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A B S T R A C T

Photo-electrochemical and photocatalytic technologies are promising solutions for solar fuel production and
involve a number of physical and chemical phenomena. We provide an overview of numerical and analytical
tools to describe such phenomena occurring at disparate time and space scales within devices such as photo-
electrochemical cells and photo-chemical reactors. On one hand, chemical phenomena include photo-induced
electron transfer, charge separation, recombination, equilibrium reactions between species in solutions and
adsorption reactions. On the other hand, examples of physical phenomena are the transport of chemical species
or self-assembling of molecular structures. In this respect, we critically review macroscale continuum models
for transport phenomena combined with kinetic descriptions including their possible coupling with models at
even lower scales. We specifically focus on atomistic and coarse-grained models able to represent the local
environment of the reactive interfaces such as photoelectrodes or supra-molecular assemblies. The critical
role of the latter structures on photochemical conversion is highlighted: Therefore, morphological structure of
self-assemblies, such as micelles and monolayers, in solution and at the solid–liquid or gas–liquid interfaces
are also discussed. Finally, important scientific gaps are identified and possible perspectives for future research
outlooked.
1. Solar fuel production processes

Global population growth and rising energy demand pose significant
challenges to a sustainable future [1]. The use of fossil fuels and the
emission of greenhouse gases, particularly carbon dioxide, into the
atmosphere are major contributors to climate change [2]. The world
energy demand is expected to double by 2050 and triple by the end
of the twenty-first century [3]. Both policymakers and the general
public are concerned about the depletion of fossil fuels, the environ-
mental consequences of their use and importantly possible mitigations
actions [4]. Hence, a significant shift in the global energy consumption
mix is needed in the upcoming years, inducing scientists and engineers
to search for zero-carbon, renewable energy sources such as wind,
solar, hydropower, and geothermal to fulfill this energy demand [5,6].
Synthetic fuels generated from renewable sources can be one of the
possible solutions to decrease the impact of our society on the environ-
ment [7,8]. An obvious choice to produce synthetic fuels is to exploit
solar energy, which has an enormous potential as a clean, abundant,
and economical energy source [9–11]. The generated solar fuel would
be an energy vector able to overcome the main problem related to solar
energy, namely its intermittency [12]. Hydrogen is one of the possible
solar fuels and can be obtained from water splitting reducing protons
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while oxidizing water [13–15]. It has the highest energy density among
the fuels (120 MJ/kg) and when burnt generates H2O as byproduct.
Moreover, it can be used in existing internal combustion engines, fuel
cells and gas turbines [16]. However, being the lightest element, both
its storage and distribution are challenging [17]. As a complementary
approach, researchers have focused their efforts in using CO2 as a
potential resource to be converted in carbon based fuels, from which
also carbon based chemicals can be obtained [7,18]. Indeed, carbon,
capture, storage and utilization technologies are receiving an increasing
attention [19].

CO2 is a thermodynamically stable and chemically inert molecule.
This makes the reduction of CO2 a challenging process due to both ther-
modynamics and kinetics [20]. Multiple electron (and proton) transfers
are required in order to reduce CO2 to valuable products through
several radical intermediates [21]. A possible first step in the carbon
dioxide reduction process is the addition of a single electron to the
CO2 molecule which causes a bending of the linear molecular structure
owing to the repulsion of the acquired electron located on the carbon
atom and the free electron pairs on the two oxygen atoms. This con-
figuration makes the anion radical CO−.

2 highly energetic. Indeed, the
single-electron reduction of CO2 has a strongly negative
vailable online 14 July 2023
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Nomenclature

[𝑃 ] Concentration of the products
[𝑃𝐶] Concentration of the photocatalyst in the ground

state
[𝑃𝐶∗] Concentration of the photocatalyst in the excited

state
[𝑃𝐶+] Concentration of the photocatalyst in the oxidized

state
[𝑃𝐶0] Concentration of the photocatalyst in all states
[𝑆] Concentration of the reactant
[𝑆1] Concentration of the reactant 1
[𝑆2] Concentration of the reactant 2
𝛼 Coefficient which considers the head group interac-

tions
𝛼(𝜆) Absorption coefficient of the mean
𝛼𝑎 Charge transfer coefficient of the anodic reaction
𝛼𝑐 Charge transfer coefficient of the cathodic reaction
𝛽 Coefficient which considers the interactions between

adsorbed molecules
𝛥𝑈 Energy variation of the system before and after the

addition, translation or deletion move
𝛥𝑉𝑁𝑒𝑟𝑛𝑠𝑡 Nernstian losses
𝛿 Thickness of the Stern layer
𝛥𝜙𝑆𝐶 Overpotential of the photocurrent
𝜖 Relative permittivity
𝜖0 Permittivity of vacuum
𝜖𝛿 Relative permittivity of the Stern layer
𝜖𝑟 Relative permittivity of water
𝜖𝑚𝑖𝑛 Relative permittivity of confined water
𝜂 Overpotential of the reaction
𝛤 Surface excess
𝛾 Surface tension
𝛾± Activity coefficient of the electrolyte
𝜅 Inverse of the Debye length
𝜆 Wave length
𝐄 Electric field
𝐮 Convective flux velocity
𝜔𝛴 Average of the partial molar area of all compo-

nents (for one surfactant it is the molar area of the
surfactant)

𝛷 Quantum yield
𝜙(𝜆, 𝑥) Photon flux at a distance 𝑥 in the beam direction
𝜙0(𝜆) Photon flux
𝜋 Surface pressure
𝜌 Number density
𝜌𝑒 Electric charge density
𝜎 Surface charge
𝜎𝑒 Contact free energy per unit area
𝜏 Half-life time of the photocatalyst’s excited state
𝜃 Surface coverage of the catalyst with the reactant
𝜃𝑖 Surface coverage of the surfactant 𝑖
𝑎𝑒 Area of the surfactant head
𝑎𝐺 Fitting parameter
𝑎𝑖 Activity of the species 𝑖
𝑏 Adsorption constant
𝑐∗𝑅 Concentration of excited reactive sites
𝑐0 Bulk concentration of species
𝐶𝑖 Concentration of the charge carrier 𝑖
2

