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ABSTRACT: The production of value-added molecular scaffolds using sustainable Péa{aemocéemmq
routes and mild conditions currently represents an important challenge in chemical
sciences. In the present work, we report on the oxidation of cyclohexane (CH) to j\

cyclohexanol (CH-ol) and cyclohexanone (CH-one) and of tetrahydrofuran (THF) to 2- .
hydroxotetrahydrofuran (2HTHF) and gamma-butyrolactone (GBL) by exploiting WO, L
electrodes and visible light. Photoelectrochemical experiments as well as transient :
absorption spectroscopy measurements were performed to investigate the relevant ! nF’
mechanistic aspects associated with these reactions. For this purpose, we also compare ] o T o
the activity of two different electrode types: one obtained by deposition of a colloidal O o

. . . o
suspension (type I) and one prepared via solvothermal synthesis (type II). We show that, ||

while production of CH-ol and CH-one is comparable with both electrodes (total

Faradaic efficiencies in the order of 30% after 6 h of irradiation at an applied bias of +1.15 |, |, Zosands dded -TValue OW
V vs Fc*/Fc), more efficient formation of 2HTHF and GBL can be achieved using type I

electrodes (total Faradaic efficiencies up to 90% for type I electrodes after 6 h of irradiation at an applied bias of +1.45 V vs Fc*/Fc
in comparison to values of ca. 30% for type II electrodes). The different behaviors can be rationalized on the basis of the different
morphologies and structural characteristics of the two WO; materials, highlighting the strong relationship between material design
and target reaction. All in all, this study presents a synthetic strategy that expands the application of WO; beyond its conventional
aqueous-phase use, enabling the profitable oxidation of organic substrates into value-added products.

KEYWORDS: tungsten oxide, cyclohexane, tetrahydrofuran, photoelectrochemistry, photoxidation

B INTRODUCTION CH and THEF, respectively). For these reasons, harsh
experimental conditions such as high temperature and
pressures are typically required to accomplish these reac-
tions, > resulting in large costs and weakly sustainable
processes.

The merging of heterogeneous catalysis and light can be
instead employed to achieve substantial reactivity with a
parallel positive impact on the environment. Following this
concept, TiO, nanoparticles were employed to perform the
light-driven oxidation of CH in different solvents,”” while Se-
doped TiO, was considered for the oxidation of THF to
GBL.” Though operative, the extended applicability of these
systems is impeded by the light-harvesting ability of TiO,,
which is limited to the UV portion of the solar spectrum. For
this reason, a recent strategy for the oxidation of CH was
considered based on the use of composite Ni;V,04-gCN

In the field of sustainable chemistry, there is an increasing
demand toward the development of novel, safe, and environ-
mentally friendly processes that enable the synthesis of
molecules of industrial and pharmaceutical interest featuring
specific reactivity and functionalities.'”® Within this frame-
work, the selective generation of value-added organics using
abundant and non-toxic materials and light currently
represents a viable solution.”” '’ In this regard, the photo-
electrochemical oxidation of cyclohexane (CH) to cyclo-
hexanol (CH-ol) and cyclohexanone (CH-one), known as KA
oil mixture, as well as the selective conversion of tetrahy-
drofuran (THF) into gamma-butyrolactone (GBL) represent
promising routes toward molecular precursors for the synthesis
of chemicals of significant industrial interest."' ™" These
reactions can occur via C—H bond activation with the
formation of a carbon radical, followed by reaction with
dioxygen delivering a peroxyl radical. Reaction between two
peroxyl radicals then leads to the alcohol and ketone
products.”' ~** While simple at first glance, this reaction
poses significant hurdles associated with the large energetic
requirements for the homolytic cleavage of the C—H bond
(bond dissociation energies, BDEs, of 99 and 92 kcal-mol ™ for

EEAPPLI

Received: October 21, 2025 A
Revised:  November 18, 2025
Accepted: November 20, 2025
Published: November 28, 2025

o Zn(i)H).z'

