oxidation of 1, occurs during the chro-
noamperometric oxidation of 1.

We thought that this non-electrochemical oxidation could be
due to the following reasons: (i) thermal effect, (ii) photo-
catalytic activity of BiVO4, (iii) activation by cOH radicals,8 (iv)
light-driven photooxidation, or (v) autocatalytic oxidation of
benzyl alcohol, as suggested in previous studies.30 Considering
that in the chronoamperometry, aer illuminating for 13 hours,
the solutions reach a temperature of 313 K, we performed the
reaction at this temperature, without applying bias or illumi-
nation. Under these conditions, no reaction was detected (Table
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Chronoamperometry experiments for the oxidation of benzyl alcohol (1) at different potentials, under illumination with an ozone-free Xe
lamp at 100mWcm�2. Conditions: 100mM 1, in 0.1 M TBAClO4 in CH3CN, using Zr decorated BiVO4 as theWE, a Pt film as the CE and Ag/AgNO3

as the RE. (a) Yield of oxidation of 1 to benzaldehyde (2) and benzoic acid (3) calculated by 1H NMR, using 100 mM anisole as the integration
reference standard. (b) Comparison between total product yield (yield of 2 + yield of 3) obtained by 1H NMR and Faraday yield. Details for
calculation of the Faraday yield are in the Experimental section.

Table 1 Reactions under different conditionsa

Entry
Light
conditions BiVO4

Applied bias
(V) Atmosphere

Yieldb (%)

2 3

1c UV-vis Yes 1.6 O2 40.2 16.3
2d Dark Yes Voc O2 0.0 0.0
3 Vis Yes Voc O2 0.0 0.0
4e UV-vis Yes 1.6 O2 40 16
5 UV-vis No — O2 22.7 2.2
6 UV No — O2 27.8 3.3
7 Vis No — O2 0.0 0.0
8 UV No — N2 0.0 0.0

a Reaction conditions: 100 mM 1 in 15 mL of CH3CN during 13 hours,
illumination with an ozone-free Xe lamp at 100 mW cm�2, with lters
used when needed. b 1H NMR using 100 mM anisole as the
integration reference standard. c Data from Fig. 2a. d Temperature of
313 K. e Using 5 mM tert-butyl alcohol as the cOH scavenger.
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1, entry 2); therefore, the overoxidation due to a thermal process
can be discarded.

When the reaction was carried out with BiVO4 at Voc, without
applying bias, illuminating with visible light, no oxidation of 1
was detected. This experiment made us discard the hypothesis
that the photocatalytic activity of BiVO4 was responsible for the
overoxidation of the alcohol (Table 1, entry 3).

Ye and co-workers recently pointed out that benzyl alcohol
can be oxidized through a radical relay strategy coupled to water
oxidation.8 In this process, cOH radicals are formed and are
responsible for the oxidation of the alcohol. Considering that
we have traces of water in our system (Fig. 1b and S3†), we
decided to check whether cOH radicals could be responsible for
the oxidation of 1. For this purpose, we performed the chro-
noamperometry experiment in the presence of tert-butyl
alcohol, a cOH scavenger. Under these conditions, we did not
observe any modication in the amount of 2 formed; thus the
This journal is © The Royal Society of Chemistry 2021
participation of cOH radicals can be discarded in our case
(Table 1, compare entries 1 and 4).

In the absence of BiVO4, aer illuminating with UV light for
13 hours in the presence of air, 2 and 3 were obtained (see Table
1, entries 5 and 6), with the concomitant production of H2O2.
The differences found between the yields in entries 5 and 6 are
due to a larger UV power used in the case of illuminating only
with UV light. Moreover, in the absence of BiVO4, but illumi-
nating with visible light or under inert atmosphere, no reaction
was observed (Table 1, entries 7 and 8). These observations
indicate that the non-electrochemical oxidation reaction is
observed only for samples irradiated with UV-light under air.

Photocatalyzed processes involving reactive oxygen species
(ROS), such as 1O2, constitute an effective method for the
oxidation of many organic species, as well as for synthesizing
oxygenated molecules by facilitating carbon–oxygen and
heteroatom–oxygen bond formation.34–37 Considering that from
our results in Table 1 we can conclude that the combination of
UV light and O2 leads to a non-electrochemical path for the
oxidation of 1, we decided to explore whether singlet oxygen
(1O2,

1Dg) could be formed under our reaction conditions and
provoke the non-electrochemical oxidation of 1. Anthracenes
have widely been used for the detection and quantication of
singlet oxygen production.38–42 In order to determine if 1O2 is
formed when illuminating with UV light, we illuminated an
oxygenated solution of anthracene (3 mM) in CD3CN with a Xe
lamp, and we monitored the reaction by 1H NMR spectroscopy.
Aer 10 minutes, anthracene was converted into 9,10-dihydro-
9,10-epidioxyanthracene (anthracene-endoperoxide) in 58%
yield (Fig. 3a and b). Under the same reaction conditions, but
using an oxygen-free solution, anthracene-endoperoxide was
not detected. In addition, when the reaction was performed in
the presence of a singlet oxygen quencher, such as 1,4-dia-
zabicyclo{2.2.2}octane (DABCO), under aerobic conditions and
under UV irradiation, again anthracene-endoperoxide was not
Sustainable Energy Fuels, 2021, 5, 956–962 | 959
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Fig. 3 (a) Time evolution of the conversion of anthracene (left axis)
and formation of endoperoxide, during the illumination of a solution of
anthracene (0.5 mg mL�1) in CD3CN, in the absence or presence of
DABCO (1 : 1 molar ratio with anthracene). Illumination was performed
with an ozone-free Xe lamp at 100 mW cm�2. 1H % conversion of
anthracene and % formation of endoperoxide were calculated by 1H
NMR. After 20 min of illumination without DABCO, degradation of
endoperoxide was detected, explaining the decrease in the concen-
tration of endoperoxide at 30 min. (b) Scheme of endoperoxide
formation by the reaction of anthracene and 1O2. (c) Proposed reac-
tion scheme for the oxidation of benzyl alcohol (1) with 1O2, leading to
the formation of H2O2.

