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keep the environment clean. This is es-

Aqueous photoelectrochemical (PEC) cells have long been considered a
promising technology to convert solar energy into hydrogen. However, the
solar-to-H, (STH) efficiency and cost-effectiveness of PEC water splitting are
significantly limited by sluggish oxygen evolution reaction (OER) kinetics and
the low economic value of the produced O,, hindering the practical
commercialization of PEC cells. Recently, organic upgrading PEC reactions,
especially for alternative OERs, have received tremendous attention, which
improves not only the STH efficiency but also the economic effectiveness of
the overall reaction. In this review, PEC reaction fundamentals and
reactant-product cost analysis of organic upgrading reactions are briefly
reviewed, recent advances made in organic upgrading reactions, which are
categorized by their reactant substrates, such as methanol, ethanol, glycol,
glycerol, and complex hydrocarbons, are then summarized and discussed.
Finally, the current status, further outlooks, and challenges toward industrial

pecially important as societies worldwide
seek to reduce their carbon footprint and
mitigate the effects of climate change.
Moreover, renewable energy sources can
be used over centuries without depleting
the Earth’s natural resources.

Among the renewable energy sources,
light energy is one of the ultimate re-
newable energies, as an infinite amount
of light reaches Earth directly from the
Sun. Photoelectrochemical (PEC) cells
are a type of electrochemical cell that ab-
sorbs light energy to generate an elec-
trical potential that drives the chemical
reaction.['8] One of the main advantages
of PEC cells is their efficiency, as they

applications are discussed.

1. Introduction

As energy demands and environmental crises continue to grow,
renewable energy has drawn much attention in recent years. The
use of fossil fuels, such as coal, oil, and natural gas, emits CO,,
contributing to climate change by greenhouse effects. On the
other hand, renewable energy sources, such as light, wind, and
hydropower, barely produce pollutants; thus, these sources pro-
vide a sustainable solution to future energy demands and help
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allow a significant portion of light en-

ergy to be converted into high-energy

electrons and holes, which can be used

to operate chemical reactions. This high
efficiency makes PEC cells particularly useful, as light energy can
be precisely controlled to regulate the reaction rate and product
yield. Another remarkable feature of PEC cells is that compared
to other existing chemical processes, they occur in relatively mild
conditions.*1% This is because most commercialized chemical
processes require high temperatures and pressure, which causes
significant energy loss in the overall process. On the other hand,
PEC cells are operated at room temperature and low pressure,
making them highly economic. Moreover, the high temperature
of the chemical processes is generated from the steam boiler by
burning fossil fuels, which emit a significant amount of CO,,
while the PEC reactions do not emit any kind of pollutants during
the overall reaction process.

Traditional PEC cells achieve hydrogen production from the
water-splitting reaction, which was first developed by Fujishima
and Honda in 1972.1Y1 In the case of the water splitting reac-
tion, the hydrogen evolution reaction (HER) and oxygen evolu-
tion reaction (OER) mainly occur at the cathode and anode in
the electrochemical cell, respectively; in this process, the light-
harvesting photoelectrode is adapted in either the cathode or
anode, which are denoted as the photocathode or photoanode,
respectively.['>1%] Even though hydrogen production by PEC wa-
ter splitting has been known as the ultimate clean energy produc-
tion system that converts light energy into hydrogen molecules,
the development of water splitting encounters many difficul-
ties in increasing its efficiency, especially due to the poor kinet-
ics of the OER.!*20] The OER utilizes a four-electron transfer

© 2023 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

Wat
atern [ ]Reactant

! Product
EtOH E: Acetaldehyde
EC [ Fomicad

MeOH ey Fomic Ad

Higher “net value” through
organic upgrading

]
C-hexane i ] KA Ol
Glycerol . | DHA
I L FDCA
5-HMF : 0
T T G T G T
0 1 2 149 150 305 306

Market Price (USD/kg)

Figure 1. Schematic illustration showing the market price of representa-
tive products for each organic upgrading reactant discussed in this work.
Red lines represent the calculated price of products when they are as-
sumed to have the same “net value” as the OER. C-Hexane: cyclohex-
ane, HMF: 5-hydroxymethylfurfural, DHA: 1,3-dihydroxyacetone, FDCA:
2,5-furandicarboxylic acid.

mechanism that requires a high overpotential and exhibits poor
kinetics.!?!-2°] Moreover, photoelectrodes are often degraded dur-
ing the OER due to the self-oxidation of the electrode by the
exciton.2-28] Therefore, some researchers have proposed alterna-
tives to alter PEC water oxidation into other oxidation reactions,
such as organic upgrading, H,O, production, and chloride ion
oxidation.[29-3]

PEC upgrading reactions are advantageous than two other
catalytic reactions, photocatalysis (PC) and electrocatalysis (EC).
These catalytic reactions convert energy in different ways and ex-
hibit distinctive catalytic features which can lead to the upgrade
of chemicals by generating strong oxidizing hydroxyl radicals to
achieve the oxidation through multiple reaction steps. In detail,
PC is considered to be a technique with great potential due to
its environmentally friendliness and its ability to save energy.
However, it has some limitations such as the inability to upgrade
chemicals at high concentrations which hampers its application.
In addition, semiconductor materials usually used for PC are
prone to photocorrosion, causing photogenerated electron-hole
pairs to combine easily, resulting in low quantum efficiencies.

On the other hand, EC has higher energy efficiency, and can
be easily operated on smaller working area, wider pH range, and
with stronger oxidation ability. However, during EC reactions, ini-
tial reactants and intermediate products can easily accumulate
on the surface of the electrode, blocking the active sites leading
to electrode instability. Therefore, above drawbacks greatly limit
the application of PC and EC in organic upgrading, which made
PEC reactions become a topic of increasing interest as a promis-
ing method to upgrade chemicals into value-added products.

Among various PEC reactions, oxidative organic upgrading
has drawn attention recently. Most of the organics for PEC re-
actions are readily oxidized at potentials lower than the stan-
dard water oxidation potential, resulting in higher performance
of PEC cells in terms of onset potential, photocurrent density,
and long-term stability.**-3%! Because PEC organic upgrading in-
volves either alternating poor water oxidation or value-addition of
organic molecules, the prices of organic products are generally
higher than those of chemicals before upgrading reactions. As
shown in Figure 1, the current price of oxygen is approximately
0.04 USD kg'!, while the price of formic acid, which is among the
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most reported products from organic upgrading, is over a thou-
sand times higher (up to 110 USD kg'). Moreover, comparing
the price of the reactant and product materials demonstrates that
organic upgrading by the PEC reaction is highly feasible from an
economic point of view and that the counterpart H, evolution re-
action HER is still highly useful. Considering the performance
enhancement in PEC systems with new oxidation reactions, or-
ganic upgrading will be a more cost-effective reaction compared
to the OER.

In this review article, various kinds of organic upgrading by
the PEC process are introduced comprehensively. First, the fun-
damentals of PEC organic upgrading, including working prin-
ciples, economic considerations, and applications, are demon-
strated in detail. Next, recent progress in PEC organic upgrad-
ing is introduced with several categories of reactants, such as
methanol, ethanol, glycol, glycerol, and complex hydrocarbons.
Finally, the remaining challenges and future aspects for PEC or-
ganic upgrading are discussed. We believe that the PEC organic
upgrading reaction shows remarkable potential to solve current
energy and environmental issues owing to its environmental
friendliness and efficiency, which will lead the future chemical
process and market.

2. Fundamentals of Photoelectrochemical Organic
Upgrading

2.1. Fundamentals of Photoelectrochemistry

Understanding semiconductor photoelectrodes is crucial for
comprehending PEC technology. When a semiconductor is illu-
minated with photons with energies higher than their bandgap
(indicating that the electrons have sufficient energy to travel from
the valence band to conduction band), “excited electron” and
“hole” pairs in the conduction and valence bands are formed,
respectively.®l Once the thermodynamically favorable band struc-
ture is formed, such photogenerated charge carriers can travel
to the semiconductor surface to participate in the oxidation and
reduction reactions. When a semiconductor is immersed in the
electrolyte, electron transfer between the semiconductor surface
and the electrolyte occurs to equilibrate its Fermi level with the
redox potential of the electrolyte.[*] As shown in Figure 2, when
the redox potential of the electrolyte is more negative (positive)
than the Fermi level of the semiconductor, electrons travel from
(to) the electrolyte solution to (from) the semiconductor. Due to
the fixed energy level at the surface and the altered Fermi level,
such charge migration causes “band bending” at the semicon-
ductor surface.*"] Additionally, transfer of charges from (to) the
electrochemically neutral semiconductor causes an imbalance of
charges at the semiconductor surface, leading to the formation of
the space charge region (SCR). Taking an n-type semiconductor
as an example, the built-in electric field formed by the charge im-
balance and the resulting SCR causes holes to travel toward the
surface and participate in oxidation reactions, whereas the elec-
trons travel to the cathode through the external circuit to partici-
pate in reduction reactions (and vice versa for a p-type semicon-
ductor). The band structure of the photoelectrodes must be ad-
equately positioned to thermodynamically drive redox reactions.
The valence band maximum (VBM) of an n-type semiconductor

© 2023 Wiley-VCH GmbH

ASULIIT SUOWWOY) 2ANEI)) [qedtidde ay) Aq PauIdA0S a1 SN Y 98N JO $I[NI I0] AIRIQIT AUIUQ KJ[IAN UO (SUOTIPUOI-PUE-SULID) WO KA[IM ATeIqI[auT[uoy/:sdNy) SUONIPUOY) pue SWLId L, 341 39S “[€207/60/8Z] U0 AIRIqrT uIuUQ AJ[IAN ‘NPo u0joouLId AIRIqH @ JoquIat-<IO[0qqryS > Aq §TE00EZOT PIUS/ZO01 01 /10p/wod" Kaim’ Areiqiour[uoy/:sdny woiy papeo[umod ‘0 ‘809699€7



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

v S —"
| E— —

Bulk SCR

— e’ /
B _E_(:El\f ______________________ Erfd_of Red

Er fro | Er Red
B / Ox
Evem h _/ Ox
Photoanode Cathode

Redox candidates
H,0 Co, VO,

0, N, NO, cr CH,

Biomass  Organics

Figure 2. Schematic illustration of the PEC reaction process and redox
candidates on semiconductor photoanodes. Red: reduction, Ox: oxida-
tion, SCR: space charge region, Ecgy: energy of conduction band mini-
mum, Eygy: energy of valence band maximum, E,: bandgap energy, E:
Fermi level of photoanode.

must be more positive than the redox potential of oxidation reac-
tions, and the conduction band minimum (CBM) must be more
negative than the redox potential of reduction reactions. Addi-
tionally, to overcome thermodynamic barriers of the redox reac-
tion, the band gap of the semiconductor must exceed the sum of
the theoretical redox potential and the activation overpotential for
both oxidation and reduction reactions.