𝑐𝑖 Bulk concentration of the species 𝑖
𝑐𝑅 Concentration of unexcited reactive sites
𝑐𝑜𝑥,𝑏𝑢𝑙𝑘 Bulk concentration of species involved in the anodic

reaction
𝑐𝑜𝑥,𝑠𝑢𝑟𝑓 Surface concentration of species involved in the

anodic reaction
𝑐𝑅,0 Concentration of the total reactive sites
𝑐𝑟𝑒𝑑,𝑏𝑢𝑙𝑘 Bulk concentration of species involved in the

cathodic reaction
𝑐𝑟𝑒𝑑,𝑠𝑢𝑟𝑓 Surface concentration of species involved in the

cathodic reaction
𝐷𝑖 Diffusion coefficient of the species 𝑖
𝑑𝑖 Diamater of the solvated species 𝑖
𝑒 Elementary charge
𝐸◦ Standard thermodynamic equilibrium potential
𝐹 Faraday constant
𝑓 Fugacity of the gas
𝑓𝐺 Efficiency of gas evolution at the electrode
𝐺 Generation rate of the charge carrier
𝑗 Current density
𝑗0 Exchange current density
𝑗0,𝑜𝑥 Exchange current density at the anode
𝑗0,𝑟𝑒𝑑 Exchange current density at the cathode
𝑗𝑑𝑎𝑟𝑘 Dark current density at the anode
𝑗𝑜𝑥 Current density at the anode
𝑗𝑝ℎ𝑜𝑡𝑜 Photocurrent density at the anode
𝑗𝑟𝑒𝑑 Current density at the cathode
𝑘 First order rate constant of the redox reaction on

nanoparticles
𝑘∗ Rate constant 𝑘 normalized to the catalyst concen-

tration
𝐾0 Henry’s law constant
𝑘𝐵 Boltzmann constant
𝑘𝑟 Recombination forward rate constant
𝑘1 Forward reaction constant of the redox reaction on

molecular photocatalyst
𝑘2 Forward reaction constant of the regeneration of the

photocatalyst
𝐾𝑎𝑑𝑠 Adsorption constant of the Langmuir adsorption

isotherm
𝑘CO2

Forward reaction constant of CO2 dissociation
𝑘HCO−

3
Forward reaction constant of HCO−

3 dissociation
𝑙0 Length of the surfactant tail
𝐿𝑝 Local volumetric rate of photon absorption
𝑚 Coefficient equal to 1 for non-ionic surfactant or

ionic surfactant with large excess of salt and equal
to 2 for ionic surfactants

𝑚0 Mass concentration of the catalyst
𝑀𝑤𝑎𝑡𝑒𝑟 Molar concentration of water
𝑁 Number of moles of electrons
𝑛 Number of electrons
𝑁+ Number of cations
𝑁− Number of anions
𝑛0 Electron donor density in an n-type semiconductor
𝑁𝐴 Avogadro number
𝑁𝐷 Flux density of formation of the gas

electrochemical potential (−1.90 V vs Normal Hydrogen Electrode —
NHE) [22]. Other proposed reaction mechanisms bypass the formation
of the radical CO−.
2 by involving a series of multiple proton-coupled
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𝑁𝐺 Flux density of formation of the gas converted into
bubbles

𝑛𝐺 Fitting parameter
𝑁𝑚 Aggregation number of monomers in a micelle
𝑛𝑠 Number of species 𝑖 in solution
𝑃𝑎 Acceptance probability for the insertion move
𝑃𝑑 Acceptance probability for the deletion move
𝑃𝑡 Acceptance probability for the translation move
𝑝CO2 ,𝑏𝑢𝑙𝑘 Partial pressure of the CO2 in the bulk
𝑝CO2 ,𝑐 Partial pressure of the CO2 at the cathode
𝑝𝐻𝑎 pH at the anode
𝑝𝐻𝑐 pH at the cathode
𝑝𝐻𝑏𝑢𝑙𝑘 pH in the bulk
𝑝𝐾1 pK value for the dissociation of CO2
𝑝𝐾2 pK value for the dissociation of HCO−

3
𝑞𝑖 Charge of the particle 𝑖
𝑅 Universal gas constant
𝑟 Reaction rate
𝑅𝑖 Recombination rate
𝑆𝑖 Source term related to chemical reactions
𝑇 Temperature
𝑈𝑖𝑗 Interaction energy between the particles 𝑖 and 𝑗
𝑉 Electric potential
𝑉0 Electric potential at a charged interface
𝑣0 Volume of the surfactant tail
𝑉𝛿 Electric potential at the end of the Stern layer
𝑉𝑙 Potential in the electrolyte
𝑉𝑠 Potential at the electrode
𝑉 𝑜𝑙 Volume of the simulation box
𝑤𝑖 Parameter related by the number of water molecules

held by the ion 𝑖
𝑥 Distance
𝑦 Dimensionless potential electric potential
𝑦0 Dimensionless potential electric potential at distance

zero from the charged surface
𝑍𝑖 Charge number

electron transfers (PCET) thus requiring less electrochemical poten-
tial [23,24]. CO2 adsorption on a semiconductor surface is one method
of activating the otherwise inactive molecule for reduction [22]. In
general, the surface atoms of the photocatalyst coordinate with the
carbon or the oxygen atoms of the CO2 molecule as shown in Fig. 1. The
different binding modes partly determine the reaction pathways [21].
Depending on the reaction pathway and the number of electron trans-
ferred, it is possible to obtain multiple different products such as carbon
monoxide, formic acid, formaldehyde, methanol and methane [25].
Among many products obtainable from CO2, CO is a gaseous com-
pound that requires the transfer of only two electrons, and thus it is
a kinetically favorable choice as compared for example to methane,
which requires the transfer of eight electrons to form one molecule as
shown in Table 1. Moreover, a mixture of CO and H2, coming from
the proton reduction of water, can be employed in chemical reactors
to produce more complex hydrocarbons through the Fischer–Tropsch
process [26,27]. The obtained energy rich fuels such as methanol or
methane, can be already used in the current infrastructure [28–30]. In
Table 1 electrochemical CO2 reduction potentials versus the NHE are
reported.

One of the main challenges in CO2 reduction is the large excess
of protons in water solutions that can be reduced in the place of
CO [31,32]. Indeed, proton reduction does not have a high redox
3

2 c
Table 1
Reaction potentials of some reduction and oxidation reactions of interest
[22].

