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Semiconductor photocatalysis has seen decades of development, with most attention focused on two key
elements: semiconductors and solutes. However, the third “S”"—solvents—which play a crucial role in
condensed-phase reactions, has been surprisingly largely overlooked in this field. Despite their significant
impact on chemical reactions, solvents have not received the attention they deserve in semiconductor
photocatalysis. By reviewing the historical development of this area, we argue that the limitations on solvent
selection are becoming increasingly impractical. We explore the fundamental effects that solvents have on
semiconductor photocatalysis, breaking down their complex influence into three areas: semiconductor
properties, interfacial charge transfer, and chemical reactions in the solution. This perspective highlights the
urgent need for more comprehensive and systematic research on solvent effects. Although not often the
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main focus of many studies, several examples are provided to demonstrate the importance of solvent effects.
Future research directions are also discussed. Ultimately, this review calls for a rethinking of the current
approach to semiconductor photocatalysis, emphasizing the critical role of solvents.
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Broader context

Semiconductor photocatalysis is a rapidly advancing field with widespread application in various energy and environmental initiatives. While the three “S”
components—solutes, semiconductors, and solvents—are all critical to the success of semiconductor photocatalysis, the primary focus has traditionally been
on semiconductors and solutes. The solvent, an essential element in condensed-phase reactions, has surprisingly been overlooked for an extended period. This
perspective revisits the historical development of semiconductor photocatalysis and identifies that the constraints that once limited solvent selection and the
understanding of solvent effects have become progressively outdated. It provides a comprehensive analysis of the fundamentals and summarizes key examples
that highlight the influence of solvents on semiconductor photocatalysis. By doing so, this perspective challenges the prevailing view that neglects the role of
solvents, advocating for renewed attention to these crucial aspects. In addition to addressing existing gaps in the literature, this perspective emphasizes the
challenges and opportunities that arise from gaining a deeper understanding of solvent effects.

are carried out in the liquid phase, constituting a homogeneous
continuum with multiple components. Typically, the predominant

1. Introduction

Semiconductor photocatalysis is a promising strategy to efficiently
harness inexpensive, abundant, and renewable solar energy for
chemical transformations under mild conditions."” Since the first
discovery of semiconductor electrodes, using titanium dioxide
(TiO,), for water decomposition by photoillumination in 1972,
significant progress has occurred in the development of
semiconductor-based photocatalytic systems over the past few
decades."**® It is worth noting that the majority of these systems
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component, occasionally a mixture, is referred to as the solvent,
while the minor components are termed solutes.” Serving as the
principal constituent, solvent molecules engage in mutual inter-
actions with one another and various solution species, including
reactants, transition states (surface-bonded and diffused), inter-
mediates, products, and catalyst surfaces. The intricate interplay
between solvents and these different species plays a pivotal role in
shaping their solubility and energetic states. Consequently, the
solvent choice can exert a profound impact on both the thermo-
dynamic equilibrium and the kinetics of solution and surface
chemical reactions, and eventually impact the product yield and
selectivity.'*'*

The important roles of solvents were recognized a long time
ago, as summarized by the famous ancient Greek philosopher
Aristotle (384-322 B.C.): “No Coopora nisi Fluida”, meaning
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“No reactions in the absence of solvents”.’

Opposed to the
knowledge in heterogeneous catalysis, solvent effects in photo-
catalytic systems are often overlooked and underestimated.
Despite a significant surge in academic publications on photo-
catalysis over the past decade, the proportion of papers dedi-
cated to the study of solvent effects remains low, particularly
research on such solvent effects in semiconductor photocata-
lysis is infrequent. In contrast to the approximately 10% of
publications related to solvents in general catalytic and hetero-
geneous catalytic studies, only around 3% of papers in photo-
catalysis include the keyword of “solvent”. In the field of
semiconductor photocatalysis, this ratio further diminishes,
reaching close to 2.5% (Fig. 1). Moreover, the explored solvent
influence is predominantly reported on semiconductor pre-
paration processes,'” rather than discusses solvent effects on
the catalytic reactions. However, from a fundamental perspec-
tive, the influence of interacting solvent molecules on semi-
conductor photocatalysis should be at least as pronounced, if
not more, compared to classic heterogeneous catalysis.
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Liquid-phase semiconductor photocatalysis is usually
initiated by irradiation of light with energy equal to or greater
than the band-gap energy (E,) of the semiconductor to generate
charge carriers (electron-hole pairs) in the material, which have
reduction (electrons) and oxidation (holes) capabilities to initi-
ate a chemical reaction. The photogenerated charge carriers
migrate to the surface, where they activate reactants. Reactant
molecules are often pre-oriented in the surface-solvent layer
(interfacial area), and activation occurs through interfacial
electron transfer or, in some instances, proton-coupled electron
transfer.'® The surface activation at the surface-solution inter-
face leads to the generation of primary redox intermediates.
These intermediates can either remain on the surface or desorb
and diffuse to the solvent region. Subsequent reactions, invol-
ving reduction, oxidation, or coupling of redox intermediates,
can take place within the interfacial or solution area, ultimately
yielding the final products (Fig. 2).

Solvent molecules in the semiconductor photocatalytic sys-
tem, as in any heterogeneous catalytic system, can alter the

Jonathan Van Waeyenberg earned
his MSc degree in Bioscience
Engineering with a specialization in
Catalytic Technology from KU
Lewven in 2018. He is currently
pursuing his PhD at the Center for
Sustainable Catalysis and Engin-
eering (CSCE) under the super-
vision of Prof Bert F. Sels. His
research focuses on the thermal
pyrolysis of polyolefin plastics using
a conical spouted bed reactor.
Additionally, he explores secondary
catalytic  processes to  produce
refined lubricants and waxes from the resulting pyrolysis products.

Jonathan Van Waeyenberg

Bert F. Sels is currently a full pro-
fessor at KU Leuven. His research is
focused on the conversion of rene-
wable feedstock to chemicals,
materials, and fuels, and the role
of heterogeneous catalysis, with a
strong eye at the molecular level
The research covers organic chemi-
stry, fundamental kinetics, reaction
network and intermediate product
studies, catalytic site identification,
and reactor and process designs,
including TEA and life cycle
assessments. Main topics are
biorefineries, biobased chemicals, green chemistry, and catalytic
strategies for plastic waste and CO, conversion.