2.2. Advantages of Photoelectrochemical Organic Upgrading
Reactions

Generally, the water-splitting reaction consists of the following
reactions: an oxidation reaction to produce O, molecules (OER)
and a reduction reaction to produce H, molecules (HER). As in
Equations 1 and 2, two electrons are needed to produce one H,
molecule, and four are needed to produce one O, molecule.

OER : 2H,0 + 4h* — O, + 4H* (1)
HER : 2H" + 2~ — H, 2)
Overall water splitting : 2H,0 + 2H, — O, (3)

Overall water splitting is an uphill reaction with a standard free
energy change (AG®°) of 237.2 k] mol™', which corresponds to
a theoretical redox potential of 1.23 V. However, as described
above, sluggish OER kinetics lead to large activation overpoten-
tials. Considering activation overpotentials, ohmic losses, and
other minor losses, the actual minimum energy needed for a
semiconductor to drive the water-splitting reaction is proposed
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to be approximately 2.3 eV.2%41] Additionally, O, produced from
OER possesses low economic value, with an average market price
0f 0.04 USD kg1.1*?! Such sluggish kinetics and the low economic
value of OER reactions limit the overall economic value of the
water-splitting system. Although hole scavengers (sodium sul-
fite, hydrogen peroxide, etc.) or sacrificial organic reactants (urea,
methanol, ammonia, etc.) were introduced to improve the oxida-
tion kinetics, they often result in the production of undesired,
invaluable products, such as CO, or NO,.I*}] Therefore, develop-
ing substitute reactions with high economic value is crucial to
ensure the economic feasibility of PEC reactions.

Over recent years, many value-adding reactions have been
studied as a substitute for the OER, such as the production of hy-
drogen peroxide or oxidizing reagents (S,04~, HCIO, etc.). How-
ever, organic synthesis reactions, especially “organic upgrading”
reactions in which the product’s economic value is higher than
that of the reactant’s, are highly intriguing and worth exploring
for the following reasons: 1) They proceed under mild and less-
demanding conditions. Industrial organic synthesis reactions
proceed under harsh (high temperature and pressure) and toxic
conditions, which is far from environmentally friendly and is also
economically unsatisfactory. However, PEC organic upgrading
reactions mostly proceed under room temperature and pressure
conditions, and some reactions even proceed under aqueous elec-
trolyte conditions, which eliminates the need for toxic organic
solvents. Light illumination also significantly reduces the needed
reaction overpotential, making them even greener and less de-
manding. 2) They can generate a high reaction “net value.” Even
though organic upgrading reactions require feed streams of or-
ganic molecules, when calculating the value produced from the
reaction, the value difference between the reactant and the prod-
uct (the “net value”) is what truly matters. From this viewpoint, as
shown in Figure 2, organic upgrading reactions boost the value
of reactants to produce high-value products, meaning that they
possess a high net value. For example, as shown in Figure 1,
when glycerol is converted into 1,3-dihydroxyacetone, they pro-
duce a net value of ~148.9 USD kg, which is over 3700 times
higher than that of water splitting reactions (~0.04 USD kg).
3) They have a wide range of applications. The development of
PEC strategies toward value-added production will frequently be
aimed toward a single specific product. However, for organic up-
grading reactions, the development of a single strategy to acti-
vate or convert a specific organic bond can be applied to many or-
ganic substrates. For example, Zhao et al. developed a universal
oxygen-atom transfer PEC catalyst and carried out various trans-
formations, such as sulfoxidation, C=C epoxidation, oxygenation
of Ph, P and monooxygenation of inorganic ions.[** Similarly, Li
etal. developed a universal PEC C-H halogenation strategy, which
could be applied to 27 substrates.[*’] Such wide applicability and
versatile product range of organic upgrading reactions can ex-
tend the role of PEC reactions beyond energy conversion/storage
technology toward a practical and useful tool to replace industrial
synthetic methods.

Inspired by the intriguing features described above, this review
aims to summarize recent progress and developments achieved
in organic synthesis reactions. Special emphasis is placed on
“organic upgrading” reactions, in which the product’s economic
value is higher than that of the reactant. Reactions will be clas-
sified according to their reactants and will be divided into the
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following sections: alcohols and complex hydrocarbons. Finally,
the current status and future outlook of organic upgrading reac-
tions will be briefly discussed.

3. Photoelectrochemical Organic Upgrading

3.1. Alcohols
3.1.1. Methanol

Methanol, the simplest alcohol, can be derived from a variety
of carbon resources, including natural gas, biomass, coal, and
CO,, and is often used as a hole scavenger to increase H, pro-
duction in electrochemical reactions.l***8] As a basic byproduct
of petrochemical manufacturing, methanol has a low market
price (0.40 USD kg!).*] Therefore, the oxidation of methanol
to formaldehyde and formic acid is a value-added process be-
cause of the market price of formaldehyde (0.43 USD kg') and
formic acid (%110 USD kg' for 95%) is higher than that of
methanol.l’*>!l Methanol oxidation has a low oxidation potential
(0.03 Vvs NHE) compared to the water oxidation potential (1.23 V
vs NHE), which makes methanol oxidation thermodynamically
more favorable.’”] PEC methanol oxidation has recently been
studied extensively along with H, generation, and many works
have suggested possible mechanisms for methanol oxidation into
products such as formaldehyde, formic acid, and CO,.1*]

As hydroxyl ions are very efficient hole scavengers, the path-
way for methanol oxidation differs in different pH values of the
reaction media.® For neutral or acidic media, in which the num-
ber of hydroxyl ions is very small, methanol and its intermedi-
ates are expected to react directly with the holes generated in
semiconductor photoanodes excited by absorption of photons, as
in Equations 4- 6; in basic media, in which the number of hy-
droxyl ions is sufficiently large, photogenerated holes will react
with hydroxyl ions to form hydroxyl radicals, which in turn react
with methanol and its intermediates for the oxidation reaction,
as shown in Equations 7 and 8.

Neutral or acidic media:

CH,OH + 2h* — HCHO + 2H"* (4)
HCHO + H,0 + 2h* — HCOOH + 2H* (5)
HCOOH + 2h* — CO, + 2H* (6)

Basic media:

6OH™ + Gh* — 6OH* (7)

CH,0H + 60H" — CO, + 5H,0 8)

Methanol oxidation pathways, other than those mentioned above,
can be possible depending on the electron donor ability of in-
termediates. For instance, because one of the intermediates of
methanol oxidation, typically formaldehyde, is a stronger elec-
tron donor than water, oxidation of formaldehyde could occur by
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direct interaction with the holes rather than through the water
splitting reaction.>

Formaldehyde, one of the main products of methanol oxida-
tion, is an important raw material and is widely used in indus-
trial chemical products, such as resins, pesticides, and anticor-
rosion reagents.[>>%! The annual demand for formaldehyde has
surpassed 30 megatons, and the production of formaldehyde has
been extremely stable.’”*8] As demand for cosmetics, disinfec-
tants, and pharmaceuticals increases, the demand for formalde-
hyde is expected to grow continuously with the manufacturing
industry’s development.[*°! Formaldehyde is conventionally syn-
thesized by the oxidation of methanol at extremely high tempera-
tures using various metal and oxide catalysts.[**] Therefore, PEC
methanol oxidation to produce formaldehyde has drawn much at-
tention owing to its environmental friendliness and sustainabil-
ity.

In 1984, Osaka et al. first reported PEC methanol oxidation to
formaldehyde using an Fe,0,/n-Si heterojunction electrode.%!]
The photocurrent increased by a ratio of 1.25 in the presence of
0.6 M methanol compared to the photocurrent without methanol.
To determine whether methanol was photoelectrochemically ox-
idized to formaldehyde, the electrolyte after 10 h of electrolysis
at 3.0 V versus Hg/HgO in a 0.2 M KOH solution under illu-
mination was analyzed by gas chromatography (GC). Although
the exact amount of production or the possibility of further ox-
idation of formaldehyde was not discussed, formaldehyde was
shown to be produced as a main liquid product. Marugan et al.
reported a TiO, P25 photoanode as an active system for the PEC
oxidation of methanol and used colorimetric determination ac-
cording to Nash’s method to evaluate the formaldehyde produced
during the reaction.®%*] Similarly, Haisch et al. employed the
same method to show that formaldehyde was the main prod-
uct of methanol oxidation on both cold-sprayed TiO, and WO,
photoanodes.[*#]

Mesa et al. reported kinetic and mechanistic analyses for se-
lective methanol oxidation to formaldehyde on TiO, and a-Fe, O,
photoanodes under PEC conditions.[®! They suggested that in
both types of photoanodes, the oxidation of methanol is a second-
order reaction with respect to surface accumulated holes. To con-
firm this, they plotted the photocurrent density (J) as a function
of the surface hole density (p,) for methanol oxidation on TiO,
and a-Fe, O, photoanodes. As a result, the gradients of log(J) ver-
sus log(p,) for all datasets were close to 2 with little variation. Fur-
thermore, by comparing the J,, and p, datasets at different applied
potentials, the kinetics of the methanol oxidation reaction were
shown to be dependent on the metal oxide surface chemistry but
independent of the applied potential (Figure 3a). This also sug-
gests that the kinetics of the reaction are determined by the den-
sity of holes accumulated at the electrode surface, in which the
energy is determined by the valence band potential and not by
the electrode’s Fermi level or band bending. When comparing
the PEC methanol oxidation performance of the two photoan-
odes, TiO, was at least two orders of magnitude faster than a-
Fe,O,. This further supported that the kinetics of the methanol
oxidation reaction are dependent on the valence band potential
because the valence band potential of TiO, is more positive than
that of a-Fe,0;. They also revealed that the rate-limiting step of
PEC methanol oxidation is the cleavage of the C-H bond by ana-
lyzing the kinetic isotope effects.
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Figure 3. a) Rate law analysis, photocurrent density, J,o1es ™", and surface hole density, dp,, of the oxidation of methanol on a-Fe,O; at 0.55 V (dark red)
and 0.00 V (light red) and TiO, (blue) at —0.80 V applied potentials. Reproduced with permission.[®*] Copyright 2017, American Chemical Society. b) Cal-
culated free energy profiles for the formox process on Fe, 05 and Fe,O;/MoOs. Reproduced with permission.®8] Copyright 2021, Wiley-VCH. c) Formate
generation rate (Regrmate) @Nd FEformate from 2 h PEC methanol reforming at the pristine BiVO, (#1) BiVO4|nanoNi-Bi (#2), and BiVO,|nanoFe:Ni-Bi

(#3) photoanodes. Reproduced with permission.!”3] Copyright 2020, Elsevier.