Reaction 𝐸◦
𝑟𝑒𝑑𝑜𝑥 vs NHE [V]

CO2 + 2H+ + 2𝑒−⟶HCOOH −0.61
CO2 + 2H+ + 2𝑒−⟶CO + H2O −0.53
CO2 + 4H+ + 4𝑒−⟶HCHO + H2O −0.48
CO2 + 6H+ + 6𝑒−⟶CH3OH + H2O −0.38
CO2 + 8H+ + 8𝑒−⟶CH4 + 2H2O −0.24
2H+ + 2𝑒−⟶H2 −0.41

2H2O + 4H+⟶𝑂2 + 4H+ 0.82

potential and requires small overpotential since it is a double electron
process (see Table 1) [33]. During the last decades, researchers have
investigated different methods and strategies to make CO2 reduction

ore efficient working on materials and electrode design [22,34–37].
The CO2 reduction reaction is ideally coupled with an oxidation

eaction which provides the necessary electrons (and protons) to create
closed loop. In this work, we will focus on the water oxidation

eaction, which generates oxygen. However, water oxidation to oxy-
en is a four electron process thus requiring high overpotentials. So,
ther oxidation reactions have been studied in literature to lower the
otential necessary to obtain the desired product deriving from the CO2
eduction [18,38,39]. Glycerol oxidation is a rather common reaction
oupled with carbon dioxide reduction [18] or proton reduction [39].
oupling CO2 reduction and water oxidation is particularly challenging,
o many studies focus on one of the two half-reactions, the reduc-
ion or the oxidation, achieved involving sacrificial electron donors or
cceptors.

There are multiple possible approaches to generate solar fuels [40,
1] as schematically depicted in Fig. 2:

• photocatalysis in solution
• photoelectrocatalysis in photoelectrochemical cells (PEC)
• thermochemical conversion of carbon dioxide and water to fuels

at high temperature powered by concentrated solar light
• biomass conversion
• electrocatalysis by using the electricity generated in a photo-

voltaic panel to run an electrolyzer

hile electrocatalysis and biomass gasification are examples of indirect
ethods for solar fuel production, where an additional step between

he solar energy absorption and the generation of the fuel is added,
he remaining approaches can be categorized as direct methods for the
roduction of fuels.

There are still some key challenges for producing solar fuels on
n industrial scale through photocatalysis, which, focusing on the
echnological aspects, can be divided in designing better materials
nd optimizing photochemical reactors. Developing highly efficient and
table photocatalysts is a major challenge since many photocatalysts
xhibit limited efficiency and undergo degradation and deactivation
ver time [50]. Many photocatalysts have been designed inspired by
atural photosynthesis. Those can be based on semiconductors [51,52]
r molecular structures [53]. Hybrid systems are also common where
emiconductors are decorated with noble metals or with other semi-
onductors [54–58], molecular catalysts [59,60], enzymes [61,62] or
acteria [63–65] in order to improve their efficiency and selectivity
r to produce more complex molecules (e.g. multi-carbon compounds).
or example, in [56], TiO2 N-doped graphene catalysts decorated with
u nanoparticles have been synthesized and tested for CO2 photo
eduction to fuel using visible light with a high selectivity and effi-
iency towards methane. Thanks to both theoretical calculations and
xperimental testing, Authors identified the causes in the more fa-
orable kinetics due to the N-graphene doping and to the extended
isible light absorption and improved charge separation due to the Au
anoparticles. Likewise, molecular catalysts can be attached to semi-
onductors to improve their performances. In Ref. [59], ZnSe quantum
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Fig. 1. Examples of CO2 adsorption on the surface of a photocatalyst. The CO2 molecule does not have a dipole moment, however each oxygen atom have a pair of electrons
that can be donated to the adsorption sites on the surface (a). On the other hand, electrons from the adsorption site can be accepted by the carbon atom (b). Mixed coordination
can occur when the CO2 molecule act as an electron donor and acceptor (c).
Source: From [21].
dots were modified with the addition of a nickel based molecular
catalyst, which resulted in a threefold increase of CO production due
to better kinetics. Enzymes can be attached to nanoparticles [61]
or porous electrodes to lower the kinetic barrier for CO2 reduction
and improve the selectivity [66]. Kuk and coworkers [66] designed
a tandem photoelectrochemical cell where the reduction of CO2 to
formate was successfully reached thanks to a cathode where enzymes
are attached to an electrically conductive titanium nitride structure.
The electrons were provided by a bismuth vanadate photo anode for
water oxidation and a perovskite photovoltaic cell used to produce the
necessary potential for the CO2 reduction. Similarly, bacteria can be
used coupled with photoactive materials. In [67], CdS nanoparticles
have been used as light absorbing units which deliver electrons to the
attached non-phototrophic bacteria for CO2 to CH4 conversion.

Another challenge for up-scaling solar fuel production through
photocatalysis lies in the reactor design and optimization towards a
uniform illumination [68] and an efficient mass transfer. In this re-
gard, monolith reactors with honeycomb structure holding photoactive
nanoparticles have been investigated because of their potentially high
surface to volume ratio and easily controllable of structural parameters
(i.e., pore volume, pore size and surface area) [36]. Other researchers
are focusing on gas diffusion electrodes for photoelectrochemical cells
in order to improve mass transfer especially when dealing with gaseous
species thus avoiding solubility issues [69].

1.1. Photocatalysis in solution

A possible reactor design involves the use of particles or molecular
photocatalysts in gas phase or dissolved in solution. In this type of
devices, charge carriers are generated by solar irradiation in each unit
4