© 2025 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsaem.5c03321

W ACS Publications 18355 ACS Appl. Energy Mater. 2025, 8, 18355—18362


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Mantovani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edoardo+Marchini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Ianniello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Agnese+Amati"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Caramori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mirco+Natali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mirco+Natali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.5c03321&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c03321?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c03321?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c03321?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c03321?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c03321?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaemcq/8/24?ref=pdf
https://pubs.acs.org/toc/aaemcq/8/24?ref=pdf
https://pubs.acs.org/toc/aaemcq/8/24?ref=pdf
https://pubs.acs.org/toc/aaemcq/8/24?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.5c03321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS Applied Energy Materials

www.acsaem.org

nanoparticles. Upon light irradiation, selective formation of
CH-one was observed.”” In a similar approach, WO,
nanoparticles loaded with Pt were employed to selectively
oxidize CH to CH-ol and CH-one.”® The origin of the high
selectivity was attributed to the ability of Pt to suppress the
formation of superoxide, thereby limiting further oxidation of
these products. A photoelectrochemical strategy was also
recently envisioned for the oxidation of CH using visible light
and WO, photoanodes.®" This study was, however, conducted
in a complex electrolyte solution composed of tBuOH and
concentrated HNOj, thus, limiting potential large-scale
applications.

Based on these findings, the present work targets the
investigation of both the oxidation of CH to CH-ol and CH-
one and of THF to 2-hydroxotetrahydrofuran (2HTHF) and
GBL under mild conditions combining visible light and WO,
photoelectrodes (Scheme 1a). In particular, two different types

Scheme 1. (a) Schematic Representation of the
Photoelectrochemical Oxidation Processes Studied in This
Work; and (b) Principal Characteristics of Type I and II
Electrodes Employed for the Oxidation of CH and THF
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of electrodes were considered, differing for both the
preparation method and the resulting morphology (Scheme
1b), showing that the reaction outcome and vyield strictly
depend on the nature and characteristics of the material. A
detailed photoelectrochemical and spectroscopic character-
ization of the WO, photoanodes under operative conditions
was finally performed to rationalize the observed behavior and
extract mechanistic information. Notably, this work introduces
a novel approach by extending the application of WO; beyond

their conventional domain toward the selective oxidation of
organic compounds into value-added products.

B EXPERIMENTAL SECTION

Materials and Methods. All reagents were obtained from
standard suppliers and used without additional purification. The
preparation and detailed structural and morphological character-
ization of the employed WOj electrodes are reported elsewhere (see
refs 33 and 34 for the colloidal type I electrodes and refs 35 and 36 for
the solvothermal, type II electrodes). An electrochemical grade
acetonitrile solvent was employed. THF was employed after
distillation over Na and benzophenone, following an established
procedure.>” Photocurrent density—voltage curves (J—V) and bulk
electrolysis measurements were carried out using an Autolab
PGSTAT 302 N potentiostat in a three-electrode configuration
using an Ag wire as a quasi-reference and a Pt counter electrode.
Potentials were then converted versus Fc*/Fc by recording a CV in
the presence of ferrocene added as an internal standard. A three-
chamber cell was used with all of the compartments separated by a frit
(see Figure S1). The cell was irradiated with an Abet solar simulator
equipped with an AM1.5G filter adjusted to 1 sun (0.1 W-cm™) by
means of a Newport 1918 C Power Meter. IPCE was measured in a
three-electrode configuration under monochromatic illumination
generated by an air-cooled Luxtel 175 W Xe lamp coupled to an
Applied Photophysics monochromator. An applied potential of +1.15
and +14S V vs Fc"/Fc was applied for the measurements in
acetonitrile and THF, respectively. Incident irradiance was measured
with a calibrated silicon photodiode. EIS measurements were carried
out over a wide potential range. The signal amplitude was equal to 10
mV with a frequency range from 10° to 10~! Hz, while the impedance
of the photoanode was sampled each 50 mV. Quantification of CH-ol,
CH-one, 2HTHF, and GBL was performed by analyzing the anodic
compartment at 3 and 6 h using an Agilent 6890 gas chromatograph
equipped with a FID detector and a (5%-phenyl)-methylpolysiloxane
column. Calibration was performed using the external standard
method by injecting known volumes of pure analyte. Absorption
spectra were recorded at room temperature by using a JASCO V-570
spectrophotometer. Luminescence spectra were recorded by using an
Edinburgh Instrument spectrofluorometer. Transient absorption
spectroscopy measurements were conducted using a custom laser
spectrometer comprising a Continuum Surelite II Nd: YAG laser
(fwhm = 8 ns) with a frequency tripled option (355 nm).
Photomultiplier signals (kinetic traces) were processed by using a
Teledyne LeCroy 604Zi (400 MHz, 20 GS/s) digital oscilloscope.
SEM micrographs were obtained using an FE-SEM Jeol JSM 7600f
scanning electron microscope with an accelerating voltage of 15 kV.
ATR-FTIR spectra were collected with a Nicolet iS50 spectrometer
(Thermo Fisher Scientific).