A number of researchers have attempted to enhance the ac-
tivation of this C-H bond by either engineering the morphol-
ogy or by constructing a heterojunction. Berger et al. designed
TiO, nanowire photoanodes to maximize formaldehyde produc-
tion due to the short distance between the generated methoxy
radicals and the neighboring TiO, nanowires.°®] Zheng et al.
decorated Au on ZnO/a-Fe,0; nanotube arrays to offer effi-
cient and stable PEC methanol oxidation into formaldehyde.!’]
Along with the plasmonic effect of Au nanoparticles, the aligned
and porous structure of ZnO/a-Fe,0,/Au nanotube arrays con-
tributed to an improvement in faradaic efficiency (FE) of 79.23%
compared with 28.77% for pristine ZnO nanorod arrays. Huang
etal. constructed a Z-scheme Fe,0;/MoO, hollow nanotube with
a methanol to formaldehyde selectivity of 95.7%.(°] DFT calcu-
lations revealed that the high selectivity toward formaldehyde
was due to faster C-H bond breaking kinetics with more fa-
vorable methanol adsorption and formaldehyde dissociation for
Fe,0,/MoO; heterojunctions, which could also enhance the pho-
tochemical conversion efficiency by constructing an internal elec-
tric field (Figure 2b). Recently, the same group also synthesized
g-C;N, and CoFe, O, to construct a heterojunction with a-Fe,O,
nanotube arrays.[®7% Both works showed improved PEC activity
owing to increased electron transfer by the heterojunction with
formaldehyde selectivities of 81.5% and 97.8%, respectively. For
the a-Fe,0,/g-C;N, hybrid, the N atoms with higher electronega-
tivity than the O atoms were responsible for C-H bond activation,
whereas for the a-Fe,0,/CoFe,0, hybrid, the lower adsorption
energy for methanol on CoFe,O, enhanced the activation of C-H
bonds, resulting in high selectivity for formaldehyde production.

Formic acid, which can also be produced by methanol oxida-
tion, is widely used in the chemical, agricultural, leather, phar-
maceutical, textile, and rubber industries. The annual worldwide
production capacity of formic acid was estimated to be approx-
imately 950 tons.”!) The demand for formic acid is also grow-
ing owing to its relatively noncorrosive and nontoxic properties,
which allow formic acid to be easily handled.”?] In addition,
formic acid is currently among the most promising candidates
for storing hydrogen due to its high volumetric capacity and its
low flammability under ambient conditions.!”*!

Lin et al. demonstrated the capability of the a-Fe,O,/NiBi
photoanode in PEC methanol oxidation to formate.”*] Under
light illumination, an FE of 77.5% for formate production was
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detected for the a-Fe,0,/NiBi photoanode compared with the
low FE (~5%) for the pristine a-Fe,O; photoanode. However,
samples were examined at relatively high potentials (1.48 V
vs RHE), in which very little work was performed by light
illumination.

Huang et al. investigated PEC methanol oxidation to formic
acid at near-neutral pH conditions with an electrosynthe-
sized nickel-iron oxyhydroxide—borate nanoparticulate thin film
(nanoFe:Ni-Bi).[”>! They first optimized the electrocatalytic per-
formance to produce formic acid from methanol oxidation by
doping Fe into a nanoporous nickel oxyhydroxide-borate thin
film (nanoNi-Bi). The presence of Fe promoted the formation
of Ni** active species, which improved the methanol oxidation
kinetics. After optimization, nanoNi-Bi and nanoFe:Ni-Bi were
integrated with BiVO, to deliver a higher photocurrent response,
and the formate generation rate was analyzed at a bias of 0.55 V
versus RHE in borate buffer (0.1 M, pH 9.4) containing 0.1 M
methanol. The BiVO, /nanoFe:Ni-Bi photoanode exhibited an in-
creased formate generation rate of 5.7 ymol cm=2 h~! with an FE
of 94.6%, whereas the BiVO, /nanoNi-Bi catalyst showed a lower
formate generation rate of 2.0 umol cm~2 h™! and an FE of 64.8%
(Figure 3c). Overall, an effective electrocatalyst was able to trans-
form an inactive BiVO, photoanode into a highly efficient and
selective photoanode for PEC methanol oxidation to formic acid
at lower applied potentials.

3.1.2. Ethanol

Ethanol, which is mostly produced from corn biomass through
ethanol fermentation and distillation, is becoming an important
link between biomass and renewable fuels and chemicals.!”® The
produced ethanol is mostly used by blending into gasoline as a
renewable fuel, but it can also be transformed into value-added
chemicals, such as acetaldehyde, diethyl ether, acetic acid, ace-
tone, and ethyl acetate.’””) Similar to methanol, ethanol is also
used as a hole scavenger in PEC water-splitting systems to in-
crease H, production, and the oxidation of ethanol leads to the
formation of acetaldehyde.l”®#% The oxidation of ethanol to ac-
etaldehyde is a value-adding process because the market price of
acetaldehyde (0.69 USD kg™') is over 1.5-fold higher than the mar-
ket price of ethanol (0.42 USD kg'!).[8182]
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Ethanol oxidation is a multielectron transfer reaction, and a
number of products can be generated in the process, including
acetaldehyde and acetic acid. The oxidation of ethanol progresses
to acetaldehyde, acetic acid, and CO, as a final product. In detail,
after the formation of acetaldehyde (Equation 9), the reaction can
either lead to the production of acetic acid followed by methane
(Equations 10 and 11), or it can involve the production of CO, to
release protons (Equation 12). The reaction pathways of ethanol
oxidation also vary with different pH conditions (Equations 13
and 14), and the selectivity of the product is mostly related to the
pH of the electrolyte and the selected electrode.l*!

Neutral or acidic media:

C,H;OH + 2h* — CH,CHO + 2H* )
CH,CHO + H,0 + 2h* — CH,COOH + 2H* (10)
CH,COOH — CH, + CO, (11)
CH,CHO + 3H,0 + 10h* — 2CO, + 10H* (12)

Basic media:

120H™ + 12h* — 120H* (13)

C,H;OH + 120H* - 2CO, + 9H,0 (14)

Although some researchers have reported products other than
acetaldehyde, such as 2,3-butanediol, are generated from PEC
ethanol oxidation, most of the works reported acetaldehyde as the
main liquid product.®*) Ampelli et al. designed an Au-modified
TiO, nanotube array-based photoanode for PEC ethanol oxida-
tion, in which they mainly investigated the effect of gold nanopar-
ticles on hydrogen production.® The main product for PEC
ethanol oxidation was acetaldehyde, and the process prevailed
over the reaction of complete ethanol reforming to afford CO,.
An Au-modified TiO, nanotube array was first evaluated as a
photocatalyst, and the selectivity of the reaction to acetaldehyde
was remarkably high (98%), suggesting a good example of solar-
driven chemistry. The group further designed it into a PEC cell,
and the Au-modified TiO, nanotube array showed 1.5-fold higher
H, production in the presence of ethanol compared with that of
the bare TiO, nanotube array without gold nanoparticles.
Boltersdorf et al. studied the adsorption and desorption char-
acteristics of ethanol and its intermediates as a key factor in im-
proving the selectivity of the product with gold—palladium (Au—
Pd) bimetallic nanostructure catalysts.[85] They reported efficient
PEC ethanol oxidation into acetaldehyde and CO, atlow tempera-
tures with Au-Pd nanoparticles on TiO, supports. Au nanostruc-
tures are known to exhibit localized surface plasmon resonance
(SPR), which promotes the generation of hot electrons for cat-
alytic reactions. By constructing an Au-Pd alloy, the generated
hot electrons could flow to the surface of Pd, which acts as an
active center for reactions, specifically ethanol oxidation, to par-
ticipate in the reaction. For photocatalytic ethanol oxidation, the
core-shell structure Au—Pd alloy with 10% Pd showed the highest
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acetaldehyde production with 1.06 pmol g catalyst, but product
analysis for PEC ethanol oxidation was not available.

Yuan et al. reported highly selective PEC ethanol oxidation
to acetaldehyde with nearly 100% selectivity with an a-Fe,O,
photoanode and revealed the reaction mechanism by operando
spectroelectrochemistry.[®] In detail, photogenerated holes in a-
Fe, 0, during PEC ethanol oxidation and acetaldehyde oxidation
were investigated using operando spectroelectrochemical pho-
toinduced absorption spectroscopy (PIA) and transient photocur-
rent (TPC) techniques under quasi-steady state conditions. First,
the onset potential, which was shifted in the cathodic direction
in the presence of ethanol, suggested that a favorable hole trans-
fer pathway functions as a hole scavenger. Compared to the pho-
tocurrent in the ethanol electrolyte, the photocurrent in the ac-
etaldehyde electrolyte shows a negligible photocurrent, indicat-
ing that the PEC acetaldehyde oxidation reaction is more chal-
lenging to perform than the PEC ethanol oxidation reaction.
When the product of PEC ethanol oxidation reactions was deter-
mined, only acetaldehyde was detected with a negligible amount
of oxygen, showing highly selective acetaldehyde formation on
the a-Fe,O, photoanode. The activation barrier of acetaldehyde
oxidation (398 meV) was higher than that of ethanol oxidation
(195 meV), supporting the apparent high selectivity of acetalde-
hyde formation with the suppression of further oxidation into
other products. Overall, the sluggish acetaldehyde oxidation on
the a-Fe,0, photoanode and the 0.5 reaction order in holes due
to the high activation barrier and mass transport limited by the
surface adsorption of aldehyde molecules provided a significant
advantage for the highly selective green synthesis of acetaldehyde
by PEC ethanol oxidation.