Bert Sels

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee04157g

Open Access Article. Published on 19 2024. Downloaded on 2026/4/4 04:36:21.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

10—
20 0 B Photocatalysis 0

[ Photocatalysis+Solvent

g ;HIHM t

I
2022 2013 2016 2019 2022
Year

20 20

Il Semiconductor photocatalysis
I Semiconductor photocatalysis + Solvent

ll

20‘16 20‘1 9 2022
Year

20+ EmCatalysis
[ Catalysis+Solvent

LN
o

L
o
Percentage (%)

Percentage (%)

T
@
N
1
>
l
ik

Number of publications (*10%)
Number of publications (*10%)

2013

2016 2019

Year

o
(o]
1

[ Hetergeneous catalysis
34 [ Hetergeneous catalysis+solvent

T
Y
o

N
)
1
T
o

o

®

1

X

o
Percentage (%)

iy
o
Percentage (%)

T
a
o
i
1
T
o

Number of publications (*10%)
Number of publications (*10%)

>

I
o
=]

13

Fig. 1 Numbers of annual publications in Web of Science Core Collection
on the topic of “Catalysis”, “Photocatalysis”, “Heterogeneous catalysis”,
and "Semiconductor photocatalysis” with and without “Solvent”. Percen-
tages of studies with the keyword “Solvent” to those without the keyword
“Solvent” are also illustrated, showing the underestimated solvent effects

in "Photocatalysis” compared with “Catalysis”, as well as “Semiconductor
photocatalysis” compared with “Heterogenous catalysis”.
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accessibility and properties of the chemisorption (active) sites of
the catalyst. Also, the solvation of the solute molecules, to
different degrees along the reaction coordinate, can alter the
thermodynamic profile. Additionally, in semiconductor photoca-
talysis, given the involvement of electron transfer, solvent mole-
cules possess the capability to modulate the redox properties of
charge carriers and influence the interfacial charge transfer
kinetics."* Also, the redox species generated through charge
transfer, including charged intermediates and open-shell radicals,
are highly reactive and can interact strongly with solvent mole-
cules. The solvation of these reactive species, influenced by

Solvent effects in
semiconductor
photocatalysis

Charge carriers

Adsorption sites |
/Activation sites
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various molecular interactions—both specific (such as hydrogen
bonding and electron-donor/electron-acceptor interactions)
and non-specific (like dispersion forces and dipole-dipole inter-
actions)—determines their properties, including their electro- and
nucleophilicity, lifetime, and stability. Therefore, these reactive
species should not be viewed as isolated solute molecules or
radicals, but rather as microclusters of solvent-solute complexes,
with their structure and reactivity dependent on the properties of
the solvent (as illustrated in Fig. 2). Furthermore, the generation
and movement of these reactive species lead to the reorganization
of solvent molecules, causing significant changes in energy.
Section 3.2 provides a detailed explanation of how solvent mole-
cules influence semiconductor photocatalysis.

Despite its importance, the significant role of solvents in
semiconductor photocatalysis has been surprisingly over-
looked. In this perspective review, we revisit the early develop-
ment of semiconductor photocatalysis and thoroughly analyse
the reasons behind the neglect of solvent effects. Our examina-
tion reveals that the previous justifications for ignoring solvent
effects are outdated. To highlight the crucial role of solvents,
we explore their fundamental impact at the molecular level.
The complex effects of solvents are here divided into three
categories: their influence on semiconductor properties, inter-
facial charge transfer, and chemical reactions in the solution
(as shown in Fig. 2). Although not the main focus of most
studies, a few examples of solvent effects on semiconductor
photocatalysis are presented to demonstrate the emerging
opportunities for optimizing these systems by exploring solvent
interactions.

This review also provides perspective for future research in
this area. We advocate for a reconsideration of the dominant
approach in semiconductor photocatalysis, which has primarily
focused on semiconductors and solutes—the two “S”’s—encom-
passing semiconductor synthesis, properties, and semiconduc-
tor-solute interactions, along with their structure-activity rela-
tionships. To our knowledge, this is the first review
specifically focused on the solvent effect in semiconductor
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Fig. 2 This perspective analyzes and discusses the effects of solvents on semiconductor photocatalysis. These effects are categorized into three areas:
the influence of solvents on semiconductor properties, interfacial charge transfer processes, and chemical reactions in the solution. The highlighted
dotted square (on the right) emphasizes non-covalent solvent effects, which have long been overlooked in the field of semiconductor photocatalysis.
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photocatalysis. It aims to emphasize the importance of the
third “S”—solvent—drawing attention to this essential, yet
often underappreciated area of research.

2. Why is the solvent effect
overlooked?

Reflecting on the factors that have hindered the development of
solvent-related semiconductor photocatalysis presents an
opportunity to consider the fundamental properties necessary
for selecting an appropriate solvent. Moreover, examining the
gaps in past research offers valuable insights into future
research directions.

2.1 Limited solvent choices

Being the first semiconductor discovered for photocatalysis,
TiO, has garnered significant attention from the outset.?
Subsequently, significant efforts have been dedicated to the
design and development of metal oxide semiconductors. In the
band structure of metal oxides, the atomic orbitals of metal
cations and O~ ions undergo hybridization, resulting in numer-
ous closely spaced molecular orbitals that form the conduction
band (CB) and the valence band (VB). The band edges, specifi-
cally the bottom of the CB and the top of the VB, primarily reflect
the characteristics of the outermost orbitals. For metal oxides,
the CB edges are mainly derived from the metal’s s or p orbitals,
while the VB edges are largely contributed by the O 2p orbitals.
Notably, O 2p orbitals, which are the major contributors to the
VB edges, possess relatively low energy (Fig. 3a). This low energy
of O 2p orbitals signifies the high oxidation potential of most
metal oxides, but it also results in a wide bandgap, making them
primarily responsive to UV light.

Metal oxides that have been widely studied include TiO,,
ZnO, BiOCl, Nb,0s, and SnO,, with bandgaps of 3.2 eV, 3.3 eV,
3.2 eV, 3.4 eV, and 3.8 eV, respectively. Consequently, these
materials can only absorb UV light with wavelengths below
388 nm, 375 nm, 388 nm, 365 nm, and 326 nm, respectively
(Fig. 3b).

As metal oxides dominated the early years of semiconductor
photocatalysis research, employed light sources mostly emitted
UV light. The most frequently used light sources included
low and medium-pressure Hg lamps, which have prominent
emissions at 254 nm, 313 nm, 366 nm, 405 nm, and 550 nm
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Fig. 3 (a) Atomic orbital energies of O, S, Se, and Te in the VIA group,

showcasing the low energy of O 2p. The values are from the NIST
database. (b) Band position of some typical metal oxides.
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Fig. 4 The most commonly used light sources for semiconductor photo-
catalysis, along with their emission wavelengths, are listed alongside
common solvents, with their cut-off wavelengths, and dielectric
constants.

(Fig. 4)."° To avoid photon attenuation, i.e., progressive loss of
beam energy when travelling through matter, solvents with cut-
off wavelengths below 254 nm were commonly chosen for
photocatalytic reactions (Fig. 4).