Materials Preparation. To improve the adhesion between FTO
and WO,, for both electrode types, a thin TiO, layer (thickness < 10
nm) and a WOj seed layer (thickness ~ 200 nm) were deposited on
top of the bare FTO. The former was prepared at room temperature
via the slow hydrolysis of a 0.4 M aqueous solution of TiCl, in a
closed chamber for 6 h, followed by calcination at 500 °C for 30 min.
The WOj; seed layer was obtained from a precursor solution cast on
top of the TiO, adhesion layer before spin-coating deposition (for
type 1) or solvothermal growth (for type II). The WOj; precursor
solution was obtained by dissolving 0.46 g of metallic W in S mL of
35% H,0, with continuous stirring overnight. Then, 2 drops of
Triton X-100 were added, after which the solution was deposited on
the underlayer via spin coating. After deposition, the electrodes were
annealed at 550 °C for 40 min.

Synthesis of Type | Electrodes. 2.5 g of Na,WO, were dissolved in
100 mL of distilled water. Subsequently, 20 mL of HCI were added to
the solution to obtain tungstic acid. The excess of NaCl and HCI was
eliminated by centrifuging the suspension followed by washing the
resulting sediment with water. The process was repeated three times.
The solid so obtained was dissolved at 60 °C in $ mL of water with 2
g of oxalic acid. Subsequently, in the colloidal solution, the solid
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copolymer PEG-BAE (polyethylene-glycol bisphenol A-epichlorohy-
drin) was added in a 1:5 ratio. After this step, 1 drop of Triton X-100
per 2 g of solution was added. Subsequently, the colloidal suspension
was deposited on the WO; seed layer using a spin-coater. The desired
thickness of the electrodes was obtained by repeating six depositions;
each layer was annealed at 550 °C for 30 min. After the sixth
deposition, the electrodes were annealed at 550 °C for 45 min.
Finally, the electrodes were placed in a 1 M H,SO, solution for 2 h,
before being further heated in muffle at 550 °C for 45 min.

Synthesis of Type Il Electrodes. 1.25 g amount of tungstic acid was
dissolved at 95 °C in 10 mL of Milli-Q H,O and 10 mL of 35% H,O,
under continuous stirring. A second solution was prepared composed
of 1.2 g of oxalic acid dissolved in 18 mL of tungstic acid, 15 mL of
Milli-Q H,O, 60 mL of acetonitrile, and 3 mL of 6 M HCL
Subsequently, the two solutions were mixed, and the resulting
solution was used to cover the TiO, under layer and WOj; seed layer
previously deposited on FTO. The electrodes were heated in an
autoclave at 180 °C for 2 h. After these steps, the electrodes were
washed with water and annealed at 500 °C for 2 h.

B RESULTS AND DISCUSSION

Photoelectrochemical Characterization. The prepara-
tion of the colloidal (type I) and solvothermal (type I1) WO,
electrodes was performed following established literature
protocols.”**® Type I electrodes were obtained through the
deposition of a colloidal suspension (6 layer via spin-coating)
to achieve a thickness of ca. 1.5 ym. The film shows a
homogeneous distribution of spherical nanoparticles and is
optically transparent (Scheme 1b).** On the other hand, type
IT electrodes were prepared via solvothermal growth of WO,
on top of a thin TiO, seed layer (thickness < 10 nm).>>*° The
electrode surface is characterized by long leaves and lamellae
(Scheme 1b). These structural features, combined with the
larger thickness of the resulting electrodes (ca. 8 ym), endow
type II electrodes with a substantially larger electrochemical
surface active area when compared to type I electrodes.