3.1.3. Glycol

Ethylene glycol (EG), the simplest glycol, is an important or-
ganic chemical intermediate used in a vast number of indus-
trial processes, such as energy, plastics, and automobiles. Ow-
ing to the unique and versatile applications of EG, a variety of
catalytic and noncatalytic chemical systems have been studied
to synthesize EG, particularly by reaction processes from fossil
fuels and resources from biomass.[¥”) PEC oxidation of EG has
recently gained interest from researchers who are seeking effi-
cient strategies to recycle polyethylene terephthalate (PET) plas-
tic wastes to useful products. This is because PET plastic can
be easily hydrolyzed to release water-soluble ethylene glycol and
terephthalic acid monomers.[#8#%] A PET upcycling process using
PET hydrolysis toward value-added chemicals has been success-
fully achieved by nonnoble metal-based electrocatalysis,**°! and
some have also reported using PEC reactions, which will be in-
troduced.

Lin et al. reported nickel-phosphorous nanospheres (nanoNi—
P) prepared by facile electrosynthesis that was efficient in hydro-
gen generation and reforming PET.®?] By examining the elec-
trochemical characteristics of the activity of the nanoNi-P elec-
trode, the oxidation of EG was found to be involved in the elec-
trochemical formation of active NIOOH species. Higher amounts
of active NiOOH sites led to increased activity for EG oxidation,
and P played an important role in reserving the active NIOOH
species. Electrocatalytic EG oxidation on a nanoNi-P electrode
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Figure 4. a) The production rate of formate (Rgymate) and corresponding FEg, s at nanoNicy) and nanoNi-Pop(c\Q from CPE. CPEs were performed
]

at 1.5 V versus RHE in the deaerated KOH solution (1.0 m) containing EG (0.1 m). Reproduced with permission.[®

Copyright 2021, Elsevier. b) LSV

curves of the Fe,O3-xNi (x=0, 5, 10, and 20) photoelectrodes. The data were collected in T M KOH solution with (solid lines) and without (dash-dotted
lines) the presence of 50 x 10”3 m PET hydrolysate. c) Concentration of the generated formic acid and the corresponding FE of Fe,O;—10Ni at different
applied biases of 1.1, 1.2, and 1.3 V versus RHE. Reproduced with permission.[®3] Copyright 2022, American Chemical Society.

prepared in the presence of hypophosphite after cyclic voltam-
metry (CV) activation (nanoNi-P,,cy,) generated formate as a
product with nearly 100% FE (Figure 4a). The nanoNi-P elec-
trode was further integrated onto a TiO, nanorod (nanoTiO,)
photoanode to explore the characteristics of PEC EG oxidation.
The photocurrent response of nanoTiO,|nanoNi—P was approxi-
mately five times higher than that of bare nanoTiO, at a potential
of 0.4 V versus RHE and exhibited a lower photocurrent onset
potential by approximately 200 mV. As a result, the formic acid
yield of nanoTiO,|nanoNi—P was 2.1 pmol cm~2 h~! with an FE of
57.2% at 0.5 V versus RHE, whereas the bare nanoTiO, showed
only 0.3 pmol cm™2 h! formic acid yield with an FE of 27.0%.
The relatively low FE of PEC EG oxidation compared to EC EG
oxidation occurred because the small loading amount of nanoNi—
P on nanoTiO, could not fully cover nanoTiO,, thus revealing the
bare nanoTiO, surface to EG.

Li et al. proposed a new working mechanism for the se-
lective oxidation of EG to formic acid on an Fe,O,/Ni(OH),
photoanode.[®*] The Ni(OH), cocatalyst was capable of efficiently
converting EG into desired chemicals and modulating the oxi-
dation abilities of the photogenerated holes to prevent overoxida-
tion into valueless CO,. The Ni(OH), cocatalyst was loaded on the
Fe, O, photoanode by a facile hydrothermal treatment, in which
the samples were named Fe,0;-xNi (x =0, 5, 10, and 20) depend-
ing on the Ni?* concentrations of the precursor, and the PEC per-
formances were evaluated in a 1 m KOH electrolyte in the pres-
ence and absence of 50 x 10~ M PET hydrolysate. The photoanode
with Ni(OH), cocatalysts exhibited critically enhanced photocur-
rent density with an ~#300 mV lowered onset potential in the pres-
ence of PET hydrolysate in the electrolyte (Figure 4b), whereas
the PEC performance of the bare Fe,O, photoanode showed lit-
tle difference with the introduction of the PET hydrolysate; thus,
the key factor for the PEC oxidation of EG was the Ni(OH), cocat-
alyst. The Fe, O, photoanode with an adequate decorated amount
of Ni(OH), cocatalysts showed an FE of nearly 100% for formic
acid at 1.2 V versus RHE. Additionally, similar PEC performances
in different concentrations of PET hydrolysate demonstrated that
the Fe,0,/Ni(OH), photoanodes are promising for PEC catalysis
of PET waste plastics. Based on the results, researchers proposed
that the Ni?* /Ni** redox couple is responsible for the selective ox-
idation of PET hydrolysate. Ni** species were oxidized by the pho-
togenerated holes from the Fe,O; photoanode to the higher va-
lence of Ni** and were reduced back to the Ni?* state after oxida-
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tion of EG into formic acid. This was different in the conventional
PEC water oxidation reaction, in which Ni** species are contin-
uously oxidized into Ni** to provide active sites for the reactions
to take place. Therefore, the Ni(OH), cocatalyst effectively mod-
ulated the oxidation ability of the photogenerated holes to stop
EG from further overoxidizing into CO, and exhibited high se-
lectivity toward formic acid. Recently, the same group integrated
the Fe,0,/Ni(OH), photoanode with an ultrathin TiO,, interlayer
to increase the photocurrent density by improving the photo-
generated charge carrier kinetics and to exhibit long-term stabil-
ity for upcycling PET plastic wastes.[’ The optimal photoanode
achieved an average formic acid yield of 0.277 mol m~2 h~! and
maintained a high FE of 95% toward formic acid with a negligible
amount of glycolic acid intermediate produced (Figure 4c).

3.1.4. Glycerol

Glycerol, a main byproduct of biodiesel, has gained attention
due to the favorable applications of its oxygenated compounds,
such as aldehydes, ketones, and carboxylates.[*>=’] Owing to its
three hydroxyl groups, glycerol can be oxidized into many dif-
ferent valuable products, such as 1,3-dihydroxyacetone (DHA),
glyceraldehyde (GLD), and formic acid. DHA is widely used in
the pharmaceutical, fine chemical, cosmetic, and food industries,
and commercially, DHA is mainly produced by microbial fer-
mentation processes.®1% On the other hand, GLD is an in-
dustrially important chemical that is used in the preparation of
adhesives and polyesters and is also used in the pharmaceuti-
cal industry to synthesize antibiotics and anticancer drugs.[*!]
Accordingly, the main two products with the highest value are
DHA and GLD, which have market prices of 150 USD kg! and
~40 USD kg, respectively, whereas the market prices for crude
and refined glycerol are only 0.11 USD kg' and 0.66 USD kg™,
respectively.'21%] Thus, oxidizing glycerol into DHA is desired
in economics, but it is challenging to acquire both selectivity and
kinetics; therefore, selective oxidation toward certain products
other than DHA is equally important. Some papers on the PEC
glycerol oxidation for the production of value-added chemicals
are summarized in Table 1.

PEC oxidation of glycerol results in the production of DHA
and GLD depending on which hydroxyl group of glycerol partic-
ipates in the oxidation process. Oxidation of the middle hydroxyl
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Figure5. Schematicillustration of two different glycerol oxidation reaction
pathways depending on which hydroxyl group is activated.

group results in the formation of DHA, whereas the oxidation
of the terminal hydroxyl group results in the formation of GLD
(Figure 5).

Further oxidation of DHA or GLD is known to produce formic
acid as a liquid product and CO, as a gas product. As men-
tioned in the previous sections, formic acid is also a valuable
product; therefore, researchers have also reported glycerol oxi-
dation to formic acid with high selectivity and FE. Nascimento
et al. evaluated the PEC reforming of glycerol aqueous solutions
with Bi, WO, photoanodes under different pH conditions.!'%] Re-
cent studies have shown that Bi, WO, photocatalysts can selec-
tively convert glycerol into DHA, triggering the desire to broaden
the use of Bi,WO, photocatalysts in PEC cells to overcome the
disadvantages of photocatalysis, such as low reaction rates and
low quantum efficiencies.['””l However, glycerol and its oxida-
tion products remained strongly adsorbed on the Bi,WO, sur-
face, showing poor desorption and leading to a high selectivity
of formic acid. The highest selectivity to formic acid (88%) was
found in the pH 4 electrolyte with an initial glycerol concentra-
tion of 10% v/v under 1.30 V versus RHE with 120 mW cm™2
irradiation. Wang et al. modified 1D Ta;N; nanoarrays with 2D
trimetallic CoNiFe-LDH nanosheets as a novel integrated pho-
toanode and examined its PEC glycerol oxidation properties.!1%!
The integration of trimetallic CoNiFe-LDH nanosheets featured
increased specific surface active sites, promoted hole extraction,
and improved charge separation efficiency. Nearly 100% FE for
formate production was achieved in the first 30 minutes, which
slowly decreased to 60% after 120 min due to the partial oxidation
of formate and the competitive water oxidation reaction.