(e.g. a particle) which catalyses one of (or both) the half-reactions
for fuel production and water oxidation. The case of proton reduction
to hydrogen on a photoactive nanoparticle is shown in Fig. 2A. As it
will be shown in the next sections, a photocatalytic process can be di-
vided in different phases starting from the semiconductor (or molecule)
which absorbs photons and generates excited electrons and holes (light
harvesting). Successively, the separated charge carriers will drive the
oxidation reaction (for example water oxidation to oxygen) and the
reduction reaction (e.g., proton reduction to molecular hydrogen). The
electrons and holes may recombine inside the bulk and the surface of
the photocatalyst. We can distinguish these reactors in two types: Type
1 reactors in which the colloidal suspension is in a single vessel where
both fuel production and oxygen evolution reaction occur and Type 2
reactors that consists of two different vessels (one for the fuel evolution
and the other for the water oxidation) separated by a membrane.
Type 1 reactors do not need wiring and have simple and low-cost
photocatalytic reactor design. However, the oxygen and the gaseous
fuel evolving in the same vessel might generate an explosive mixture
and need to be separated afterwards. The reactor reported in [70] is an
example of Type 1 rector, where a gaseous mixture of water and CO2
reacts on titania nanoparticles doped with Iridium to produce a mixture
of methane, ethane, ethene, propene, carbon monoxide and oxygen.
Authors also compared two reactor designs, the first one involving
a monolith coated with nanoparticles and the second one where the
nanoparticles were suspended. The yield of CO per gram of catalyst
resulted to be higher in the first case. In Type 2 reactors, the two half-
reactions of water oxidation and fuel production generate intermediate
chemical species that serve as a redox shuttle between the vessels via
a Z-scheme mechanism [71]. This type of reactor has the advantage of
separating the produced fuel from the generated oxygen, but present
more technical challenges related to the redox shuttle flow. Indeed,
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Fig. 2. Pictorial overview of different methods for solar fuel generation divided by reactor types. (A) Photocatalysis in a photochemical reactor where nanoparticles (or molecular
structures) are responsible for the light harvesting and subsequent photoreactions. In the zoom, a nanoparticle with its valence and conduction bands is depicted, the photoexcited
electrons (e−) and holes (h+) drive the reduction and oxidation reactions, respectively. (B) Photoelectrocatalysis in a PEC cell, the two compartments of water oxidation and
fuel production are separated by an ion conductive membrane (inspired by [42]). In the picture, the anode is responsible for the photogeneration of the charge carriers and
for the oxidation of water, while fuel production occurs at the cathode. Not all PEC cells adopt a membrane to separate the oxidation and reduction compartments [43]. (C)
Thermochemical conversion through concentrated solar power (CSP), fuels are produced in a reactor at high temperatures (1000–2000 K) reached thanks to concentrated solar
radiation using mirrors. At high temperatures, the CO2 reduction path to fuels is thermodynamically favorable [44]. (D) Fuel production from biomass. This category include
very different technologies such as thermochemical cycles involving combustion, gasification, pyrolysis, liquefaction, carbonization, or co-firing (depicted in the Figure) [45] or
fermentation in reactors using bacteria [46]. (E) Water electrolysis and CO2 reduction performed in electrolyzers powered by a photovoltaic (PV) power station [47,48]. A schematic
view of an electrolyzer cell coupled with PV panels is reported. Note that electrolyzers are usually made of multiple cells stacked together [49].
most probably the redox shuttle will move in the reactor by mixing
and diffusion. Simple diffusion without convection could reach a steady
state profile in days depending on the size of the reactor. Thus, a slow
redox-shuttle mass transport is one of the key factors, together with
the kinetic of the two reactions (water oxidation and fuel evolution)
and recombination issues, in determining the overall efficiency of the
reactor.

Colloidal suspension can be made of:

• nanoparticles (e.g. based on metal oxides [35,71,72] or graphitic
carbon nitrides [73,74])

• molecules (e.g. ruthenium based compounds [75], porphyrins
[53] or enzymes for water oxidation [75] or CO2 reduction [53,
61])

Mixed systems where molecular catalysts are anchored to nanoparti-
cles [59] or enclosed in self-assembled structures are widely reported
in the literature [76–78].

For the case of colloidal suspension based on semiconductor pow-
der, the nanoparticles are usually responsible for the light-absorption
while a catalyst is responsible for an efficient charge separation and re-
duces the overpotential required for the redox reaction. These catalysts
can be active molecules anchored to the light absorbing nanoparticle
or noble metal cocatalysts (i.e., Pt, Pd, Au, Ag) [79]. For more details,
Ref. [71] offers an extensive analysis of visible-light-driven particles
for water oxidation and proton reduction with and without cocatalyst,
whereas the interested reader can find in [54] a thorough analysis on
the different strategies to anchor molecular catalysts to a wide range
of substrates such as carbon nanotubes, quantum dots, metal oxide
surfaces, and semiconductors.

Molecular metal complexes made of metal ions/clusters and organic
ligands are increasingly attracting attention in the field of photocatal-
ysis for solar fuel production since their redox potential and light
harvesting capability as well as their selectivity can be tuned by acting
5

on their molecular structure [40,80,81]. This allows to obtain high
products selectivity and quantum efficiencies. Molecular photocatalysis
can be performed both by a single molecule which acts as light ab-
sorbing unit and catalyst [82] or by two or more molecules mimicking
the natural photosynthesis process where photons are absorbed and
collected by photosensitizers and then transferred from or to a sec-
ond molecule responsible for the redox reaction, the catalyst [53,75].
An example of selective CO2 reduction to CO in solution driven by
a ruthenium tris(bipyridine) photosensitizer (PS) and a cobalt based
soluble porphyrin catalyst (C) is reported in Ref. [53] and summarized
in the pictorial representation of Fig. 3. Authors focused on the CO2
half-reaction using sodium ascorbate as sacrificial electron donor (ED).
This process can be divided in three steps:

• the reductive quenching of the excited state of the photosensitizer
by the sodium ascorbate

• the electron transfer from the photosensitizer to the catalyst
• the catalytic reduction of CO2 to CO

Authors found that the high selectivity to CO of the cobalt based por-
phyrin was caused by one of its reaction intermediates that is stabilized
by the attached CO2 molecule, thus reducing the probability of the
formation of other intermediates which would have led to hydrogen
evolution. In Ref. [53], a more accurate and quantitative description of
the reaction mechanism of the CO2 reduction to CO is given.

Among the various molecular photosensitizers [83,84], the same
ruthenium showed before is widely used in literature also for water
oxidation due to its high reductive and oxidative potential [85]. Au-
thors in Ref. [75] compared a water oxidation to oxygen driven by
two different ruthenium catalysts using sodium persulfate as sacrificial
electron acceptor. As before, three major steps can be identified:

• the oxidative quenching of the excited state of the photosensitizer
by the sodium persulfate

• the electron transfer from the catalyst to the photosensitizer
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Fig. 3. Generic reaction steps for the reduction of CO2 to fuel using molecular photosensitizers and catalysts: (1) light absorption by the photosensitizer, whose exited state is
quenched by an electron donor; (2) multiple electron transfer from the photosensitizer to the catalyst which stores the electrons (two for the analyzed case) and 3) reduces CO2
to CO. In this picture the electron donor, the photosensitizer and the catalyst are sodium ascorbate, ruthenium tris(bipyridine) and a cobalt based porphyrin, respectively [53].
• the catalytic oxidation of water to oxygen

One of the main challenges of those particulate/molecular photo-
catalysts system is the stability of their components. For this reason,
many authors have investigated how to improve the stability and the
efficiency of molecular catalysts and photosensitizers by enclosing them
in supramolecular and self-assembled structures such as micelles [77,
86,87] and liposomes [76,88]. Micelles are assemblies of amphiphilic
molecules whose hydrophobic tails form an oil-like environment inside
the aggregate while the hydrophilic head groups face the surrounding
media. Similarly liposomes are vesicles, spherical in shape, having at
least one lipid bilayer separating the inner part of the liposome from the
solution. Catalysts and photosensitizers in supramolecular structures
are closer to each other as compared to those within homogeneous
solutions thus possibly leading to enhanced intermolecular interactions.
This leads to more effective charge separation with less charge re-
combination as compared to the same compounds in homogeneous
systems [89]. Moreover, self-assembled structures help to solubilize
the photoactive molecules as well as protect them and their interme-
diates [87]. Wang and coworkers [82] solubilize an hydrophobic tin
porphyrin in micelles to stabilize the molecule during water oxidation
to oxygen. Self-assembled structures can be used to separate the two
reactions of oxidation and reduction providing compartmentalization
of the products [87].