We started our investigation by examining the possibility of
oxidizing the CH and THF substrates under mild conditions
using a simple electrolyte solution. Among the solvents tested,
acetonitrile (0.1 M LiClO, as a supporting electrolyte) was
considered as the medium of choice for the oxidation of CH
(0.5 M concentration). On the other hand, effective oxidation
of THF was not achieved in acetonitrile, and a pure THF
solution (0.1 M TBAPF as a supporting electrolyte) was thus
employed.

The photoelectrochemical response of the WOj; electrode
was first assessed by recording J—V curves under dark, light,
and chopped irradiation conditions. The results obtained for
both electrode types and substrates are collected in Figure 1.
Detailed inspection of the traces shows that both electrodes
deliver substantial photocurrent densities above 0.5 V vs Fc'/
Fc under illumination, which can be associated with the ability
of the photogenerated holes to react with the organic
substrates. More interestingly, with both CH and THF
substrates, higher limiting photocurrent densities are observed
for the solvothermal (type II) WO; electrodes (up to 1.6 and
1.8 mA-cm ™, respectively) than the colloidal (type I) ones (up
to 1.4 and 1.2 mA-cm™?, respectively), most likely ensuing
from the different morphology and the larger amount of active
surface sites in the former than in the latter.*

The J—V results were further complemented by measure-
ments of the photon-to-current conversion efficiency spectra
(IPCE and APCE). Figure 2 displays the IPCE results for both
electrode types and substrates. Maximum values of ca. 60% in
the range 350—400 nm are recorded in the presence of CH for
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Figure 1. J—V curves of type I and II electrodes in air-equilibrated (a)
acetonitrile solution (0.1 M LiClO,) containing 0.5 M CH and (b)
THF solution (0.1 M TBAPF); irradiation was performed using a
solar simulator calibrated at 1 sun (0.1 W-cm™2).
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Figure 2. Photoaction spectra of type I and II electrodes in air-
equilibrated (a) acetonitrile solution (0.1 M LiClO,) containing 0.5
M CH and (b) THF solution (0.1 M TBAPF).
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both type I and II electrodes, while lower values are registered
in THF (40—50%) ostensibly due to the lower conductivity of
the latter electrolyte and/or slower charge transfer rate.

Interestingly, the integrated IPCE spectra are always larger
in the case of type II than type I electrodes, corroborating the
results attained by J—V measurements. Furthermore, with both
organic substrates, the solvothermal electrodes display
enhanced spectral response in the visible region between 400
and 450 nm. These results well correlate with those obtained
for the same electrodes in aqueous electrolytes®® and still
confirm the superior photoelectrochemical response of type II
over type I electrodes. Estimation of the APCE (Figures S3
and S4) further supports both the higher charge transfer and
charge transport ability of type II electrodes upon photo-
irradiation in the visible spectral region.

Electrochemical impedance spectroscopy (EIS) was then
employed to investigate in a more detailed manner the charge-
transfer dynamics at the electrode—solution interface. The
Nyquist plots (Figures SS—S8) are characterized by two main
components (depressed semicircles), which can be associated
with the charge transfer processes at the electrode/solution
and FTO/WOj; interfaces, respectively. The semiconductor/
electrolyte interface is by far the dominant feature in the
complex plane. Fitting of the experimental data according to a
Randles circuit allows one to extract both the capacitance of
the electrode/solution interface and the charge transfer
resistance (see Supporting Information for all the experimental
details concerning the EIS analysis). The resulting plots for
both electrode types and organic substrates are collected in
Figure 3.
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Figure 3. (a) Capacitive and (b) resistive curves of type I and II
electrodes for the oxidation of 0.5 M CH in air-equilibrated
acetonitrile solution (0.1 M LiClO,) (left) and THF solution (0.1
M TBAPF) (right) obtained by EIS.

It can be noticed that, for both substrates, the capacitive
curves (Figure 3a) show an appreciable exponential decay of
the capacitance as a function of the applied potential, as
expected for a chemical capacitance.”™*” More interestingly,
higher values are always measured for type II electrodes than
for type I, consistent with the larger electrochemical surface
active area. Similarly, for both CH and THF substrates, the
resistive curves (Figure 3b) indicate that the charge transfer
resistance is smaller in the case of the solvothermal electrodes
than in the case of the colloidal ones. This can be understood
considering the higher amount of surface sites in type II
electrodes that promote more effective charge transfer
processes at the electrolyte—solution interface. Overall, the
EIS results well comply with the improved photoelectrochem-
ical response recorded in J—V mode (see above), suggesting a
more pronounced tendency of type II over type I electrodes to
promote the oxidation of organics, akin to what previously
established in aqueous electrolytes.’””