To gain high selectivity toward other valuable products, DHA
and GLD, researchers have tried to engineer electrodes to pre-
vent overoxidation to formic acid or CO,. Liu et al. synthesized
porous BiVO, nanoarrays for the selective oxidation of glycerol
to DHA with a selectivity of 51% in acidic media accompanied
by other products such as formic acid and glyceric acid.'®] The-
oretical calculations suggested that the high selectivity of DHA
occurred because the adsorption of the hydroxyl group on the
middle carbon was more stable than that on the terminal car-
bon (Figure 6a). Furthermore, an acidic environment also helped
suppress the reaction toward acid products, preventing the con-
sumption of DHA and the production of formic acid.!'!
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Cocatalysts that are beneficial to the selectivity to middle hy-
droxyl oxidation were often integrated or doped onto photoan-
odes to improve DHA selectivity. Sun et al. synthesized Au
nanoparticles supported by polymeric carbon nitride (p-C;N,)
nanosheets for selective PEC oxidation of glycerol to DHA.['!1I
Here, Au exhibited moderate affinity for the middle hydroxyl
group of glycerol, which favors selectivity toward DHA. More-
over, Au is a material with an outstanding localized surface plas-
mon resonance effect, showing enhanced PEC kinetics. The p-
C;N, semiconductor with a 2D morphology effectively generated
electron—hole pairs owing to its unique electronic structure. As a
result, integrating Au on p-C;N, provided a high turnover fre-
quency (TOF) value toward DHA of 4617 h™' with a DHA se-
lectivity of 53.7% at 1.0 V versus RHE. The adsorption energies
of the middle and terminal hydroxyl groups on the Au/p-C;N,
photoanode were calculated to be —1.42 eV and —1.27 eV, respec-
tively, indicating that Au showed an affinity for adsorption on the
middle hydroxyl group, supporting the high DHA selectivity. Luo
et al. prepared Bi,O, nanoparticles supported on TiO, nanorod
arrays (Bi,0,/TiO,) for PEC glycerol oxidation to DHA with high
selectivity.'!] Experimental data combined with theoretical stud-
ies showed that Bi,O, preferred to interact with the middle hy-
droxyl group of glycerol to facilitate the selective oxidation of glyc-
erol to DHA. Cooperating Bi, 0, with TiO, enhanced the optical
absorption, and the formed p—n junction promoted charge trans-
fer, resulting in improved photocurrent density. The Bi,0,/TiO,
photoanode exhibited excellent DHA selectivity of 75.4% at 1.0 V
versus RHE compared with the pristine TiO, photoanode, which
showed a lower DHA selectivity of 22.3% (Figure 6b).

In an effort to improve the production rates of PEC glycerol
oxidation, Tang et al. constructed a photoanode based on metal-
organic framework-derived N-doped carbon TiO, /CsPbBr,/TiO,
nanorods (MOF-derived TiO,(N-C)/CPB/TiO, NRs).['"3] The N-
doped carbon (N-C) layer was regarded as the carrier transport
channel that enhanced the charge transfer property to the system,
increasing the carrier separation capability. The photogenerated
electrons within CsPbBr; and TiO, were easily transferred to the
TiO, nanorods through the N-C layer (Figure 6c). The TiO,(N-
C)/CPB/TiO, NR photoanode showed a superior photocurrent
density of 4.5 mA cm™ at 1.2 V versus RHE in the presence of
glycerol compared with that of the bare TiO, photoanode, which
showed a photocurrent density lower than 1.5 mA ¢cm~2. More-
over, the main products of PEC glycerol oxidation were DHA and
GLD, with the highest total production rate of ~425 mmol m~?
h=! at 0.8 V versus RHE. Miao et al. reported a surface active
oxygen engineering method through activation of NiCo layered
double hydroxide (NiCo-LDH-Act) to increase surface oxidation
reactions.['™] The activation process significantly increased the
lattice oxygen content, which was attributed to the dehydrogena-
tion of the hydroxyl group to expose the active oxygen on the LDH
surface (Figure 6d). By integrating NiCo-LDH-Act on BiVO,, hole
transfer was promoted at the semiconductor/cocatalyst interface,
and the surface reaction kinetics were accelerated, reaching a
maximum DHA selectivity of 41.93% and a production rate of
20.5 umol cm=2 h=! at 1.4 V versus RHE (Figure 6e).

Vo et al. studied the effects of different crystallographic facet
dependence of PEC glycerol oxidation on a BiVO, photoanode
(Figure 7a).'"] The product yield for {010}-dominated BiVO,
({010}-BVO) was twofold greater than the amount obtained for
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produced with permission.['12] Copyright 2022, American Chemical Society. c) Schematic illustration of the light-harvesting and carrier separation mech-
anism in the MOF-derived TiO, (N-C)/CPB/TiO, NR photoanode. Reproduced with permission.['13] Copyright 2021, Elsevier. d) High-resolution XPS
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LDH-Act photoanode at different potentials within 1 h. The products include DHA, GLD, formic acid, and others. Reproduced with permission.!'4]

Copyright 2023, Elsevier.

{121}-dominated BiVO, (r-BVO). {010}-BVO held a DHA se-
lectivity of approximately 60%, which was slightly higher than
that of r-BVO with a DHA selectivity of 45% (Figure 7b). The
mechanistic study demonstrated that the middle hydroxyl group
of glycerol could adsorb more on {010}-BVO than on r-BVO.
Ouyang et al. also studied the effect of controlling the facet ex-
posure on the selectivity for PEC glycerol oxidation with a WO,
photoanode.[''®] Upon illumination in the presence of glycerol,
the photocurrent density of WO, with {202} facets (WO, {202})
reached 3.52 mA cm™? at 1.23 V versus RHE, which was over 2
times higher than that of WO, with {200} facets (WO, {200}).
Interestingly, the GLD production rate of WO, {202} (462 mmol
m~* h™!) was 2.7 times higher than that of WO, {200}, with an
outstanding GLD selectivity of 80% (Figure 7c). Theoretical calcu-
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lations suggested that both photoanodes preferred the absorption
of the terminal hydroxyl group of glycerol rather than the middle
hydroxyl group, leading to the formation of GLDs (Figure 7d). Ad-
ditionally, the lower barrier for the uphill product desorption on
WO, {202} compared with WO, {200} supported the inhibition
of overoxidation and higher GLD selectivity.

PEC glycerol oxidation is reported to occur predominantly via
hydroxyl radicals, which show strong oxidation potentials to ef-
fectively oxidize glycerol.''”] However, overoxidation can occur,
resulting in the production of lower value chemicals. Liu et al.
explored the mechanism by which selective PEC glycerol oxida-
tion occurs on Ag nanoparticle-supported layered double hydrox-
ide sheets on TiO, (Ag@LDH@TiO,) by mediating the oxidiz-
ing capability of surface-bound hydroxyl radicals.'!®] The LDH

© 2023 Wiley-VCH GmbH
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Figure 7. a) XRD pattern of r-BVO and {010}-BVO. b) Product concentration of the PEC glycerol oxidation reaction (GOR) over {010}-BVO and r-
BVO after running the GOR for 2 h. Reproduced with permission.lI'"] Copyright 2020, Elsevier. c) Production rate of oxidation products over WO,
{200} and WO; {202} photoanodes at 1.2 V versus RHE with 1 m glycerol (pH = 2). Products include glyceraldehyde (GLAD), DHA, formic acid (FA),
and glycolic acid (GCA). d) Energy profiles of glycerol oxidation on WO, at {200} (orange) and {202} facets (blue). Reproduced with permission.!11®]
Copyright 2020, American Chemical Society. e) Schematic illustration of PEC glycerol oxidation to DHA using the MP-BiVO, photoanode. Reproduced

with permission.['2'] Copyright 2023, Wiley-VCH.

at the photoanode surface confined the surface-bound hydroxyl
radicals by hydrogen-bonding interactions, exhibiting a DHA se-
lectivity of 72% at 1.2 V versus RHE, which is higher than that
of pure TiO, (23.5%). Yu et al. investigated the enhancement in
the PEC glycerol oxidation ability and stability of a monoclinic
WO, catalyst for the selective production of C; products, such as
GLD and DHA.I"" Similar to previous research, hydroxyl rad-
icals were expected to lead to more oxidized products, such as
formic acid or CO,. Here, the relatively higher PEC water oxida-
tion activity shown by monoclinic WO, favored the consumption
of adsorbed hydroxyl radicals for oxygen evolution, thus prevent-
ing overoxidation and increasing the selectivity toward C, prod-
ucts. The proposed monoclinic WO, exhibited a GLD selectivity
of approximately 65% at 0.6 V versus Ag/AgCl, which was higher
than that of the commercial WO, /TiO, photoanode (49%).

Gu et al. constructed a microfluidic architecture with 3-D mi-
croflow channels constructed with WO, /TiO, heterostructures
on porous carbon fibers.'] Due to the enhanced diffusion of
glycerol molecules and their intermediates, the microfluidic plat-
form not only exhibited high activity over a wide range of po-
tentials (0.6-1.2 V versus RHE) but also inhibited the overoxi-

Small Methods 2023, 2300315

2300315 (11 of 23)

dation of glycerol with a joint DHA/GLD selectivity of 85%. Re-
cently, our group designed a porous BiVO, photoanode with an
enhanced Mie scattering effect, which significantly reduced the
reflectivity to near zero.!"?!l Mie scattering occurs when the parti-
cle size is close to the wavelength of the incident light. Therefore,
BiVO, photoanodes were further treated to gain a large pore size
of 512 nm, which is equivalent to the incident light. Due to the en-
hanced light absorbability by the Mie scattering effect (Figure 7e),
the production rate of DHA by PEC glycerol oxidation was sig-
nificantly improved to 325.2 mmol m~2 h™!, which was nearly
twofold higher than that of bare BiVO, (186.3 mmol m~2 h1).
The high selectivity toward DHA (53.7%) was ascribed to the eas-
ier adsorption of the middle hydroxyl group of glycerol caused by
strong electrostatic attraction between Bi** and the oxygen of the
hydroxyl group.

Although most of the works reported DHA, GLD, and formic
acid as the main products for PEC glycerol oxidation, some re-
ported other chemicals as their main products. Lee et al. fab-
ricated a cobalt-doped ZnO photoanode for selective PEC glyc-
erol oxidation to glyceric acid.['??! The introduction of cobalt im-
proved the photocatalytic ability by enhancing the accessibility of

© 2023 Wiley-VCH GmbH

d ‘0 ‘809699€T

:sdny wouy

ASUOIT SuOWWO)) dANLI) d[qeordde oYy Aq PaUIdA0S 1e SIONIR Y 3N JO SA[NT 10] AIRIQIT AUIUQ A3[IA UO (SUONIPUOD-PUR-SULIA)/WOD K[1M" AIRIQI[2UI[UO//:SANY) SUONIPUOD) pue SWID, 3Y) 38 *[£270T/60/8T] U0 A1eIqrT auruQ A31py ‘Npauoioud AIeIqi @19quat-<IA[oqqIyss> AQ S1E00ETOT PIWS/Z001 01/10p/Wod" K[IMm"



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

glycerol to the surface with a photocurrent density of 0.51 mA
cm™2 at 1.1 V versus RHE, which was significantly higher than
that of the bare ZnO film (0.19 mA cm™2) and produced glyceric
acid as the main product. Wu et al. introduced a tungsten-doped
BiVO, electrode combined with a nickel (oxy)hydroxide cocata-
lyst for the PEC oxidation of glycerol.l'?3! By oxidizing glycerol in
amild alkaline media (pH =9.3), glycolaldehyde was observed for
the first time in PEC glycerol oxidation, which was proposed to
form from isomeric DHA/GLD species through C-C bond cleav-
age with a release of one equivalent amount of formic acid.