In addition to avoiding light absorption, another critical
factor in solvent selection is its ability to dissolve substances
and facilitate their diffusion, which further narrows the range of
suitable solvents. For solid and liquid substrates with low
mobility, an effective solvent should be capable of disrupting
the lattice structure of solid reactants or breaking the interac-
tions among liquid reactants. This increases the mobility of the
reactants once they are dissolved. According to the “like dis-
solves like” principle, a solvent’s ability to dissolve solutes is
closely linked to its polarity.'® Fig. 4 summarizes some common
solvents, along with their cut-off wavelengths and dielectric
constants, which indicate their polarity. Water (H,O) is fre-
quently used as a solvent when ionic compounds are involved
in a reaction. However, since most chemicals are polar organic
compounds that are insoluble in water, acetonitrile (CH;CN) is
often used as an alternative, despite its toxicity and associated
environmental and health risks,'” as the most popular organic
solvent in semiconductor photocatalysis studies."®

Another advantage of acetonitrile is its broad redox potential
window, ranging from —3.55 V to 2.35 V when measured with the
Pt electrode and the LiCiO, supporting electrolyte.'® This exten-
sive range allows acetonitrile to be versatile and compatible with
semiconductors that have different CB and VB edges.”® It also
supports reactions under a broad spectrum of redox potentials.

2.2. Incorrectly assumed uniformity of solvent effects

During the early development of semiconductor photocatalysis,
two of the most investigated applications are environmental
remediation and hydrogen evolution.®*" The aim of these systems
is to achieve high activity, while controlling selectivity is not
necessary. In many cases, there is strong adsorption of the
reactants, making the influence of solvent molecules through
non-covalent interactions appear negligible. For instance, in the

This journal is © The Royal Society of Chemistry 2025
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degradation of pollutants, strong adsorption of the pollutants onto
the semiconductor surface is desirable for complete mineraliza-
tion. Hydrogen bonding is regarded as one of the strongest forms
of non-covalent solvent-solute interactions, with typical energy
values ranging from 3 to 5 kecal mol™~*.>* This value is insignificant
compared to the adsorption energy of pollutant molecules on the
semiconductor surface. For example, the adsorption energy of
phenol on the ZnO surface is ~ 50 kecal mol ™" according to density
functional theory (DFT) calculations.*

Furthermore, to improve the charge transfer process and,
consequently, the catalytic activity, these systems are typically
highly thermodynamically favourable, indicating a significant
reaction driving force, which is the energy difference between
the excited reactants and products. Although changing the solvent
can still affect the driving force and, in turn, the free activation
energy associated with the charge transfer process, the impact is
limited due to the already substantial driving force present.

2.3. Barriers to identify solvent contributions

The processes related to charge carriers in photocatalysis occur at
extremely rapid rates, typically within the time scale of femtose-
conds (fs, 107" s) to milliseconds (ms, 10* s). For instance,
consider TiO, as an example (Fig. 5).>* Research has shown that
the photoexcitation of TiO,, which generates electron-hole pairs
(e”/h"), occurs on the femtosecond (fs) time scale. The generated
charge carriers can quickly transfer (on the fs scale) and be captured
by trap states either in the bulk or on the surface. Trap states are
localized energy levels within the band gap that acts as temporary
storage sites for charge carriers. Common types of trap states
include vacancies and interstitials. Some charge carriers recombine
directly within femtoseconds (fs), while the time scale for indirect
recombination of photogenerated e /h" depends on various trap
states, typically ranging from picoseconds (ps, 10~ ** s) to nanose-
conds (ns, 10™° s). Trap states can be categorized into two types:
shallow traps, which are located near the bottom of the conduction
band and the top of the valence band, and deep traps, which have
energy levels closer to the center of the band gap (Fig. 5). Generally,
recombination processes involving shallow traps occur more rapidly
than those involving deep traps. The characteristics of trap states,
especially surface trap states, are highly influenced by their sur-
rounding environment, and the presence of adsorbed solvent
molecules can significantly modify their properties.”> Interfacial
charge transfer processes occur on a time scale of 107° to
10~° seconds. The properties of the semiconductor, such as band

A (electron acceptor)

.— Shallow trap
—i—Deep trap

ia |vzE,
<\\z\ ~fs

Ij (electron donor)

Fig. 5 Time scale of typical electron processes in TiO,-based photoca-
talytic systems.
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position and the accessibility and characteristics of adsorption/
activation sites, can be affected by the choice of the solvent. The
fundamental principles are elaborated in Section 3.2.

The charge transfer leads to the formation of radical species
under mild conditions. These radical intermediates are typi-
cally highly reactive, and their subsequent reactions generally
occur rapidly. The rate constants for radical reactions can range
from 10" to 10" s for unimolecular reactions or 10" to
10" dm® mol™® s for bimolecular reactions.*® The rate
constants are generally influenced by the polarity, stereo-
electronic properties, and steric structure of the transition
states of radical species, all of which can be adjusted by altering
the solvent environment.>’

These ultrafast processes present a significant challenge in
identifying solvent effects, necessitating ultrafast characterization
techniques with high time scale sensitivity. Moreover, as pre-
viously mentioned, solvents can impact reactions in multiple
ways. Altering solvent properties can simultaneously affect semi-
conductor characteristics, interfacial charge transfer processes,
and radical chemistry. These effects are often interrelated, making
it difficult to separate them from one another.

3. The critical need to explore solvent
effects

The following analysis shows that the historical reasons for
disregarding solvent effects are no longer relevant, highlighting
the importance of giving greater attention to the often-overlooked
influence of solvents. Then, the fundamental importance of
solvents in semiconductor photocatalysis is highlighted, empha-
sizing the critical roles that solvent molecules can play in mod-
ulating the system. Additionally, examples of solvent-dependent
semiconductor photocatalytic systems have been selected for
emphasis, even if solvent effects are not the primary focus of
their respective studies. It is important to note that solvent
molecules can also directly participate in the reaction as sub-
strates, such as in the case of sacrificial reagents®® and hydrogen
sources.>® However, these are not included in the discussion.
Instead, our focus is exclusively on the more common but often
overlooked non-covalent solvent effects.

3.1. Historical constraints on exploring solvent effects are
gradually diminishing
Section 2 offers an overview of the historical development of
semiconductor photocatalysis and identifies three key reasons
why solvent effects have been underexplored. Unfortunately, these
constraints, when considered from a historical standpoint, have
often been accepted uncritically, resulting in a lack of attention to
solvent effects. This section critically reevaluates these past limita-
tions from a modern perspective, illustrating that the restrictions
on solvent development have become progressively outdated.
Limited solvent choices. Historically, solvent choices were
limited by compatibility issues with light sources and catalysts,
as early photocatalysis research was predominantly focused
on UV light and wide bandgap semiconductors. It is worth
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mentioning that UV light is only a small portion of solar light
(<380 nm, 3%), and the rest of the spectrum is mostly visible
(380-700 nm, 44%) and infrared light (>700 nm, 53%)
(Fig. 4).>° Recently, more research interest has shifted from
UV to the visible-light range; hence, the use of other lamps, i.e.,
Xenon lamps and LED lights, has become more common. The
broad spectrum of wavelengths emitted by xenon lamps closely
resembles that of natural sunlight, and simulated solar light is
typically generated using xenon lamps equipped with an AM 1.5
filter.* Various LED lights emit different wavelengths within
the visible light range. In principle, photoreactions using
visible light can be conducted with virtually any source of white
light, which spans from 380 nm to 780 nm, including sunlight
and household lamps. Since the cut-off wavelengths of most
solvents range from 200 nm to 400 nm, most solvents can be
used under visible light or simulated solar light (Fig. 4).