Photogeneration of Alcohols and Ketones. Once
evaluated the potential ability of WOj; electrodes toward the
oxidation of CH and THF, we further examined the
production of CH-ol and CH-one (from CH oxidation) or
2HTHF and GBL (from THF oxidation) by performing bulk
electrolysis under continuous visible light irradiation (1 sun =
0.1 W-cm™2) over a 6 h time frame. An external bias of +1.15
and +1.45 V vs Fc*/Fc was applied for the oxidation of CH
and THEF, respectively. 7% H,O was added at the catholyte in
order to promote parallel hydrogen evolution and to avoid
passivation of the Pt counter electrode. The results in terms of
Faradaic efficiency (FE) are collected in Figure 4 for both
electrode types and substrates (see Figures S15 and S16 for the
kinetics of product formation). As regarding CH oxidation,
though slightly larger amounts of photoproducts are attained
with type II electrodes (mainly at shorter times), comparable
FEs are in general estimated for both colloidal and
solvothermal electrodes (e.g., 27% vs 28% for CH-one for
type I and II electrodes, respectively, and 4% for CH-ol in both
cases after 6 h of irradiation). This observation can be
rationalized by assuming that the overall oxidation process is
mainly determined by the interaction of the CH substrate with
the electrode surface, which very likely resides in weak
attractive forces between the electrode and the CH substrate
because of the poor chemical affinity (i.e., polar W—OH sites
vs apolar CH). For both electrode types, an appreciable
decrease in the overall FE of product formation can be also
recorded with increasing the photoreaction time from 3 to 6 h,
which can be explained considering the possible participation
of both CH-one and CH-ol in further oxidation reactions at
the electrode surface.””*' Importantly, a comparison of the
structural and morphological characteristics of pristine vs post-
electrolysis electrodes demonstrates a remarkable stability and
the absence of photocorrosion phenomena (see SI, Figures
S21-S24). Furthermore, WO, electrodes subjected to
electrolysis can be recycled after reconditioning (500 °C for
30 min), leading to similar product formation (Figures $29 and
S30). The performances attained by our electrodes are
consistent with those previously obtained by Sayama and co-
workers,>! showing how the replacement of the tBuOH/HNO;
electrolyte with a simpler and safer acetonitrile solution proved
successful. This might indeed represent a pivotal improvement
that may open potential large-scale applications.

As to the oxidation of the THF substrate, colloidal
electrodes efficiently deliver both 2HTHF and GBL with a
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Figure 4. Faradaic efficiencies (FEs) of product formation for type I
and 1II electrodes in air-equilibrated (a) acetonitrile solution (0.1 M
LiClO,) containing 0.5 M CH at +1.15 V vs Fc*/Fc and (b) THF
solution (0.1 M TBAPF;) at +1.45 V vs Fc'/Fc; irradiation was
performed using a solar simulator calibrated at 1 sun (0.1 W-cm™).

total FE approaching 100% after 3 h of irradiation and only
decreasing to 90% after 6 h. Product distribution is associated
with an almost 2:1 alcohol:ketone ratio (Figure S18).
Remarkably, photogeneration of both 2HTHF and GBL
becomes substantially less efficient using solvothermal type II
electrodes. For these latter, an overall FE of ca. 30% is attained
for both products at both 3 and 6 h, with a dominating
contribution from GBL (Figures 4b and S19). This trend
substantially differs from that recorded for the oxidation of CH
and can be explained by considering a preferential interaction
between the THF substrate and the electrode surface. Under
this assumption, we can hypothesize that the larger active
surface area of type II over type I electrodes may favor a more
rapid oxidation of the THF substrate as well as of the resulting
oxidized products, leading to the generation of a higher
amount of GBL over 2HTHF and a reduced total FE for the
two products. Facile generation of additional degradation
products from THF oxidation along the pathway toward
complete mineralization is indeed not unexpected.”’ These
results thus demonstrate that larger photocurrent densities do
not necessarily translate to larger product yields. Even in this
case, comparative analysis of pristine and post-electrolysis
electrodes reveals exceptional stability and no signs of
photocorrosion (Figures $25—S28). Similar performances
were also recorded for recycled electrodes (Figures S31 and
$32), still proving their stability under operational conditions.