Table 2 Chronoamperometry experiments under visible light at
different voltagesa

Entry V (V) vs. VAg/AgNO3
NMR yieldb

Faradaic
efficiencyc (%) H2O2

1 Voc 0.0 — No
2 0.4 2.8 100 No
3 0.8 10.2 100 No
4 1.2 13.1 100 No
5 1.6 13.4 100 No

a Reaction conditions: 100 mM benzyl alcohol in 0.1 M TBAClO4 in
CH3CN solution, using Zr decorated BiVO4 as the WE, a Pt lm as the
CE and Ag/AgNO3 as the RE. Illumination with an ozone-free Xe lamp
at 100 mW cm�2 using a long wavelength pass UV lter, to ensure
only illumination with visible light. Irradiance over the sample was 85
mW cm�2. b 1H NMR yield of benzaldehyde (2) using 100 mM anisole
as the integration reference standard. c Faradaic efficiency calculated
as ‘NMR yield/Faraday yield’.

Sustainable Energy & Fuels Paper

Pu
bl

is
he

d 
on

 2
9 

D
ec

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t J

au
m

e 
I 

on
 6

/3
/2

02
1 

5:
25

:1
7 

PM
. 

View Article Online
formed (Fig. 3a).43 Interestingly, when a solution of 1 was irra-
diated with UV light in the presence of DABCO no conversion of
1 into 2 was observed (Table S1,† entry 5). All these experiments
clearly demonstrate that 1O2 is formed when illuminating with
UV light. This formation of 1O2 explains the non-
electrochemical oxidation of 1, depicted in Fig. 3c; therefore
we can exclude the hypothesis that other pathways, such as the
autocatalytic oxidation of 1 reported previously,30 is taking place
in our case. The reaction depicted in Fig. 3c also explains the
formation of H2O2 that we detect in our process.

Once we conrmed the generation of 1O2 under UV light
irradiation, we carried out a series of chronoamperometry
experiments by illuminating with visible light (Table 2) in order
to eliminate the contribution of the non-electrochemical reac-
tion. At Voc no conversion of 1 was observed (Table 2, entry 1),
conrming that no photocatalytic conversion at the surface of
BiVO4 occurs in this system. When applying external bias, 1 was
selectively oxidized to 2, without formation of the over-oxidized
species 3 or H2O2. This result corroborates that the over-
oxidation of the aldehyde and formation of H2O2 are both
960 | Sustainable Energy Fuels, 2021, 5, 956–962
exclusively due to a UV-induced generation of 1O2. Furthermore,
we observed that under visible light, the oxidation of benzyl
alcohol takes place exclusively through the photo-
electrochemical conversion path, as the Faraday yield matched
perfectly with the NMR yield.

As can be seen in Table 2, an enhancement in the yield of 2
was observed at higher voltages. This result agrees with the
increase of photocurrent observed by cyclic voltammetry under
visible light (see Fig. S6 in the ESI†), which by other side, has the
same shape as the cyclic voltammetry under UV-vis illumination
(Fig. 1b). Under these conditions, the Faraday yield matched
perfectly with the NMR yield. In addition, no H2O2 was detected
at Voc (or any other applied voltage), demonstrating that H2O2 is
exclusively produced by the UV-induced generation of 1O2.

The data shown in Tables 1 and 2 allowed us to quantify the
contribution of the formation of 2 due to UV light/singlet
oxygen in the process. Thus, of the 40% yield achieved for the
oxidation of 1 to 2 (Table 1, entries 1 and 4), 22.7% can be
directly attributed to the oxidation produced by singlet oxygen
under UV irradiation that occurs in the absence of the photo-
anode (Table 1, entry 5), and 13.4% of the yield is due to the
activity of the BiVO4 under illumination with visible (not UV)
light (Table 2, entry 5). This leaves just 3.9% yield that can be
assigned to the contribution of the activity of the photoanode.
By other side, the number of UV photons emitted by the Xe lamp
is smaller than the amount of photons present in the visible
region of its spectrum. As the absorbance of BiVO4 is nearly
constant from 200 to 550 nm,44 the number of absorbed
photons effectively transformed into electrons is still larger in
the visible than in the UV region of the spectra.

Conclusions

In conclusion, the photoelectrochemical oxidation of benzyl
alcohol to benzaldehyde using BiVO4 anodes was studied, and
the factors affecting this transformation were analysed. A non-
electrochemical path for the oxidation of the alcohol has been
found for the rst time. We demonstrated that this alternative
oxidation process is due to the formation of singlet oxygen in
This journal is © The Royal Society of Chemistry 2021
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the reaction media, as a consequence of the use of UV light and
the presence of oxygen. The formation of 1O2 explains the
formation of hydrogen peroxide, which leads to the over-
oxidation of the alcohol. In fact, we observed that 1O2-medi-
ated production of 2 is dominant over the photoelectrocatalytic
process, while the contribution of the direct photocatalytic
reaction is almost negligible. This additional oxidation path
justies the strong activation of the reaction under UV light that
remarkably enhances the amount of aldehyde obtained with
respect to the photoelectrochemical oxidation. Our ndings
demonstrate that any studies using photoelectrocatalytic
oxidation under UV light irradiation should seriously consider
the results published herein, in order to avoid the misinter-
pretations of the photoanode's efficiency, which can lead to the
overestimation of the activity.
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