Moreover, the growing use of visible light-responsive semicon-
ductors, such as metal sulfides with lower oxidation and
reduction potentials, expands the range of solvent options based
on the redox potentials. While certain solvents, like methanol and
ethanol, remain reactive due to their low oxidation and reduction
potentials, many conventional solvents—including sulfolane, tet-
rahydrofuran (THF), and N,N-dimethylformamide (DMF)—as well
as sustainable solvents like y-valerolactone (GVL), offer wide redox
potential windows that are suitable for most visible light-
responsive semiconductors.'® The shift from UV to visible light,
coupled with the transition from wide-bandgap semiconductors
to those with appropriate redox potentials, has rendered the
previous limitations on solvent selection obsolete.

Incorrectly assumed uniformity of solvent effects. The mis-
conception of uniform solvent effects likely originated from early
studies in extensively investigated environmental remediation
and hydrogen evolution systems. Water is frequently used as the
solvent in these systems. In addition to serving as a medium, it
also acts as the oxidant to generate *OH radicals in environ-
mental remediation or the hydrogen source in hydrogen evolu-
tion. While water is environmentally friendly and abundantly
available, its use as a solvent is not without limitations.

Over the past few decades, semiconductor photocatalysis
has created new opportunities in fields such as CO, reduction,
organic synthesis, and biomass conversion, where the use of
water as a solvent is often less advantageous or even prohibited.
For CO, reduction, alkaline solvents like DMF and dimethyl
sulfoxide (DMSO), which have higher CO, solubility, are more

. Acceptor
Semiconductor Molecule, A
CB 1 cB /
EF ................... . EF .........................
Adsorption
—
—1-]'— Desorption _/—ﬂ—
VB VB

Fig. 6 Schematic illustration showing the band bending of semiconduc-
tors upon adsorption of an acceptor molecule on a semiconductor
surface.
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commonly employed because they do not compete for electron
consumption as water does. In organic synthesis and biomass
valorization, the solubility of organic compounds in water can
be limited. Additionally, the highly functionalized nature of
these substrates presents a significant challenge for selectivity
control, utilizing organic solvents with diverse properties can
facilitate the fine-tuning of the reaction system, thereby impact-
ing reaction selectivity.

Barriers to identifying solvent contributions. While conven-
tional characterization methods for semiconductors, such as
Mott-Schottky measurements, effectively measure their photo-
electric properties, these ex situ techniques are unable to monitor
photo-generated charge carriers or reactive radical species, both of
which have short lifetimes. It is important to note that photo-
generated charge carriers and radicals are high-energy species
that can interact more energetically with solvent molecules.
Understanding the behaviour of these reactive species is crucial
for comprehending solvent effects. Some newly developed tech-
niques hold promise for monitoring the changes of these reactive
species alongside variations under solvent conditions.

Recent advancements in time- and spatial-sensitive techniques
have significantly enhanced our understanding of semiconductor
behaviour during photocatalysis. Transient spectroscopy provides
crucial information on the decay dynamics of excited electrons
and holes, as well as insights into the lifetime of photogenerated
charge carriers and the identification of various exciton types.*>
Microscopic techniques have been used to map charge distribu-
tions on semiconductor photocatalysts.>* More recently, spatio-
temporally resolved surface photovoltage measurements have
been introduced to offer a comprehensive mapping of charge
transfer processes, encompassing timescales ranging from femto-
seconds to seconds.*

A range of in situ techniques have been developed to monitor
radicals or reactive intermediates in semiconductor photocata-
lysis. Time-resolved attenuated total reflection infrared spectro-
scopy (ATR-IR) is capable of evaluating the behaviour of surface
adsorbates. In situ electron spin resonance (ESR) and ultrafast
spectroscopy enable the examination of radical intermediates
and their lifetimes, shedding light on how solvent properties
influence their stability and reactivity.>**> Nuclear magnetic
resonance (NMR) spectroscopy®® allows for the direct observa-
tion of the solvation structures of solutes in solution. Sum
frequency generation (SFG) spectroscopy is effective in investi-
gating the molecular orientation of adsorbates on semiconduc-
tor surfaces.’” The insights gained from these techniques can
be further enriched by DFT calculations, which offer a mole-
cular understanding of the solvation structures of key species in
semiconductor photocatalysis.

3.2. Fundamentals to emphasize the importance of solvents

Spatially, the effects of solvents on semiconductor photocatalysis
can be broadly categorized into three areas: the properties of the
semiconductor, interfacial charge transfer, and chemical reac-
tions in the solution phase (Fig. 2). Regarding semiconductor
properties, substrate adsorption on the surface typically occurs
before charge transfer, competing with solvent adsorption.
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Additionally, the desorption of intermediates and products is
vital for product selectivity. Solvent molecules play a crucial role
in influencing the accessibility and characteristics of adsorption
and activation sites. Furthermore, the adsorption of solvent
molecules on the semiconductor surface can cause a shift in
the band edge potentials near the interface, a phenomenon
known as semiconductor band bending.*® Fig. 6 depicts the
upward band bending near the semiconductor surface caused by
the adsorption of an acceptor molecule (denoted as “A”). As
molecule A approaches the surface, its lowest unoccupied mole-
cular orbital (LUMO) shifts downward and broadens in energy.
This lowering of the acceptor’s molecular orbital allows electrons
to flow from the semiconductor to the molecule, resulting in the
formation of a Helmholtz layer. As a result, an electric field is
established near the semiconductor surface, causing the band to
bend upwards. Conversely, donor molecules would lead to
downward band bending.*®

Semiconductor flat band potentials (Vg,), which are asso-
ciated with band bending, exhibit different behaviors in protic
and aprotic solvents. A significantly more positive Vg, for TiO,
was observed in water and non-aqueous protic solvents (such as
methanol and ethanol) compared to non-aqueous aprotic sol-
vents like acetonitrile, dimethylformamide, and tetrahydro-
furan. This discrepancy between protic and aprotic solutions
is thought to arise from the presence or absence of proton
adsorption-desorption equilibrium.*®

The photoelectric properties of semiconductors, such as
light absorption capacity and the mobility of photoexcited
charge carriers, can also be affected by solvent molecules.
A comparison can be made between solvent-semiconductor
interactions and ligand-quantum dot (QD) systems, where
changes in QD ligands have a substantial impact on light
absorption efficiency and exciton mobility.*' Likewise, solvent
molecules may exert a comparable influence, albeit lesser,
ultimately impacting the photocatalytic quantum yield and
charge carrier lifetimes. To the best of our knowledge, explicit
studies on such solvent effects have not yet been reported. This
is likely due to the perception of semiconductor photoelectric
properties as intrinsic features and the current reliance on
ex situ characterization, making the development of in situ
techniques to examine these properties in the presence of
solvent molecules highly desirable.