Most of molecular-based systems under study focus on one reaction
(oxidation or reduction) employing sacrificial agents due to some open
issues related to different redox environments of the reduction and the
oxidation, charge recombination, different solubilities of the products
and their separation. In particular, oxygen may severely interfere with
the photochemical reactions [87]. Self-assembled structures can help
to solve part of these problems as demonstrated by the work of Hu
and coworkers [90] who were able to compartmentalize in the same
liposome two types of metal organic frameworks responsible for the
water oxidation and hydrogen production half-reactions, respectively.

1.2. Photoelectrochemical cells (PEC)

In photoelectrochemical cells, the solar energy harvested by a semi-
conductor leads to the generation of charge carriers, namely electrons
in the conduction band and holes in the valence band. While the elec-
trons flow in an external circuit reaching the cathode for the reduction
of protons or CO2 to the desired fuel, the holes accumulate at the
anode driving the water oxidation half-reaction. In 1972, Fujishima and
Honda [51] published a seminal paper describing the photocatalytic
properties of titanium dioxide, which was used to produce hydrogen
6

Table 2
Steps in the photocatalytic splitting of water in the PEC reported in [51].

(1) Light harvesting and charge separation TiO2 + 4ℎ𝑣⟶4𝑒− + 4𝑝+

(2) Water oxidation (at the TiO2 electrode) 4𝑝+ + 2H2O⟶O2 + 4H+

(3) Proton reduction (at the platinum electrode) 4𝑒− + 4H+
⟶2H2

Overall reaction 2H2O + 4ℎ𝑣⟶𝑂2 + 2H2

and oxygen from water splitting. The configuration of the cell was
similar to the one shown in Fig. 2B, with two electrodes immersed
in an electrolyte and separated by a membrane. The latter served as
separator to limit electrolyte and product crossover, thus increasing the
performance of the cell [91]. Upon irradiation of the TiO2 electrode
surface, electrons flow from the TiO2 to the platinum electrode via
the external circuit. The direction of the electron flow reveals that
the oxidation half-reaction (oxygen evolution) occurs at the TiO2 elec-
trode and reduction half-reaction (hydrogen evolution) at the platinum
electrode. We can divide the solar-to-fuel (hydrogen for the case of
Fujishima) process in three steps as reported in Table 2.

Since then, PECs have been investigated not only for proton, but
also, for CO2 reduction. More sophisticated electrodes and devices are
necessary in order to reduce efficiently and selectively CO2 in water
as in aqueous media the hydrogen evolution reaction also takes place
and can be driven by a lower overpotential than the one necessary
for CO2 reduction. Indeed, selectivity depends on many factors such as
the catalyst material, morphology, surface modification and reaction
conditions. Those aspects have a direct influence on the different char-
acteristics of the photo electrodes such as the adsorption/desorption
of intermediates, adsorption of the reactants, light-excitation, band
structure and separation of photogenerated charge carriers [21]. For ex-
ample, Iizuka and coworkers [92] studied the effect of the cocatalyst in
the CO2 Reduction over ALa4Ti4O15 (A = Ca, Sr, and Ba) photocatalysts:
Authors discovered that Ag could be a good cocatalyst for photocat-
alytic CO2 reduction due to non-favorable surface for proton reduction
and that, while the bare BaLa4Ti4O15 produced only hydrogen, the
addition of a silver cocatalyst resulted in a change of the product
selectivity towards CO. Chu and coworkers [26] demonstrated an ef-
ficient photoelectrochemical CO2 reduction for syngas production with
a controlled H2/CO2 mixture composition by employing a metal/oxide
nanostructured interface. Other researchers [60] included a molecular
catalyst on the semiconductor electrode in order to improve selectivity
and efficiency of the PEC cell. A wireless configuration of the PEC cell
has been also studied in literature where both the oxidation reaction
and the reduction reaction occur on the same artificial leaf [42].
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Table 3
Main categories of models for describing chemical phenomena in photo(electro)chemical devices.

Model category General description Advantages and main use Disadvantages Main ref.

Kinetic models These types of models consist of
a system of equations describing
the different reaction steps (light
absorption, redox reaction steps)
and intermediates with variable
accuracy. In the case of multiple
reaction steps and pathways,
these models are defined as
micro-kinetic models, sometimes
coupled with ab initio simulations
for calculating a priori the
reaction constants.

• Describing and optimizing
the reaction mechanisms
finding possible rate
determining steps for
photochemistry in solution
(nanoparticles or molecular
catalysts).
• Fast computation.

• Do not consider mass
transport.
• In the case of complex
reaction mechanisms, a
large number of
simulations and/or
experiments are required.

[93–95]

Macroscale
continuum
models

Multiphysics macroscale models
consist of a system of equations
coupling the reactive part (kinetic
model) and mass transport
(diffusion and convection) solved
in a specific domain which can
be 1D, 2D or 3D.

• Considering the competition
between the different
phenomena such as: mass
transport, light absorption,
charge carriers diffusion,
charge effects such as the
electric double layer, chemical
reactions, bubble formation
and fluid flow.
• Studying and optimizing
chemical reactors such as
photoelectrochemical cells.

• The nanoscopic structure
of the matter is usually
taken into account by
effective parameters.
• High computational cost
for complex computational
domains.

[33,96,97]
𝑟

𝜃

2. Chemical phenomena: models for reactive interfaces

A fundamental understanding of the phenomena occurring dur-
ing the photocatalytic reactions is essential for the optimization of
future devices for solar fuel production. A detailed reaction kinetics
coupled with mass-transport phenomena is indeed necessary for de-
signing more effective interfaces achieving remarkable performance
gains [98]. In this section, we focus on continuum models, mesoscale
models, atomistic simulations and kinetic models in a coherent multi-
scale perspective as summarized in Table 3. Detailed reaction pathways
investigated through ab initio simulations and density functional theory
DFT) are out of the scope of this work, although they are crucial
ools for studying photo(electro)chemical reactions [99–101]. Ab initio
imulations are especially helpful when integrated with experimental
echniques to identify critical reaction intermediates and rate deter-
ining steps building a microkinetic model of the reaction mechanism
nder study [102–104]. However, the number of parameters to con-
ider in photocatalytic experiments to build an accurate microkinetic
odel rapidly increases. Thus, many researchers are focusing their

ffort in coupling experimental and modeling techniques with machine
earning algorithms to foster the discover of new mechanisms and
o optimize the experimental conditions [105–107]. In the following
ections, we first focus on general kinetic models for systems made
f colloidal suspensions and, subsequently, on continuum models of
eactive interfaces.