3.1.5. Benzyl Alcohol

Benzyl alcohol is an organic compound that consists of a pri-
mary alcohol with an aromatic ring and is easily found in natural
sources, such as plants, fruits, and biomass. Although it contains
an aromatic ring, benzyl alcohol is a polar molecule that can be
dissolved easily in water. In terms of the PEC process, benzyl alco-
hol can be oxidized at the photoanode to produce benzaldehyde or
benzoic acid, as shown in Table 2. Moreover, various derivatives of
benzyl alcohol can be upgraded by a similar oxidation process at
the photoanode, such as 4-methylbenzyl alcohol, 4-fluorobenzyl
alcohol, and 4-chloro-1-phenyl-1-propanol. PEC oxidation of ben-
zyl alcohol is among the challenges that must be solved for or-
ganic upgrading of chemicals that have aromatic rings, which
may be applicable for various purposes, such as pharmaceutical
manufacture and plastic production.

Light-driven benzyl alcohol oxidation was first reported by
Markham et al. in 1958. They reported the photocatalytic oxida-
tion of benzyl alcohol by using ZnO as a photocatalyst, and they
suggested the possible production of benzaldehyde.[!?* After
that, photocatalytic benzyl alcohol oxidation was reported several
times, while PEC benzyl alcohol oxidation was reported for the
first time in 2014 by Song et al.l!? They prepared a dye-sensitized
photoelectrosynthesis cell (DSPEC) consisting of a Ru-based dye
coated on the surface of a nanoITO/TiO, core/shell structure
(Figure 8a). The working principle of the dye-sensitized photoan-
ode demonstrated that coloading of ruthenium polypyridyl chro-
mophore and [Ru(Mebimpy)((4,4’-(OH),PO-CH),bpy)-(OH,)]**
catalyst enabled active catalytic species of [Ru(Mebimpy)((4,4'-
(OH),PO-CH,),bpy)-(O)]?>*, while the optimized condition of
DSPEC showed 37.1% FE and a sustained absorbed photon
to current efficiency (APCE) of 3.7% for benzyl alcohol dehy-
drogenation. Similar to Song’s work, Bai et al. reported PEC
benzyl alcohol oxidation with a Ru catalyst-decorated hematite
photoanode.['?6] The PEC performance of the optimized pho-
toanode showed remarkable enhancement in both onset poten-
tial and photocurrent density after decoration with the dye. Per-
formance enhancement was observed again when benzyl alco-
hol was added to the electrolyte. The photoanode achieved 82%
FE with a 31.6% vyield of benzaldehyde production with the opti-
mized Ru catalyst.

The reaction mechanism of PEC benzyl alcohol oxidation was
proposed in some papers.['?128] Zhou et al. reported selective
PEC benzyl alcohol oxidation by using a Bi,MoO,@TiO,NTA
photoanode.[*?’] Tt was found that the Lewis acid site of Mo atoms
in Bi,MoO; can efficiently adsorb benzyl alcohol, which con-
tains a lone pair of electrons in the hydroxyl group and then ox-
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idizes benzyl alcohol to an active anion (*C H;—CH,OH"), as
presented in Figure 8b. Furthermore, nearby Lewis base sites
in Bi,MoO adsorb 0,- radicals, which finally oxidize *C H,—
CH,OH" into benzaldehyde. As mentioned by Zhou et al., the
Lewis base of the hydroxyl group in benzyl alcohol provides lone
pair electrons that enable adsorption on the catalytic surface. This
was of interest because most aromatic compounds are difficult
to apply in electrochemical systems because they are nonpolar
and they cannot easily adsorb on the catalyst surface. Luo et al.
reported PEC benzyl alcohol oxidation by using bismuth vana-
date (BVO) decorated with ultrathin layered double hydroxide (U-
LDH) and graphene (G), namely, G@U-LDH@BVO.['?8] They
compared two cocatalyst materials, U-LDH and Co,0O,, for ben-
zyl alcohol oxidation. Interestingly, G@ U-LDH@BVO showed
continuous benzaldehyde selectivity over 60 C of charge passed,
while G@Co;0,@BVO showed degradation of selectivity after
some time. Thus, Fourier transform infrared spectroscopy (FT-
IR) was carried out to investigate the chemicals adsorbed on the
Co,0, and U-LDH surfaces. They found that the FT-IR spectra of
Co,0, showed C=0 and -CHO bonding at 1684 cm™" and 1204
cm™!, respectively, while no peaks appeared in U-LDH, demon-
strating that Co;0, suffers from slow desorption of intermedi-
ates formed during the oxidation reaction from benzyl alcohol to
benzaldehyde, while U-LDH exhibited superior desorption prop-
erties to enable high stability over time (Figure 8c). By combin-
ing the results of electron spin resonance (ESR), isotope labeling
experiments, and FT-IR, the researchers proposed the reaction
mechanism of benzyl alcohol oxidation to benzaldehyde on the
catalyst surface. As shown in Figure 8d, the hydroxyl group of
benzyl alcohol is first adsorbed on the LDH surface, followed by
conversion into carbon-centered radicals. After that, ¢OH radi-
cals generated from the water activated the C-O bond to finally
produce benzaldehyde.

The hydroxyl group of benzyl alcohol allows water solubility
and adsorption on the catalyst surface, which facilitate PEC ox-
idation to aldehyde, while the aromatic part of benzyl alcohol
is less conjugated in the PEC reaction. Paradoxically, due to the
lower influence of the aromatic part on the PEC reaction, its sim-
ple derivatives are readily oxidized into aldehydes.[127:129130] Var.
ious kinds of benzyl alcohol derivatives that are capable of be-
ing used as substrate materials for PEC reactions are shown in
Figure 8e. For instance, Zhang et al. reported the PEC oxidation
of several aromatic alcohols over a TiO, /C photoanode.'*! Aro-
matic alcohols, such as benzyl alcohol, 4-methylbenzyl alcohol,
4-fluorobenzyl alcohol, and 1-phenyl-1-propanol, showed 100%
aldehyde selectivity, but the production of 1-phenyl-1-propanol
was relatively lower than that of the others. The researchers
suggested that the steric hindrance of the propanol group in 1-
phenyl-1-propanol compared to the ethanol group in benzyl alco-
hol may affect the oxidation on the photoanode surface. On the
other hand, 4-methylbenzyl alcohol oxidation showed the highest
production of aldehyde compared to that of the others. A sim-
ilar result of high production of 4-methylbenzyl aldehyde was
again observed by Luo et al.'?®] Here, 4-fluorobenzyl alcohol, 4-
chlorobenzyl alcohol, 4-bromobenzyl alcohol and 4-methylbenzyl
alcohol were used as substrate materials. All substrate reactions
showed nearly similar results for the conversion, selectivity, and
yield compared with benzyl alcohol oxidation, while one remark-
able result is in the case of 4-methylbenzyl alcohol oxidation, in
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Figure 8. a) Schematic illustration of a dye-sensitized photoelectrosynthesis cell consisting of a Ru-based dye and catalyst. Reproduced with
permission.!'2%] Copyright 2014, American Chemical Society. b) PEC benzyl alcohol oxidation mechanism on the Bi,MoO@TiO,NTA photoanode
surface. The adsorption of benzyl alcohol and eO,~ radicals at Lewis acid and base sites, respectively, is presented. Reproduced with permission.['?7]
Copyright 2021, Elsevier. ) FT-IR results demonstrating adsorbed benzaldehyde species on Co;O4 and U-LDH after reaction. d) Oxidation mechanism
of benzyl alcohol to benzaldehyde on the G@U-LDH@BVO photoanode. Reproduced with permission.['28] Copyright 2020, American Chemical Soci-
ety. ) Chemical structures of various kinds of benzyl alcohol derivatives. (1) Benzyl alcohol, (2) 4-methylbenzyl alcohol, (3) 4-fluorobenzyl alcohol, (4)

4-chlorobenzyl alcohol, (5) 4-nitrobenzyl alcohol, (6) 4-methoxybenzyl alcohol, (7) 4-(trifluoromethyl)benzyl alcohol.

which its conversion and yield are slightly larger than that of
the others. They demonstrated that the electron-donating groups
rather than electron-withdrawing groups favored the reactivity
of aromatic alcohols, which resulted in higher production of 4-
methylbenzyl aldehyde than that of the others.

Recently, among various kinds of organocatalysts, (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl, namely, TEMPO, has drawn at-
tention because of its attractive catalytic property, in which
TEMPO can selectively oxidize alcohol into aldehyde. The spe-
cial selectivity of TEMPO originates from its stable aminoxyl rad-
ical, while the stability of this aminoxyl radical is secured by
the surrounding four methyl groups providing steric protection.
TEMPO-driven alcohol-to-aldehyde oxidation occurs in a catalytic
cycle(Figure 9a). Briefly, the aminoxyl group in TEMPO is con-
verted to an oxoammonium group by an oxidant. Then, the ad-
jacent alcohol releases the proton in the hydroxyl group, while
the oxygen bonds with the nitrogen at the oxoammonium group.
Furthermore, the oxygen at the oxoammonium group takes the
proton from the alcohol group, thereby producing an aldehyde.
Then, the remaining hydroxylamine group is converted to an
oxoammonium group by an oxidant again. The oxidant for the
catalytic cycle of TEMPO can be alternated by the hole transferred
from the light-absorbed photoanode in PEC cells, and this is how
the PEC TEMPO system converts alcohol to aldehyde.