Substrate activation at the surface-solvent interface through
interfacial electron transfer is regarded as a critical step in
semiconductor photocatalysis. The influence of solvation effects
on the electron transfer process can be explained using the well-
established Marcus theory.*>*? To illustrate electron transfer from
the semiconductor (denoted as “S”) to the reactant (denoted
as “R”), two harmonic free energy curves are employed to
represent the system before (S-R) and after (S'-R™) the electron
transfer (Fig. 7). It is important to note that the nuclear coordinate
encompasses not only the semiconductor and reactant but also
the surrounding solvent molecules. The electron transfer between
the semiconductor and the reactant leads to the rearrangement of
solvent molecules along the reaction coordinate, resulting in
significant solvent polarization free energy.** The rate constant
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of the electron transfer (kgr) process can be predicted by a semi-
classical expression:

—(AG + 1)

ket = Adexp— 27

Gibbs free energy (AG), a crucial parameter for chemical
equilibrium constants, represents the energy difference
between states S-R (state (I) in Fig. 7) and S'-R~ (state (III) in
Fig. 7) at equilibrium coordinates, making it dependent on the
solvent. The reorganization energy (1) is defined as the change
in energy when the equilibrium reactant state is distorted to the
nuclear coordinates of the product (state (II) in Fig. 7) without
any electron transfer. The value of 1 primarily arises from the
outer shell reorganization energy, which is the energy change
resulting from the reorientation of solvent molecules. As the
Marcus theory illustrates, the solvation effects can significantly
influence the interfacial charge transfer kinetics (kgr) by affect-
ing both the AG and 4 values.

Intermediates generated from interfacial charge transfer,
primarily consisting of radical species, can desorb from the
surface and participate in subsequent reaction steps within the
solution phase. These radical intermediates are characterized
by open-shell electronic or charged structures, making them
highly reactive. While this high reactivity facilitates rapid
radical reactions, it also presents challenges in controlling
selectivity.*> Notably, kinetic solvent effects have been observed
in radical reactions,*® underscoring the potency of solvents in
governing desorption, diffusion, activity, persistence, lifetime,
and concentration of radicals (Fig. 7). Thus, the selection of
solvents can serve as a significant tool for influencing radical
selectivity.

In the solution phase, solvent molecules not only influence
reactive radicals but also affect the fate of reactions by mod-
ulating the diffusion of stable solutes, including reactants,
intermediates, and products. When solvents with high viscosity,
such as ethylene glycol (18.38 cP), are used instead of commonly
employed low-viscosity solvents like water (0.89 cP) and acetoni-
trile (0.36 cP), solutes can become temporarily confined within a
“viscous cage” formed by the solvent molecules. This confine-
ment slows their diffusion, potentially altering reaction rates and
pathways. Therefore, the viscosity of the solvent, often over-
looked in photocatalysis, should be carefully considered, parti-
cularly for reactions where solute diffusion plays a critical role,
such as photocatalytic couplings.

3.3. Solvent-driven semiconductor photocatalysis

Recently, a few solvent-sensitive systems have been reported,
and we have selected examples where solvents affect both
activity and selectivity, emphasizing their crucial role in semi-
conductor photocatalysis. These examples are categorized
according to their spatial regions, as outlined in Section 3.2,
specifically focusing on solvent effects on semiconductor prop-
erties, the interface where charge transfer occurs, and the
surrounding solution.

Solvent molecules can influence the accessibility and
characteristics of adsorption and activation sites. Through
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Fig. 7 A semiconductor-based photocatalytic system where the solvent effects on the interfacial electron transfer kinetics and the radical chemistry are
highlighted. A graphical depiction of solvent-dependent thermodynamics and kinetics for the interfacial charge transfer process according to Marcus
theory is illustrated in the lower red-dotted square. S, R, AG¥, AGP, 1, and ket represent the semiconductor, reactant, activation energy, Gibbs free energy,

reorganization energy, and electron transfer rate constant, respectively.

competing with substrates for semiconductor surface adsorp-
tion sites, the solvent hinders interfacial electron transfer and
thereby reduces the reaction rate. In the photocatalytic oxida-
tion of glycerol to dihydroxyacetone, glyceraldehyde, and hydro-
xypyruvaldehyde over carbon nitride (C3N,), the reaction was
carried out in acetonitrile, DMF, and water. As solvent polarity
increased, glycerol conversion decreased, from 43.2% in aceto-
nitrile to 29% in DMF, and just 4.4% in water.”” DFT results
revealed that the primary factor contributing to the reduced
activity in glycerol oxidation is the competitive adsorption
between glycerol and solvent molecules on the surface of
C;N,. Solvent molecules, especially in polar solvents, can
compete with glycerol for active sites on the photocatalyst.
This competition limits the availability of adsorption sites for
glycerol, thereby hindering its oxidation and leading to
decreased catalytic efficiency. The findings emphasize the
critical role of solvent selection in tuning the photocatalytic
performance of C;N, in glycerol oxidation.*’

While solvent competition for adsorption sites is typically
seen as detrimental to catalytic performance, some cases
demonstrate that the presence of the solvent on the semicon-
ductor surface can actually enhance selectivity. For example, in
the photocatalytic oxidation of cyclohexane over TiO,, non-
polar solvents led to full mineralization, producing CO, and
H,0. However, in polar solvents, there was a high selectivity
toward cyclohexanol and cyclohexanone. This increased selec-
tivity is attributed to the competitive adsorption of polar
solvents and the products (cyclohexanol and cyclohexanone),
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which facilitates product desorption and improves selectivity.*®
Recently, solvent effects for anaerobic oxidation of benzyl alco-
hol (BA) to produce benzaldehyde (BAD) over SrTiO; nano-
particles were investigated.” The photocatalytic activity was
influenced by the concentration of DMF or acetonitrile in water.
Control experiments showed that when the solvent competes
with the substrate for adsorption sites, it can impede the
reaction. However, competition between the solvent and reaction
products proved advantageous. Consequently, solvent mixtures
with moderate polarity exhibited the highest photocatalytic
activity, striking a balance between these competing effects.

The photocatalytic conversion of CO, into formate (HCOO™)
and carbon monoxide over TiO,/SiO, was studied in different
solvents.>® Increasing the dielectric constant of solvents led to
higher selectivity for formate production. For example, nearly
100% selectivity for CO was achieved in CCl,, while in water,
CO, was primarily converted to formate (Fig. 8). This solvent
effect is attributed to the varying abilities of solvents to stabilize
CO, anion radical intermediates. In low-polarity solvents,
the CO, intermediate strongly adsorbs onto Ti sites on the
surface, allowing for the removal of an oxygen atom with a
proton, producing CO and H,O. In contrast, high-polarity
solvents stabilize the intermediate, reducing its surface inter-
action and favoring protonation and desorption of formate as
the major product (Fig. 8). A similar solvent effect, with CO,
being reduced to CO in chloroform (a low-polarity solvent)
and to formate in water (a polar solvent), was also observed
on ZnS.”