.1. Homogeneous systems

Bloh and coworkers [93] developed a kinetic model for photore-
ctions on nanoparticles and molecules as shown in Fig. 2A. Authors
ocused on the slower and rate determining half-reaction and divided
he process in three reaction steps as shown in Fig. 4A. The first one is
he generation of a reactive site 𝑐∗𝑅, that corresponds to a surface site in
hich an electron (or a hole) is trapped and thus capable to reduce (or
xidize) a reactant (e.g. CO2) generating the desired product (e.g. CO).
he rate of this reaction step was defined as:

1(𝑐𝑅 ⟶ 𝑐∗𝑅) = 𝛷 ⋅ 𝐿𝑝 ⋅
𝑐𝑅
𝑐𝑅,0

(1)

here 𝐿𝑝 is the local volumetric rate of photon absorption, 𝛷 is the
uantum yield, 𝑐∗𝑅, the concentration of excited reactive sites, 𝑐𝑅 the

concentration of unexcited reactive sites and 𝑐 the concentration of
7

𝑅,0
the total reactive sites. The quantum yield takes into account all the
losses (e.g. bulk charge recombination). The surface charge recombina-
tion with a reactive site that relaxes to its ground state was considered
as a first order reaction by adding a second reactive step:

𝑟2(𝑐∗𝑅 ⟶ 𝑐𝑅) = 𝑘𝑟
𝑐∗𝑅
𝑐𝑅,0

(2)

with 𝑘𝑟 being the recombination rate constant. The final step is the
redox reaction of adsorbed reactant 𝑆 in the active site:

3(𝑐∗𝑅 + 𝑆 ⟶ 𝑐𝑅 + 𝑃 ) = 𝑘 ⋅ 𝜃 ⋅ 𝑐∗𝑅 (3)

=
𝐾𝑎𝑑𝑠 ⋅ [𝑆]

1 +𝐾𝑎𝑑𝑠 ⋅ [𝑆]
(4)

where 𝑃 are the products of the chemical reactions. A Langmuir adsorp-
tion isotherm, Eq. (4), was employed for the adsorption of reactants
with concentration 𝑆 and adsorption constant 𝐾𝑎𝑑𝑠. 𝜃 is the surface
coverage of the photocatalyst. It is possible to define the overall reac-
tion rate by assuming a pseudo-steady-state approach (𝑐𝑅, 𝑐∗𝑅 = 𝑐𝑜𝑛𝑠𝑡.,
𝑟1 = 𝑟2 + 𝑟3). Normalizing the rate constant to mass concentration of
the catalyst 𝑚0, the rate 𝑟 can be defined as:

𝑟 =
𝛷 ⋅ 𝐿𝑝 ⋅ 𝑘∗ ⋅ 𝜃 ⋅ 𝑚0

𝛷 ⋅ 𝐿𝑝 + 𝑘𝑟 + 𝑘∗ ⋅ 𝜃 ⋅ 𝑐0
(5)

𝑘∗ =
𝑘 ⋅ 𝑐𝑅,0
𝑚0

(6)

In Eq. (5), 𝜃 can be obtained from Eq. (4) while 𝐿𝑝 can be estimated
by using the Lambert–Beer law for calculating the light absorption of
the solution, for a non monochromatic light:

𝜙(𝜆, 𝑥) = 𝜙0(𝜆) 𝑒−𝛼(𝜆)𝑥 (7)

𝐿𝑝(𝑥) = −∫

𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

𝑑𝜙(𝜆, 𝑥)
𝑑𝑥

𝑑𝜆 = −∫

𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
𝛼(𝜆)𝜙0(𝜆) 𝑒−𝛼(𝜆)𝑥𝑑𝜆 (8)

with 𝜙0 being the photon flux, 𝛼(𝜆) the absorption coefficient of the
solution and 𝑥 the propagation direction of the photon flux. The three
remaining parameters, namely the rate constant (𝑘∗), the quantum
yield (𝛷) and the recombination rate (𝑘𝑟), can be found by best-
fitting the model to experimental data. Eq. (5) shows that for low light
intensity, the reaction is dominated by the flux of absorbed photons.
On the other hand, for high light intensities the rate is limited by the
reaction kinetics. The above theoretical framework was applied by Bloh
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Fig. 4. Kinetic models for a generic photoreaction. (A) kinetic model for a generic photoreaction on a nanoparticle. In the first step (R1), if the incoming photons have an energy
(ℎ𝑣) higher than the band gap of the semiconductor (𝐸𝑏𝑔), than the excited state is generated (𝑐∗𝑅). R2 considers charge recombination thus the relaxation of the excited state
to its ground state (𝑐𝑅). R3 represents the charge transfer and the chemical reaction, being 𝑆 and 𝑃 in the Figure the reactants and the products, respectively. (B) Four steps
considered in the model for a molecular photocatalytic reaction occurring on a photocatalyst (𝑃𝐶). Once the excited state is reached (R1), the molecule can relax (R2) or undergo
an oxidative (or reductive) quenching (R3). Finally, the photocatalyst is regenerated (R4).
Source: From [93].
and coworkers [108] for describing and optimizing the photocatalytic
reduction of nitrobenzene to aniline in alcoholic solutions using titania
nanoparticles. Authors studied the effect of light intensity, catalyst
concentration, initial concentration and temperature to eventually opti-
mize the reaction conditions. It is important to note that the Equations
presented so far depends on the local photon flux that might vary
in the reaction medium, for example due to scattering, adsorption or
reflection [109]. However, it is still possible to assume the average
photon flux to calculate the reaction rate if the reaction rate depends
linearly on the light intensity. This theoretical framework has some
drawbacks related to its simplicity. For example, dynamic processes
cannot be modeled due to the steady state assumption. Moreover, the
model does not consider changes in the solution properties, such as pH,
and the depletion of the photoactive species. Finally, this simplified
model does not take into account mass transport in solution and do
not consider concerted multi-electron transfers.