Zhuang et al. reported PEC benzyl alcohol by using a
poly(perylenecarboxylate) (PPCA) thin film photoanode with
TEMPO in the electrolyte.['*!) The PPCA photoanode showed a
relatively low photocurrent density of 5.36 pA cm™2 at 0.6 V versus
Ag/AgCl, while the addition of TEMPO to the electrolyte helped
increase the photocurrent density up to 18.35 pA cm™ at the
same potential (Figure 9b). The researchers suggested that the
photogenerated holes in the PPCA thin film moved to the surface
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and oxidized the TEMPO radicals into oxoammonium interme-
diates. After that, the generated oxoammonium intermediates fi-
nally oxidized benzyl alcohol to benzaldehyde (Figure 9c). McMil-
lan et al. developed a BiVO, photoanode for TEMPO-mediated
benzyl alcohol oxidation, and a schematic illustration of the sys-
tem is presented in Figure 9d.[1*2] BiVO, is a well-known n-type
PEC material with favorable band alignment and light absorp-
tion properties over the visible light region. Owing to its prop-
erties, the photocurrent density reached 0.28 mA cm=2 at 0.3 V
versus SCE, and the FE for benzaldehyde formation was approx-
imately 85%. More interestingly, the addition of pyridine into
the electrolyte significantly increased the FE from 44% to 85%
(Figure 9e). Pyridine is known as a hole transfer molecule applied
in organic photovoltaics and perovskite solar cells. In this paper,
pyridine may transfer holes from the BiVO, surface to TEMPO
while reducing unwanted hole consumption at the BiVO, sur-
face, resulting in increased selectivity for benzyl alcohol oxida-
tion.

To improve the light absorption property of TEMPO-assisted
photoanodes, the dye sensitization method has been applied
recently.[13313] Most dyes are not stable in aqueous media, es-
pecially for dye-sensitized photoanodes, which is the first hurdle
that must be overcome. Therefore, most dye-sensitized TEMPO-
assisted PEC cells were developed in organic electrolytes such
as acetonitrile. Nikoloudakis et al. reported a zinc porphyrin
sensitizer-decorated TiO, photoanode for DSPEC benzyl alco-
hol oxidation.!"*}] They compared the PEC benzyl alcohol oxida-
tion performance in both aqueous and organic electrolytes. In
an aqueous electrolyte, the leaching of the photocatalyst from
the TiO, electrode was the main activity that hindered the pho-
toanode’s performance. In the organic electrolyte, porphyrin dye
degradation was the major cause of photoanode degradation.
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Figure 9. a) Reaction mechanism of TEMPO-assisted alcohol to aldehyde oxidation. Reproduced with permission.['3¢] Copyright 2018, Elsevier. b)
Comparison graph of photocurrent density at 0.6 V generated from benzyl alcohol oxidation using the PPCA photoanode. c) Schematic illustration
of TEMPO-mediated PEC benzyl alcohol oxidation using a PPCA photoanode. Reproduced with permission.[’*'l Copyright 2020, American Chemical
Society. d) Schematic illustration of TEMPO-mediated PEC benzyl alcohol to benzaldehyde oxidation using BiVO, and pyridine as a photoanode and
redox mediator, respectively. €) J-V curve of the BiVO, photoanode. The PEC performance of BiVO, is the highest when TEMPO and pyridine are
used for benzyl alcohol oxidation. Reproduced with permission.['32] Copyright 2022, Wiley-VCH. f) Schematic illustration of two different approaches
of benzyl alcohol oxidation using TEMPO-assisted AP11 dye-sensitized PEC cells: a) heterogeneous approach, b) homogeneous approach. Reproduced
with permission.[134] Copyright 2021, The Royal Society of Chemistry.
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Figure 10. a) Reaction pathways for HMF oxidation to FDCA. b) LSV
curves under AM1.5G illumination for BiVO,/CoPi-30 under various elec-
trolyte conditions. ¢) HMF conversion efficiency and product yields for
BiVO,/CoPi-30 photoelectrodes at 0.64 V versus RHE with illumination.
Reproduced with permission.['*!l Copyright 2019, Wiley-VCH.

Additionally, they found that anchoring TEMPO with zinc por-
phyrin makes recovery of the catalytic system much easier.
With respect to anchoring TEMPO to the dye, Bruggeman
et al. compared homogeneous and heterogeneous benzyl alco-
hol oxidation by PEC cells.[3* They used TiO, sensitized with
thienopyrroledione-based dye AP11 as a photoanode and com-
pared the PEC performance when TEMPO was immobilized
to the dye with the performance when it was not immobilized
(Figure 9f). Interestingly, the immobilization of TEMPO demon-
strated an insufficient ability to mediate electron transfer from
the substrate to the dye, which resulted in poor stability. In ad-
dition, a homogenous approach that enabled efficient electron
transfer mediated through the substrate to the dye showed better
light-driven benzyl alcohol oxidation performance and was stable
over 32 h of operation.

3.2. Complex Hydrocarbons
3.2.1. 5-Hydroxymethylfurfural

5-hydroxymethylfurfural (HMF), which is obtained from the de-
polymerization of cellulosic biomasses, is regarded as a key
intermediate that can undergo further conversion to gener-
ate industrially important and valuable compounds.[**”] For ex-
ample, following the reaction pathway in Figure 10a, HMF
with a market price of 1.03 USD kg' can be oxidized to 2,5-
furandicarboxylic acid (FDCA) with an extremely high market
price of 306 USD/kg, which serves as a monomer to produce
useful polymers such as polyethylene terephthalate, polyethy-
lene furanoate, polypropylene furan-dicarboxylate, or polybuty-
lene furan-dicarboxylate.'*3!*] Conventionally, high tempera-
ture, high-pressure O,, alkaline conditions (pH >13) and the use
of precious-metal catalysts were needed, but after the pioneering
work of Cha and Choi, it was found that PEC oxidation of HMF
under ambient conditions resulted in its complete conversion
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to FDCA, which triggered research toward efficient PEC HMF
oxidation.'*) And recent works on PEC HMF oxidation to pro-
duce value-added chemicals are summarized in Table 3.

As mentioned, Cha et al. were the first to demonstrate 6-
electron PEC HMF oxidation to FDCA, as shown in Equation 15.
Using BiVO, as the photoanode and TEMPO as a mediator, a low
onset potential of 0.32 V versus RHE was achieved, and an almost
complete conversion of HMF to FDCA was observed after 40 C
of charge passed, with an FDCA FE of 93%. These results sug-
gested that TEMPO-mediated HMF conversion is kinetically and
thermodynamically more favorable than water oxidation. The si-
multaneous enhancement in value, efficiency, and utility of the
anodic reaction suggested TEMPO-mediated HMF oxidation as
a viable alternative to OER.

HMF + 60H" — FDCA + 4H,0 + 6¢" (15)

Chadderdon et al. applied cobalt phosphate (CoPi), a widely
known OER cocatalyst, to a BiVO, photoanode.'*!l Contrary to
the presumable assumption that CoPi favorably promotes OER
over TEMPO oxidation, Chadderdon et al. suggested that CoPi
alleviates back reduction of oxidized TEMPO and the resulting
recombination losses. As a result, the onset potential decreased
and the photocurrent was enhanced, allowing the BiVO,/CoPi
photoanode to achieve an 88% yield of FDCA at 0.64 V versus
RHE (Figure 10b,c).

Although TEMPO-mediated HMF oxidation is promising, the
presence of TEMPO makes it challenging to separate the product
and hinder visible light absorption of the photoanode via para-
sitic absorption. To overcome these drawbacks, Lhermitte et al.
utilized a WO, photoanode to realize mediator-free direct PEC
HMF oxidation.'*?] Owing to the highly oxidizing valence band
maximum (VBM) and poor OER selectivity of WO;, the onset
potential was reduced by 100 mV, and the photocurrent was in-
creased by 26% to 1.52 mA cm ™2 by a simple addition of HMF. Af-
ter along-term PEC operation of 64 h, 2,5-furandicarboxaldehyde
(DFF) was the major product with a 4% yield, while the FDCA
yield was limited to < 1%, showing that oxidation of hydroxyl
groups is kinetically favorable on the WO, surface.

Despite the promising future of PEC HMF oxidation, their
development remains in a beginning phase, and a fundamental
knowledge of their reactive mechanism and the development of
various strategies are still highly desired for efficient and stable
operation.

3.2.2. Cyclohexane and Cyclohexene

Oxidation of cyclohexane is among the least efficient but most im-
portant reactions. Oxidation of C-H bonds in cyclohexane yields
cyclohexanone (C-one, K) and cyclohexanol (C-ol, A), the mixture
of which is known as KA oil. KA oil is an important interme-
diate chemical for manufacturing textiles, such as nylon-6 and
nylon-6,6 polymers, and possesses a higher market price (2.165
USD kg?) compared to cyclohexane (1.093 USD kg?).[142-14] In
fact, their production worldwide surpasses 200 kton per year,
which highlights the importance of cyclohexane oxidation.['#]
However, like many other hydrocarbons, the oxidation of cyclo-
hexane requires the activation of stable C-H bonds, which is
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Table 3. List of value-added chemicals produced by PEC HMF oxidation.
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Catalyst Light condition Potential Electrolyte Main product Selectivity Photocurrent Refs.
[V vs RHE] [%] [mA cm™?]
BiVO, AM 1.5G (100 mW cm~2) 1.04 V vs RHE 0.5 M borate FDCA 72 - [140]
7.5 x 10° m TEMPO
5% 103 M HMF (pH 9.2)
CoPi/BiVO, AM 1.5G (100 mW cm~2) 0.64 Vvs RHE 0.2 m sodium borate FDCA 88 0.4% [147]
5% 10° m TEMPO
5% 103 M HMF (pH 9.2)
WO, AM 1.5G (100 mW cm2) 0.68 V vs RHE 0.1 m NaPi DFF 4 0.3-0.12b) [142]
5% 103 M HMF (pH 4)
3 Approximately estimated; ®) Photocurrent was decayed over time.
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Figure 11. a) Schematic illustration of a PEC system for cyclohexane oxidation to produce KA oil. CB, VB, and RHE indicate the conduction band, valence
band, and reversible hydrogen electrode, respectively. b) Effect of light irradiation on the PEC oxidation of cyclohexane to KA oil using a WO; electrode
under air. Reproduced with permission.["] Copyright 2018, Wiley-VCH. c) Conversion conditions of cyclohexane and the various expected products.
d) Photoelectrocatalytic conversion rate of cyclohexane and the corresponding product selectivity over TiO,-O,-T (T represents the temperature in °C)
photoanodes. e) Proposed mechanism of PEC chlorination of cyclohexane over the TiO,-O,-400 photoanode. Reproduced with permission.[*] Copyright

2021, Springer Nature.

challenging due to their high dissociation energy (438 k] mol™).
However, some recent success on electro and photocatalytic
conversion of cyclohexane into KA oil has been performed,
which provides a possibility of converting cyclohexane through
PEC.*71%8] Tateno et al. utilized a porous WO, photoanode to ox-
idize cyclohexane and produce KA oil at room temperature and
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atmospheric pressure (Figure 11a).1*) Under a tert-butyl alco-
hol (tBuOH) and HNO, mixed electrolyte, remarkable partial ox-
idation selectivity (99%) and high FE (76%) were achieved, and
the applied bias could be reduced by approximately 2 V upon il-
lumination. Notably, KA oil was produced only under illumina-
tion, and dark electrolysis conditions showed negligible KA oil
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production (Figure 11b). These results clearly demonstrated the
unique advantage of the PEC system in cyclohexane oxidation re-
actions. Although progress made in the field of PEC conversion
of cyclohexane is limited, engineering of semiconductor proper-
ties or electrolyte conditions might further enhance the produc-
tivity and selectivity of the reaction.