A detailed analysis of the chronoamperometric profiles
(Figures S15a, S16a, S18a, and S19a) points out a further
difference between type I and II electrodes toward the

oxidation of both organic substrates. Interestingly, stable
photocurrent densities are appreciable in the case of colloidal
electrodes over the whole time scale of the experiment
(Figures S1Sa and S18a), whereas for the solvothermal WO,
the photocurrents progressively decrease (Figures S16a and
S19a). This evidence can be explained considering the possible
involvement of passivation phenomena, likely implying
adsorption of oxidation intermediates and byproducts under
polarization at positive potentials. According to these findings,
type I electrodes can also be considered the best choice in
terms of photoelectrochemical stability in the chosen electro-
lyte.

In order to extract mechanistic information about the
oxidation process, the photoreactions were also performed
under N,-purged conditions. Remarkably, photogeneration of
both CH-ol or CH-one from CH oxidation was negligible, with
recorded FEs < 1% (Figure S17). Similarly, with regard to
oxidation of THF, no 2HTHF was detected under N,, while
only traces of GBL were observed (FE ~ 3%, Figure S20).
Thus, this evidence strongly points to a fundamental role of
dioxygen in the overall oxidation process. Accordingly, and also
based on literature precedents,”" a mechanistic proposal can be
formulated for the oxidation of CH and THF at the WO,
surface.

WO, + hv - *WO,(e”, h") (1)
R-H+h - R+H" ()
R + 0, - ROO (3)
2RO0 — R—OH + R=0 + O, (4)
R— OH + 2h" —» R=0 + 2H" (8)

Photon absorption by the semiconductor is expected to yield
an electron—hole pair (eq 1). While the electron is conveyed at
the cathode to promote H, formation, the hole can reach the
electrode—solution interface and oxidize a substrate molecule
leading to a carbon-centered radical (eq 2). This process is
expected to occur as a formal hydrogen atom transfer (HAT),
likely mediated by a proton transfer to the electrode surface.”®
The carbon radical is then expected to react with O,, leading to
the formation of a peroxyl radical (eq 3). Further reaction of
two peroxyl radicals finally delivers an equimolar amount of
alcohol and ketone (CH-ol and CH-one for CH oxidation and
2HTHF and GBL for THF oxidation, eq 4). Additional
oxidation of the alcohol to the ketone at the electrode surface
(eq S) can be also envisaged in order to support the typically
largest amount of ketone product obtained in all experiments.

We should also consider that, in principle, the peroxyl
radical might abstract a hydrogen atom from the CH or THF
substrate, leading to the formation of a hydroperoxyl radical
(eq 6). This latter may furnish an alternative mechanism to the
formation of the R—OH product upon rupture of the O—O
bond (eq 7) and subsequent reaction of the ensuing oxyl
radical with the pristine substrate (eq 8).”

ROO +R—H » R—00H + R (6)
R-OOH — RO + OH (7)
RO +R—-H - ROH + R (8)

in order to verify this possibility, we tested the formation of
hydroxyl radicals using a well-established fluorometric method
based on the use of coumarin.”” The failure to observe any
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growing blue emission characteristic of 7-hydroxicoumarin
upon irradiation of WOj; powders in both 0.5 M CH in
acetonitrile and THF strongly suggests that the reaction
sequence in eqs 6—8 represents, if at all, a minor reaction
pathway toward the photogeneration of the alcohol and ketone
products.