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Proposed mechanisms of selective conversion of CO, to CO and
formate in low and high polarity solvents, respectively. Reproduced from
ref. 50, with the permission from Elsevier, copyright 1997.

The interaction between solvents and catalysts can enhance
catalyst dispersion, improving their accessibility to reactants. A
notable example is the photocatalytic conversion of native
lignin, a key component of lignocellulose that is tightly bound
with carbohydrates, using hydrophilic quantum dots (QDs) in
polar solvents. This interaction helps facilitate the reaction by
increasing the contact between the catalyst and lignin.>*”>* The
lack of effective contact between the solid catalyst and the solid
lignocellulosic biomass, which can hardly be dissolved in any
solvent at room temperature,”>>® hurdles the use of semicon-
ductor photocatalysis for its valorization. Control experiments
demonstrated that the hydrophilicity of solvents plays a crucial
role in maintaining the colloidal stability of hydrophilic quan-
tum dots (QDs), which in turn ensures their accessibility to the
targeted C-O linkages.>*>*

Changing the pH is expected to induce a shift in the band
edge potentials of semiconductors, primarily due to the afore-
mentioned band bending effect. Many semiconductors exhibit
Nernstian pH dependence for their band edge potentials, such as
TiO,, which has a slope of 59 mV per pH unit, paralleling the
behavior of water oxidation and reduction. As a result, the
thermodynamics of these semiconductors for hydrogen evolution
are typically not significantly impacted by pH changes. In con-
trast, for Cds, the band edge shift with pH is lower, at 33 mV per
PH unit, suggesting that the increasing pH favors the formation of
hydroxyl radicals (*OH) during water oxidation. This reduced pH
dependence of the CdS band edge, compared to water oxidation,
leads to increased *OH production at higher pH levels, signifi-
cantly enhancing the rates of ethanol photoreforming.””

The coupling of radical intermediates generated from the
photocatalytic C-H activation of alcohols, such as methanol,
ethanol, and butanol, into diols is thought to occur primarily in
the solution phase.’®>® Competing reactions involve the further
oxidation of radical species, leading to the formation of alde-
hydes, and back electron transfer to the original alcohol reac-
tant, both of which occur on the semiconductor surface. To
enhance selectivity for diol synthesis, it is crucial to effectively
remove radical intermediates from the semiconductor surface.
Recently, Wang and colleagues demonstrated the photocatalytic
coupling of ethanol to produce 2,3-butanediol (BDO), with
acetaldehyde (AA) identified as a major side product.*® Com-
pared with the reaction results using pure ethanol, with the
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addition of 5% water, the productivity of BDO was 2.4 times
higher, and the selectivity of BDO increased from 37% to 57%.%°
Combined experimental and computational findings demon-
strated that hydrogen bonding between radical intermediates,
influenced by the addition of water, enhanced selectivity. The
a-hydroxyethyl radicals (¢HRs), generated from the cleavage of the
C,~H bond in ethanol during photoirradiation, form hydrogen
bonds with water molecules adsorbed on the surface, facilitating
the desorption of oHRs. Additionally, the presence of water aids
in stabilizing the desorbed oHRs in the bulk solution, thereby
reducing the likelihood of their re-adsorption onto the surface
(Fig. 9).°° Consequently, the addition of water inhibited side
reactions, such as oxidation to acetaldehyde (AA) and reverse
reactions back to ethanol, resulting in enhanced activity and
selectivity for the coupling of ethanol to 2,3-butanediol (BDO).
Photocatalytic activation of substrates in semiconductor-based
systems can also occur in the solution phase, initiated by additives
that generate active species. A common example is the hydroxyl
radical (*OH), which is frequently utilized in reactions requiring
highly reactive species, such as methane oxidation. However, the
highly reactive nature of *OH can limit reaction selectivity,
necessitating careful control of its concentration. Regulation of
the radical concentration can be achieved by adjusting the solvent
composition. The nitrite ion serves as both a source and a
scavenger of *OH radicals, effectively acting as an “*OH buffer”
to manage the *OH concentration. By adding a small amount of
nitrite, the formation of undesired CO, can be completely sup-
pressed, thereby enhancing the selectivity for the oxidation of
methane to methanol (CH;0H) over BiVO,.*" Enhanced genera-
tion of hydroxyl radicals (*OH) was achieved by introducing
Fenton reagents (Fe>" and H,0,) into the solution. The Fenton
reaction (Fe”* + H,0, — Fe** + *OH + OH") facilitated the
production of *OH, which in turn increased the yield of methanol
(CH;0H) from methane (CH,) oxidation. Notably, the photogen-
erated electrons over BiVO, reduced Fe*" ions back to Fe** ions.®>
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Fig. 9 Schematic illustration of the proposed mechanism for the
presence of water in steering the reaction paths, changing the reaction
of aHRs (a-hydroxyethyl radicals) from oxidation for the acetaldehyde
generation toward C-C bond coupling by forming hydrogen bonds.
Reproduced from ref. 60, with the permission of American Chemical
Society, copyright 2022.

Energy Environ. Sci., 2025, 18, 1191-1204 | 1199


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee04157g

Open Access Article. Published on 19 2024. Downloaded on 2026/4/4 04:36:21.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

The diffusion behavior of radical species is significantly
influenced by the properties of the solvent. In the context of
photocatalytic C-N coupling, specifically the addition of 2,5-
dihydrofuran (2,5-DHF) to azobenzene, radical mobility in the
diffusion phase was studied by varying the pressure and utilizing
different alcohol solvents.®® The rates of the C-N addition reaction
decreased as pressure increased from 0.1 to 120 MPa. This
suggests that the higher viscosity and, consequently, lower radical
mobility at elevated pressures are responsible for the reduced
activity. However, this conclusion is not definitive, as the
increased pressure also raises the dielectric constant of the
solvent.®® These two possibilities were differentiated by measuring
reaction rates in a series of alcohols, where the viscosity and the
dielectric constant changed in opposite directions. As expected,
the viscosity continued to reduce the reaction rates, even with the
increase in dielectric constants.®® The combined results empha-
size the impact of solvents on the diffusion behavior of radical
species in solution.