Along with cyclohexane, the oxidation of cyclohexene has also
received attention since the oxidation of cyclohexene can pro-
duce cyclohexenone, a versatile compound that is used for phar-
maceutical and fragrance applications. As mentioned above, Li
et al. reported the oxidation of cyclohexene along with vari-
ous other organic substrates by utilizing a BiVO, photoanode
in organic media.’* Upon adding mediators and co-oxidant
organics in MeCN containing LiClO, electrolyte to drive the
reaction, cyclohexene was successfully converted into cyclo-
hexenone with a 38% yield after 8 h. Tateno et al. introduced
N-hydroxyphthalimide (NHPI) as an electron transfer mediator,
which oxidizes to form the phthalimide N-oxyl (PINO) radical,
a useful catalyst for the abstraction of hydrogen from the C-H
bond.[*!] The NHPI/PINO mediator is advantageous for the ac-
tivation of the stable C—H bond since it possesses a much higher
oxidation potential than that of other mediators, such as TEMPO
and NHSI. Utilizing a WO,/BiVO, photoanode in MeCN con-
taining LiClO, electrolyte, the onset potential was pulled ap-
proximately 1.0 V compared to electrochemical reactions, and
constant-current photoelectrolysis at 0.1 mA cm~2 successfully
oxidized cyclohexene to cyclohexenone with an FE close to 100%.
Moreover, either alternating or removing the mediator resulted
in decreased FE, which further supported the assumption that
the NHPI/PINO mediator eliminated competing oxidation reac-
tions.

In addition to oxidation, halogenative activation of the C-H
bond can produce organic halides, a family of important chem-
icals with wide applications such as medicine, dyestuffs, and
argochemicals. Since conventional halogenation requires ther-
mal and toxic conditions and electrochemical halogenation re-
quires not only organic solvents but also a large overpotential
of 2.5 V versus RHE, PEC halogenation is a plausible candidate
for the green halogenation of organic molecules.!'>2] Using NaX
(X = Cl7, Br7, I") as the electrolyte, Li et al. demonstrated PEC
C-H bond activation over an oxygen-vacancy rich TiO, photoan-
ode, with cyclohexane as the model substrate (Figure 11c).l*!
Since photoanodes with a valence band more positive than the
oxidation potential of the halogen ions are theoretically capable
of C-H bond halogenation, various photoanodes, such as TiO,,
WO,, BiVO,, and ZnO, were investigated, and among them,
TiO, showed the highest conversion rate. H, treatment was con-
ducted to create oxygen vacancies in TiO,, and surprisingly, TiO,
photoanodes with oxygen vacancies (TiO,~0O,) showed a highly
increased conversion rate and product selectivity (Figure 11d).
Mechanistic studies suggested that the oxygen vacancies acted
as adsorption sites for halogen ions, in which they could be fur-
ther oxidized into free radicals to participate in the halogenation
process (Figure 11e). As a result, mono-halogenated cyclohexane
was successfully produced with a selectivity of 92.5% and a pro-
duction rate of 0.064 mmol cm~2 h~!. Moreover, with the help
of solar panels, a self-powered PEC system utilizing seawater as
the chlorine source was constructed, which achieved a chloro-
cyclohexane production rate of 412 pmol h~! with simultaneous
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H, production. Recent works on PEC cyclohexane oxidation and
PEC cyclohexene oxidation to produce value-added chemicals are
summarized in Table 4.

4. Conclusion and Perspectives

In this review, we summarize current advances in PEC upgrading
of organics, such as methanol, ethanol, glycol, glycerol, and com-
plex hydrocarbons including benzyl alcohol and HMF. Substitut-
ing the sluggish water oxidation reaction on the anode side with
the organic upgrading reaction to higher values while also gener-
ating larger amounts of H, with lower operating potentials makes
PEC organic upgrading a promising strategy for the production
of both value-added products and H, fuel driven by solar energy.
Although PEC upgrading of organic materials offers new oppor-
tunities for sustainable, inexpensive, and high-efficiency solar en-
ergy utilization, there still exist a number of challenges in obtain-
ing desirable products with high selectivity and yield that need to
be overcome in the near future.

First, a comprehensive understanding of each organic upgrad-
ing reaction mechanism is necessary. Similar to the case for
glycerol oxidation, in which the activation of different hydroxyl
groups led to different products, a thorough analysis of reaction
intermediates and products synthesized during the upgrading re-
action is important to realize selective PEC oxidation with high
performance. In addition, because the currently explored reac-
tants are limited, exploration of cheap carbon resources from
biomass derivatives, organic feedstocks, and plastics is needed
to broaden the field of application for the PEC organic upgrad-
ing process. Furthermore, in-depth investigation is required to
understand each reaction pathway and mechanism for different
reactants, which will help continue the advancement in design-
ing catalysts and developing reaction systems.

Second, direct capture of photoinduced charges at the
solid/liquid interface might cause an uncontrollable oxidation
pathway, causing the organic material to be overoxidized to the
corresponding acid, even CO, and H,O. Developing a direct
charge transfer pathway through oxidation agents, such as H,0,,
HCIO, and Br,, is considered a promising approach to regulating
the hole-coupled oxygen atom transfer process. For example, Li
et al. have recently demonstrated efficient benzyl alcohol oxida-
tion to benzaldehyde by boosting the formation rate of in situ pro-
duced H,0, .33 Sargent group reported the ethylene and propy-
lene epoxidations with a production selectivity of ~97% by in
situ produced HCIO at nanostructured Pd electrocatalyst.*>*] Liu
et al. realized photoelectrochemical epoxidation of alkenes with
conversion efficiency and selectivity up to 100% for bromide as an
oxidizing medium.'*! In addition to the introduction of these ox-
idation agents, free radical-mediated organic transformation re-
actions can also be referred to, as -OH, -O?~ and 'O, are probably
realized by photoinduced charges.

Third, the aqueous PEC reaction is a heterogeneous catalysis
process, and the reaction kinetics are partly dependent on the
concentration of organic substrates. The complete upgrading of
organic substrates to desirable products is hardly achieved. Inge-
nious reaction system design needs to be devoted, such as cou-
pling organic dehydrogenation with proton reduction in pure or-
ganic electrolytes.
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Table 4. List of value-added chemicals produced by PEC cyclohexane & cyclohexene conversion.

Catalyst Light condition Potential

Electrolyte

Selectivity Photocurrent Refs.
[%] [mA cm™2]

Main product

WO, AM 1.5G (100 mW cm~2) 0.5V vs CE?)

18 mL cyclohexane KA oil 76 2b) [149]

12 mL t-BuOH
2 mL HNO,

BiVO, AM 1.5G (100 mW cm=2)  0.996 V vs RHE

0.5 x 107 M cyclohexene

cyclohexenone - 1.2 [150]

MeCN
0.1m Liclo,
2% 10 m pyridine
0.2x 103 M NHS
1.5 % 10 m t-BuOOH

BiVO, /WO, AM 1.5G (100 mW cm2) -9

10 x 10° M cyclohexene

2-cyclohexene-1-one >99 0.1 [157]

MeCN
0.1wm LiClO,
10x 103 m NHPI

Ti0,-0, AM 1.5G (100 mW cm™2) 1.6V vs RHE

18.8 X 10" M cyclohexane

Chlorocyclohexane 88.6 4.6 [45]

0.5m NacCl
(PH7)

b . .
% Counter electrode; )Apprommately estimated;  Photocurrents were measured under constant-current mode.

Except for the above challenges originating from organic catal-
ysis, tuning the photoelectrode texture, including facets, com-
ponents, surface properties, and nanostructures, or introducing
well-defined cocatalysts, such as Ni-based hydroxide for alcohol
dehydrogenation, are also considered to be effective for selec-
tively regulating the thermodynamic or kinetic processes of or-
ganic upgrading toward high product yields.

Finally, designing and optimizing large-area PEC cells with in-
let and outlet streamlines is essential to improve the organic up-
grading process, especially in scaling up the system. Light ab-
sorption ability and the separation of the products are important
factors to be considered when designing PEC photoelectrodes.
Most PEC reactions on a small laboratory scale have been con-
ducted using single or H-type cells, which are still challenging
to perform due to the inability to promote productivity and ef-
ficiently separate products. In addition, different from conven-
tional water oxidizing reactions, organic reactants may have col-
ors that affect the intensity of induced light into photoanodes,
or they may exhibit high viscosity, which may show sluggish
mass transfer, resulting in lowered efficiency of the photoanodes.
Therefore, seeking suitable PEC cells designed for specific con-
ditions is required to establish PEC organic upgrading reactions
toward higher profit.

Overall, PEC organic transformation presents a tunable reac-
tion pathway, direct oxidation by photogenerated hole transfer
and indirect oxidation by various oxidant species, respectively,
which is moving toward intelligentization and miniaturization
systems to produce different target production. It is therefore ex-
pected that the PEC reaction can not only update the small or-
ganic molecular towards high-value-added chemicals but also of-
fer the chance for biomass reforming and plastic recycling. Such
efforts on photoanodes, with the simultaneous H, production at
cathodes, will have the potential to gain economic advantage and
lead to the implementation of PEC processes in the real industry
in the near future.
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