Transient Absorption Spectroscopy. Laser flash pho-
tolysis (LFP) measurements (excitation at 35S nm) were
conducted in order to extract further mechanistic insight into
the primary photochemical processes initiating the oxidation of
both CH and THF (eqs 1 and 2). For this reason, we focused
our attention on the transient absorption signature of the
photogenerated holes at 430 nm and its time evolution in pure
acetonitrile, in acetonitrile in the presence of 0.5 M CH, and in
pure THEF solution. Due to the opaque nature of the
solvothermal electrodes (see Scheme 1b), the spectroscopic
analysis was limited solely to the colloidal type I electrodes. We
believe that similar considerations can be, however, extrapo-
lated for type II electrodes too. Figure S exhibits the
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Figure S. Kinetic traces at 430 nm at variable applied potentials
measured by LFP (excitation at 355 nm) of type I electrodes in (a)
pure acetonitrile solution (0.1 M LiClO,), (b) acetonitrile solution
(0.1 M LiClO,) containing 0.5 M CH, and (c) THF solution (0.1 M
TBAPF).

corresponding kinetic traces recorded at different applied
potentials. Under all experimental conditions, the amplitude of
the transient absorption signal at 430 nm increases as a
function of the applied bias. This is consistent with an
increased concentration of photogenerated holes resulting
from the gradual suppression of the electron/hole recombina-
tion at increasingly positive potentials.””*' The long-lived
component of the photohole decay, spanning a time window
between 1 X 10™* and 1 X 107! s, contains kinetic information
on the interfacial hole transfer process to the organic
substrates. The decays were fitted using a Kohlrausch—
Williams—Watts (KWW) stretched exponential function,
which takes into account the statistical distribution of charge
recombination rate constants resultin% from the inherent
inhomogeneity of the WO, surface.”*"" From this fitting, a
lifetime for the photogenerated holes was extracted under all of
the conditions tested. A mean lifetime value was finally
estimated for all the three electrolytes tested by averaging all
the lifetimes estimated at different applied bias (see Supporting
Information for further details). It can be noticed that in pure
acetonitrile (deprived of the substrates), the decay of the
photogenerated holes is almost complete in a time scale of ca.
50 ms, and an average lifetime of 3.8 ms can be estimated
(Figure Sa). This value is appreciably shorter than that
measured in water and other organic solvents,”**' pointing to
the direct oxidation of acetonitrile at the illuminated WO,
surface.”” This observation agrees with the sizable photo-
current density measured in pure acetonitrile/0.1 M LiClO,
(Figure S2).

An important abatement of the average photohole lifetime
(2.4 ms) is, however, detected upon addition of 0.5 M CH
(Figure Sb), supporting a preferential reactivity toward the CH
substrate and corroborating the observed photooxidation
processes that lead to the formation of both CH-ol and CH-
one, as previously discussed. Interestingly, the decay of the
photogenerated holes in pure THF is substantially longer than
that observed in acetonitrile, leading to an average lifetime of
28 ms (Figure Sc). This experimental evidence well complies
with the failure to observe any 2HTHF and GBL photo-
products when the photooxidation of THF was attempted in
acetonitrile as the solvent, where the latter outcompetes the
former in hole scavenging.

B CONCLUSIONS

We successfully employed WO; photoanodes and light to
promote the oxidation of CH and THF to the respective
alcohol and ketone. For this purpose, we have compared two
WO; electrodes, featuring different structural morphology.
One was obtained by deposition of a colloidal suspension
(type 1) and one via solvothermal growth (type II). The
photoelectrochemical characterization of the photoanodes in
organic solutions containing the target substrates shows
improved performances for type II over type I electrodes,
potentially arising from the larger electrochemical surface
active area in the former. While this is not an issue for CH
oxidation where a similar product distribution is obtained, it
translates into a drawback when THF is employed as the
substrate. In fact, for this latter, more efficient product
formation is attained using type I electrodes, possibly resulting
from overoxidation phenomena occurring with type II
electrodes. Furthermore, contrarily to solvothermal electrodes,
no noticeable photocurrent drop is apparent in the case of
colloidal ones over a time frame of 6 h operation, still pointing
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out their superior performance as far as the oxidation of both
CH and THF under the present experimental conditions is
concerned.

All in all, the results of the present work definitely confirm
the possibility of using heterogeneous semiconductors, usually
confined to applications in aqueous environments, >~ to
target the oxidation of organics to value-added compounds.
The results also demonstrate that the structural and
morphological characteristics must be properly tuned when
this approach is attempted. The possibility of generating a
carbon-centered radical in a simple and sustainable manner
using light may thus open a new avenue in the potential
exploitation of heterogeneous semiconductors for the synthesis
of organic molecules. Research in this direction is currently
underway in our lab.
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