High ortho selectivity for the photoelectrocatalytic C-H/N-H
coupling of anisole with pyrazole was accomplished using a co-
solvent system of hexafluoroisopropanol (HFIP) and methanol
(CH30H). The yields and product selectivity changed with
different ratios of HFIP and CH;OH, with optimal conditions
producing a 77% yield of the coupling product and an ortho/
para ratio of 6:1 in an HFIP/MeOH mixture (4:1) (Fig. 10).**
It is important to note that the para product was observed
in other photoredox and electrochemical systems that utilized
1,2-dichloroethane or CH;CN as the solvent. One possible
explanation for this difference is that amination at the ortho
position is favored due to the hydrogen-bonding network
formed between anisole, HFIP, and pyrazole (Fig. 10, within
the dotted square).®* Control experiments with various sub-
strates and solvents were conducted to validate the theory. In
the absence of hydrogen bonding, such as when using diphenyl
and 9,9-dimethyl-9H-fluorene as substrates, only the para pro-
duct was formed. When CF;CH,OH/MeOH (4:1) was used as
the solvent, the yield of the ortho product was 61%, with a
selectivity ratio of 2 (ortho):1 (para); the ortho product was still
favored, although its selectivity was lower than that observed in
HFIP/MeOH. In contrast, when non-fluorinated CH,CICH,CI
was employed as the solvent, no selectivity was observed,
resulting in a ratio of 1:1 for ortho to para products.®* These
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Fig. 10 Proposed mechanism for photoelectrocatalytic C—N coupling of
anisole with pyrazole, and the green dotted square includes the proposed
hydrogen bonding among anisole, pyrazole, and hexafluoroisopropanol
(solvent), which may contribute to the favorable formation of the ortho
product. Reproduced from ref. 64, with permission from Springer-Nature,
copyright 2019.
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results support the hypothesis that hydrogen bonding from
fluorinated alcohols enhances ortho selectivity.

Recently, high activity-solvent dependency was observed in
the photocatalytic coupling of toluene by Zn,In,Ss. A compre-
hensive investigation of the intricate solvent effects, including
the influence of solvent molecules on the semiconductor sur-
face, the charge transfer process, and the solution phase, has
been conducted. Solvent molecules with a high Gutmann donor
number (DN), such as dimethyl acetamide and dimethyl for-
mamide, can retard the reaction by competitive adsorption on
the hole-delocalized active sites. For the hole-transfer-induced
C-H bond activation, it has been illustrated that solvent
molecules with a large dielectric constant (g) and a refractive
index (n) are favorable. This can be rationalized by the dielectric
continuum theory, where a large ¢ can increase the driving
force, likely through higher solvation stabilization of the benzyl
radical compared to the reactant; while a higher 7 of the solvent
indicates greater polarizability, which facilitates easier reorga-
nization and helps in decreasing reorganization energy. After
C-H activation, the generated benzylic radical can undergo a
quick coupling reaction in the solution phase to form coupling
products. Solvents with high viscosity, including Cyrene and
ethylene glycol, hinder fast coupling and thus result in low
coupling product yields (Fig. 11).%°

It is noteworthy that the photocatalytic coupling of toluene by
Zn,In,Ss demonstrated the highest efficiency when performed in
the environmentally friendly solvent y-valerolactone (GVL). GVL
offers several advantageous properties that promote the

Surface
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A

Fig. 11 Solvent effects on the photocatalytic coupling of toluene by
Zn,In,Ss. 1. Competitive adsorption”, “2. Solvent-dependent hole-
transfer-induced C—H activation kinetics”, and “Solvent-dependent cou-
pling” indicate the influence of solvent molecules on the semiconductor
surface, the charge transfer process, and the solution phase, respectively.
These are summarized from ref. 65.
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photocatalytic coupling process. Its relatively low donor number
(DN) and viscosity minimize competitive adsorption on the
active sites, preventing the reaction from being slowed down
during the coupling step. Additionally, GVL’s combination of a
large dielectric constant (¢) and a high refractive index (n)
contributes to a lower energy barrier for the hole-transfer-
induced activation of the C-H bond. These synergistic factors
enhance the overall photocatalytic efficiency, establishing GVL
as the optimal solvent for toluene coupling reactions.®

4. Conclusions and outlook

As the dominant component of liquid-phase systems, solvent
molecules play a pivotal and omnipresent role in shaping
chemical reactions. However, in the realm of semiconductor
photocatalysis, the focus has largely been confined to the
semiconductor and the solute—the two “S”’s—while the equally
significant impact of the third “S”, the solvent, has often been
overlooked. Revisiting the early history of semiconductor photo-
catalysis reveals that the choice of solvents was initially con-
strained by the compatibility requirements of both the catalyst
and the light source. Additionally, there seems to have been an
early misconception that solvent effects were uniform, particu-
larly in the study of widely researched systems like environmen-
tal remediation and hydrogen evolution. This neglect of solvent
influence has made it challenging to characterize the solvation
structures of reactive, short-lived species and to unravel the
complex network of solvent effects at play.

A deeper analysis of solvent effects, particularly from a
molecular perspective, reveals the crucial role solvents play in
guiding both activity and selectivity in semiconductor photoca-
talysis. As this field experiences rapid advancements—marked
by the discovery of visible-light-sensitive photocatalysts and
novel materials such as quantum dots, and expanding applica-
tions in areas like CO, reduction, organic synthesis, and biomass
valorization—new solvent-sensitive systems have begun to
emerge. Recent breakthroughs in techniques such as DFT cal-
culations and in situ/operando characterization have further
enabled a more nuanced understanding of these effects.

Despite these advancements, research specifically dedicated to
investigating solvent effects in semiconductor photocatalytic sys-
tems remains limited. Even in cases where solvents demonstrably
influence the regulation of activity and selectivity, their role often
remains secondary to the primary focus of research. This lack of
attention is problematic, as fully understanding and controlling
solvent effects is essential for optimizing the performance of
semiconductor photocatalysts. Therefore, future research must
prioritize this often-neglected aspect. We propose several key
areas for future exploration, emphasizing the need for a more
deliberate focus on the influence of solvents in these systems.

To deepen our understanding of solvent effects, it is crucial to
explore a wider variety of solvents. As mentioned earlier, acet-
onitrile is currently the most widely used organic solvent in
semiconductor photocatalytic systems due to its favorable prop-
erties—low cut-off wavelength, high polarity, and photostability.
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However, acetonitrile’s toxicity poses a challenge to the “green”
nature of semiconductor photocatalysis. Given that most sol-
vents have cut-off wavelengths between 200 nm and 400 nm,
many are suitable for use under visible light or simulated solar
light conditions. With the increasing focus on visible-light-
driven systems, a range of organic solvents offers promising
alternatives to acetonitrile. This is especially important in mod-
ern photocatalytic applications, which are gaining traction in
fine chemical and pharmaceutical industries that often require
large volumes of solvents. The shift toward more sustainable and
environmentally friendly solvent options is therefore not only
desirable but imperative for advancing green photocatalysis.’®

It is worth noting that despite the introduction of numerous
sustainable solvents over the past few decades, the use of eco-
friendly or bio-renewable solvents in semiconductor-based photo-
catalytic systems remains uncommon. While efforts have been
made to promote greener alternatives in other chemical pro-
cesses, their integration into semiconductor photocatalysis has
been relatively limited. This highlights an area in need of further
exploration and development as the field continues to evolve.®”
A recent study has demonstrated that the sustainable solvent
v-valerolactone (GVL) can serve as a viable alternative to acetoni-
trile in several key semiconductor photocatalytic systems. This
finding highlights the potential of GVL as an eco-friendly option
in advancing more sustainable photocatalytic processes.”> We
believe that the vast potential of sustainable solvents in semicon-
ductor photocatalysis remains largely untapped, and exploring
other eco-friendly solvent alternatives is strongly encouraged. The
limited range of solvent options not only hinders the future
application of photocatalysis across diverse fields but also con-
strains the study of solvent effects. To advance semiconductor
photocatalysis, it is essential to investigate novel solvents, parti-
cularly those that are environmentally friendly.

While there are few examples demonstrating their use in
semiconductor photocatalysis, we believe that ionic liquids®®
and deep eutectic solvents (DES)*® represent a new class of
sustainable solvents with numerous advantages, including low
toxicity, widespread availability, reduced flammability, recycl-
ability, low volatility, and cost-effectiveness. These properties
could pave the way for new advancements in semiconductor
photocatalysis. In addition to their safety and environmental
advantages, ionic liquids and DES offer the ability to precisely
tune various solvent parameters through compositional mod-
ifications, potentially taking semiconductor photocatalysis in
synthetic chemistry to new heights.

Furthermore, there is an urgent need to broaden the toolkit
for investigating solvent effects in photocatalytic systems.
These systems often generate highly reactive species, such
as radicals, which exhibit stronger interactions with solvent
molecules than their ground-state counterparts. However, due
to their typically short lifetimes, capturing these species ex situ
is a significant challenge. In this regard, the application of
in situ and operando characterization techniques becomes
invaluable. Although new techniques with time and spatial
sensitivity, such as transient spectroscopy®> and spatiotempo-
rally resolved surface photovoltage measurements,** have been
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developed to provide information about reactive species in
semiconductor photocatalysis, their application in real envir-
onments containing solvents remains challenging. First, the
presence of solvent molecules can significantly reduce signal
intensity. Additionally, non-covalent solvent interactions are
typically weak and difficult to detect. Therefore, it is essential
to develop in situ techniques and measurement modes that can
accommodate solvent molecules, and the sensitivity of these
tools needs to be enhanced.

Another important aspect of developing in situ techniques is
the integration of various characterization methods to distin-
guish multiple interfering solvent effects. For instance, when a
high-polarity solvent is used, it can reduce activity through
competitive adsorption on the surface while simultaneously
enhancing activity by increasing interfacial charge transfer.
This interplay may lead to volcano-shaped dependency of
activity on solvent polarity. By combining an adsorption-
based imaging technique to detect molecule adsorption®* and
ultrafast spectroscopy to assess electron decay dynamics,®? it
may be possible to identify the contribution of each factor to
overall activity. As a result, the combined technique can identify
the optimal solvent that yields the highest activity.

Computational methods can offer a molecular-level illustration
of the structural details of solvent-solute clusters in their excited
states, providing deeper insights into their behavior. However,
incorporating the complexities of solvent molecules into compu-
tational models remains a significant challenge. Achieving the
accurate system representation is crucial for aligning computa-
tional results with experimental data, but increasing the number
of molecules involved in simulations significantly raises computa-
tional demands. A comprehensive understanding of solvation
structures at the molecular level, obtained through a combination
of experimental characterization and theoretical calculations, not
only aids in rationalizing experimental outcomes but also helps
guide the design of optimized systems.

Furthermore, employing appropriate solvent parameters to
semi-quantify solvent effects can enhance the understanding of
solvent functions and aid in selecting suitable solvent systems.
For instance, while many studies highlight the importance of
solvent “polarity” for activity and selectivity, this is often represented
by the dielectric constant, a macroscopic property resulting from
multiple interactions. The concept of “polarity” oversimplifies the
solvent’s role. Instead, empirical solvent parameters, such as Kam-
let-Taft parameters, Catalan parameters, and Hansen solubility
parameters, offer a more nuanced description of the solvent’s ability
to engage in both specific and non-specific interactions, providing a
clearer understanding of its influence on photocatalytic processes.
For example, the hydrogen-bond donor (x) parameter in Kamlet-
Taft'® can be used to quantify solvent capability in forming hydro-
gen bonds. Advanced statistical analyses can be utilized to correlate
solvent empirical parameters with photocatalytic activity, helping to
disentangle various solvent effects and offering deeper insights into
the dominant influences. This approach provides a more structured
understanding of how solvents impact reaction outcomes.

Screening solvent systems experimentally is particularly
challenging due to the vast range of possible solvent types
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and compositions for most reactions. Machine learning presents a
powerful tool for interpreting and simulating solvent effects,
allowing for the prediction of optimal solvent choices without
the need for extensive experimental work.”® While computational
chemistry has been employed with some success to guide solvent
selection, the complexity and large number of interacting species
involved make achieving precise experimental predictions a non-
trivial task. Machine learning has the potential to streamline this
process, offering a more efficient path to identifying the best
solvent systems. Machine learning can help analyze complex
environments and accelerate the prediction of experimental out-
comes by leveraging physics-based simulation data, as demon-
strated by the success of machine learning for solvent effects in
several general heterogeneous catalytic processes.”>”* In the realm
of semiconductor photocatalysis, it is imperative that further
efforts focus on incorporating solvent effects into our understand-
ing of the properties of active species. This includes a detailed
examination of the solvation structures of radical-solvent molecule
clusters, which play a crucial role in influencing reaction mechan-
isms and efficiencies. By understanding how solvent interactions
affect these active species, researchers can gain valuable insights
into optimizing photocatalytic processes for various applications.

The collection of data necessary for machine learning appli-
cations in this context is heavily reliant on advancements in
both computational techniques and experimental characteriza-
tion methods. As our computational capabilities evolve, the
accuracy and reliability of the data generated will improve,
creating a robust foundation for machine learning models.
Conversely, the insights gained from machine learning out-
comes are expected to feed back into the development of
computational methods and characterization techniques, lead-
ing to a synergistic relationship that enhances both fields.

Furthermore, with the establishment of a sufficiently com-
prehensive database that includes a variety of solvent interac-
tions and their effects on photocatalytic activity, machine
learning algorithms will be equipped to predict solvent effects
with greater precision. This predictive power could revolutio-
nize the way researchers approach the selection of optimal
combinations of reactants, solvents, and catalysts. Ultimately,
such advancements would not only streamline the design of
more effective photocatalytic systems but also pave the way for
innovative applications across a range of chemical processes.
By leveraging the interplay between machine learning, compu-
tational advancements, and experimental data, the field of
semiconductor photocatalysis can significantly advance toward
more efficient and sustainable solutions.
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