More tailored descriptions of the reaction mechanisms of solar fuel
production through photocatalysis have been developed. For exam-
ple, Bjelajac and coworkers [94] adopted a microkinetic model to
describe the CO2 reduction reaction on titania nanoparticles for the
generation of hydrogen, methane and carbon monoxide in a monolith
reactor. Authors compared the performances of four photocatalysts by
using experimental data to best-fit the microkinetic model of pho-
tocatalytic production of CH4, CO and H2 from a gas mixture of
CO2 and water. Four surface reactions on the nanoparticle and six
adsorption/desorption reactions of the reactants and the products were
considered:

CO2(𝑔) + 1∗ ⇌ CO∗
2 (9)

H2O(𝑔) + 1∗ ⇌ H2O∗ (10)

2H2O∗ + 3∗⟶4H∗ + O2 ∗ (11)

2H∗⟶H∗
2 + 1∗ (12)

CO∗
2 + 2H∗⟶CO∗ + H2O∗ + 1∗ (13)

CO∗ + 8H∗⟶CH∗ + 2H O∗ + 6∗ (14)
8

2 4 2
CO(𝑔) + 1∗ ⇌ CO∗ (15)

O2(𝑔) + 1∗ ⇌ O∗
2 (16)

H2(𝑔) + 1∗ ⇌ H∗
2 (17)

CH4(𝑔) + 1∗ ⇌ CH∗
4 (18)

The star used as superscript in the Reactions (9)–(18) denotes the
adsorbed state. When the star is used as a superscript of a number,
this indicates how many active sites have been occupied or freed by
the reaction. For example, for the case of CO2 adsorption in Eq. (9),
one surface site (1∗) will be occupied by the incoming molecule. This
highlights the possible competition of the chemical species for the
same reactive site and its effect on the final products. Indeed, Authors
pointed out how the initial CO2/H2O mixture composition needs to
be optimized to avoid excessively high H2O concentrations which, by
covering the catalyst active sites, would reduce the surface contact
of CO2 molecules with the photocatalyst. This is demonstrated by
Authors in [110] who measured the adsorption isotherms and the heat
of adsorption of water and carbon dioxide on titania suggesting that
adsorption of water is stronger and with higher coverage than that of
CO2. Reactions (9)–(18) resulted in seven differential equations, one
for each chemical species of interest (CO2, H2O, O2, H2, CO, CH4), in
addition to an equation describing the time evolution of the reactive
sites. Initially, a total of 17 free parameters were considered, which was
reduced to 4 by assuming fixed adsorption and desorption constants.
Bjelajac and coworkers [94] found the four free parameters by fitting
their experimental results. Authors were able to establish that the water
dissociation to H radical and O2 is the rate determining step of the
reaction, while the formation of CO and CH4 are the fastest reaction
steps. Similar kinetic models for CO2 reduction have been proposed for
titania based nanoparticles [70,95,97].

An analogous approach, summarized in Fig. 4B, can be applied
to homogeneous catalysis once Eqs. (1)–(3) are properly rewritten.
Considering a photocatalyst which absorbs light and catalyses the
reaction, in the first step, the photocatalyst (PC) is excited owing to
the absorbed light. This can be related to the local volumetric rate of
photon adsorption as in Eqs. (1):

𝑟1(𝑃𝐶 ⟶ 𝑃𝐶∗) = 𝛷 ⋅ 𝐿𝑝 ⋅
[𝑃𝐶] (19)

[𝑃𝐶0]
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with [𝑃𝐶] being the concentration of the photocatalyst in the ground
tate, [𝑃𝐶0] the total concentration of photocatalyst and 𝛷 the quantum
ield of the reaction. Once the photocatalyst is in an excited state, it can
elax back to the ground state (𝑟2) or undergo a reductive (or oxidative)
uenching (𝑟3). For the first case, Bloh and coworkers [93] assumed
first order reaction with respect to the concentration of the excited

tate:

2(𝑃𝐶∗ ⟶ 𝑃𝐶) = [𝑃𝐶∗]
𝜏

(20)

y assuming an identical behavior for the oxidative or the reductive
uenching, Authors analyzed only the oxidative quenching:

3(𝑃𝐶∗ + 𝑆1 ⟶ 𝑃𝐶+ + 𝑃1) = 𝑘1 ⋅ [𝑆1] ⋅ [𝑃𝐶∗] (21)

here 𝑆1 is the reactant, 𝑃1 the product and 𝑘1 the rate constant. In the
ast step the oxidized photocatalyst (𝑃𝑆+) is regenerated to the ground
tate (𝑃𝐶):

4(𝑃𝐶+ + 𝑆2 ⟶ 𝑃𝐶 + 𝑃2) = 𝑘2 ⋅ [𝑆2] ⋅ [𝑃𝐶+] (22)

being 𝑘2 the rate constant of the second-order reaction, [𝑆2] the concen-
tration of the reactant and 𝑃2 the product. A similar yet more complex
-dimensional kinetic model was adopted by Limburg and cowork-
rs [111] to describe photocatalytic reduction of methyl viologen by
ysteine photoinduced by a tetraanionic zinc porphyrin in homoge-
eous conditions and in liposomes. Authors were able to demonstrate
hat the same molecules behave differently depending whether they
ind themselves in homogeneous systems or in liposomes structures.
n particular, the kinetics of elementary steps changed dramatically
ith the rate of oxidative quenching of the electron acceptor (methyl
iologen) increasing of two order of magnitudes due to the positively
harged surface of the liposome and subsequent increase of products
ormation.

.2. Photoelectrochemical (PEC) cells

In this section, we describe commonly reported strategies to model
hotoelectrochemical devices. Light absorption, charge transport, inter-
acial reactions and transport of (charged) species in solution all take
lace in PEC cells. Those phenomena occur at different time and length
cales ranging from nanoseconds (and nanometers) of the electron
ransfer at the reactive interfaces up to minutes (and centimeters) of
iffusion and convection mechanism of species in solution [112].

In the following, we summarize the main steps occurring during
hotoelectrocatalytic fuel production. Starting from the light absorp-
ion, assuming planar and nonporous semiconductor electrodes, we can
stimate the local light absorption rate 𝐿𝑝 using the above mentioned

Beer–Lambert law (Eqs. (7) and (8)), where 𝛼(𝜆) is the absorption
coefficient of the light absorber. For the case of multi-layer electrodes,
more sophisticated models have been developed [113,114]. After light
absorption, the charge carriers (electrons in the conduction band and
holes in the valence band of the semiconductor) are transported to the
interface where chemical reactions occur. The separation of the charge
carriers in an electrode is usually due to the electric field developed at
the interfaces of the different materials of the electrode itself [115]. The
transport of electrons and holes in the semiconductor can be effectively
described by a drift diffusion model [33]:
𝜕𝐶𝑖
𝜕𝑡

= ∇ ⋅ 𝐉𝑖 + 𝐺𝑖 − 𝑅𝑖 (23)

where 𝐶𝑖 is the concentration of the charge carriers (electrons or holes),
𝐺𝑖 the generation rate of charge carriers, 𝑅𝑖 the recombination rate and
𝐽𝑖 the net flux defined as:

𝐉𝑖 = −𝐷𝑖∇𝐶𝑖 +
𝐷𝑖𝑍𝑖𝐹𝐶𝑖

𝑅𝑇
𝐄 (24)

ith 𝑍𝑖 being the charge number, 𝐄 the electric field, 𝐷𝑖 the diffu-
ion coefficient, 𝐹 the Faraday constant equal to 𝑁𝐴𝑒, 𝑁𝐴 the Avo-
adro number and 𝑒 the elementary charge. The recombination rate
9

p

𝑖 in Eq. (23) refers to the various recombination processes, such as
adiative and nonradiative recombination. When an electron and a hole
ecombine, the released energy is absorbed by other particles. In radia-
ive recombination, a hole reacts with an electron to produce a photon.
t can be regarded as an electron in the conduction band transitioning
pontaneously to an unoccupied state in the valence band. Nonradiative
ecombination processes can be divided in Auger recombination or
mpurity recombination. In the first case, the energy released by the
ecombination of an electron–hole pair is absorbed by a free carrier
nd dissipated through the generation of phonons in collisions with
he lattice. In the second case, recombination occurs through traps in
he forbidden gap of the semiconductor generated by impurities or
efects in the lattice. These defects capture electrons and holes over
series of excited states, with successive dissipation of energy [116].
he electrons and the holes that reach the electrode surface drive one
f the two half-reactions of fuel production or water oxidation.

The kinetics of interfacial reactions occurring at the electrode de-
end on many factors such the overpotential (defined as the difference
etween the thermodynamic potential and the electrode potential mea-
ured experimentally [117]) and the concentration of the reactants. For
xample, the overpotential required by redox reaction which involve
ew electrons (such as the hydrogen evolution) is smaller than those
here multiple electron transfers are needed (e.g. the water oxidation).
he Butler-Volmer relates the electrical current flowing through an
lectrode to the overpotential, 𝜂 [118]:

= 𝑗0

(( 𝑐𝑜𝑥,𝑠𝑢𝑟𝑓
𝑐𝑜𝑥,𝑏𝑢𝑙𝑘

)

𝑒
𝛼𝑎𝑛𝐹𝜂
𝑅𝑇 −

( 𝑐𝑟𝑒𝑑,𝑠𝑢𝑟𝑓
𝑐𝑟𝑒𝑑,𝑏𝑢𝑙𝑘

)

𝑒
−𝛼𝑐 𝑛𝐹𝜂

𝑅𝑇

)

(25)

where 𝑗0 is the exchange current density, 𝛼𝑎 and 𝛼𝑐 are the charge
transfer coefficient of the anodic and cathodic reactions, a measure
of the symmetry of the energy barrier of the reaction and in the
case of absence of more specific experimental data can be assumed
to be 0.5 [117]. 𝑇 is the temperature and 𝑛 the number of elec-
trons. 𝑐𝑜𝑥,𝑠𝑢𝑟𝑓 , 𝑐𝑟𝑒𝑑,𝑠𝑢𝑟𝑓 , 𝑐𝑜𝑥,𝑏𝑢𝑙𝑘 and 𝑐𝑟𝑒𝑑,𝑏𝑢𝑙𝑘 are the surface and bulk
concentration of species involved in anodic and cathodic reactions, re-
spectively [117]. The exchange current density accounts for the charge
transfer rate at the electrode/electrolyte interface at the equilibrium
and it is calculated in the absence of a current flow: 𝑗0 might vary from
a few nanoamperes per square centimeter to a few amperes per square
centimeter [119].

Hankin and coworkers [121] employed a continuum model to opti-
mize the design of photoelectrochemical reactors. The simulated 3D do-
main of the PEC cell is shown in Fig. 5. Authors used the Nernst–Planck
equation to describe the transport of charges in the electrolyte solu-
tion (reported in Section 3) and assumed the linearized Butler-Volmer
equation (less computational expensive than Eq. (25)) to describe the
current density behavior at the cathode:

𝑗𝑟𝑒𝑑 = 𝑗0,𝑟𝑒𝑑

(

𝑛𝐹𝜂
𝑅𝑇

)

(26)

The overall anodic current density was calculated as the sum of the
photocurrent 𝑗𝑝ℎ𝑜𝑡𝑜 and of the dark current 𝑗𝑑𝑎𝑟𝑘 densities:

𝑜𝑥 = 𝑗𝑝ℎ𝑜𝑡𝑜 + 𝑗𝑑𝑎𝑟𝑘 (27)

where 𝑗𝑝ℎ𝑜𝑡𝑜 is generated owing to the incoming light irradiation and
𝑗𝑑𝑎𝑟𝑘 is due to the random generation of electrons within the depletion
region of the device [122]. The photocurrent was modeled by the
Gartner-Butler equation, which correlates the generated current density
to the incident light irradiation:

𝑗𝑝ℎ𝑜𝑡𝑜 ≈

(

2𝑒(
∑

𝜆 𝜙0(𝜆) ⋅ 𝛼(𝜆))2𝜖𝜖0
𝑛0

)1∕2

(𝛥𝜙𝑆𝐶 )1∕2 (28)

where 𝑒 is the elementary charge, 𝑛0 the electron donor density in
n n-type semiconductor, 𝛥𝜙𝑆𝐶 the overpotential for the photocurrent
efined as difference between the applied potential and the flat band

otential, whereas 𝛼(𝜆) represents the adsorption coefficient of the
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Fig. 5. View of the PEC cell showing the kinetic model applied at the electrode-solution interfaces. In particular, Eq. (27) is set as boundary condition at the anode (depicted in
red), which is exposed to light and where oxygen evolves. The photoanode is 0.1× 0.1 m2. The dark cathode, where hydrogen evolution takes place, is highlighted in blue and the
current density is described by Eq. (26). The ion permeable membrane which separates the produced hydrogen and oxygen is green colored. Both compartments are filled with 1
M NaOH (pH 13.6). The electrolyte is modeled as a homogeneous continuous medium.
Source: From [120].
semiconductor. Authors added a few corrections to Eq. (28) in order to
take into account electron–hole recombination and the attenuation of
the photon flux due to the quartz window, and the photon absorption
by the thin film semiconductor. For the latter, the Beer–Lambert law
was employed (see Eq. (7)). The Tafel equation, the approximation of
the Butler-Volmer equation for large overpotentials [123], was used to
describe the dark anodic current as [124]:

𝑗𝑑𝑎𝑟𝑘 = 𝑗0,𝑜𝑥𝑒
𝛽𝜂 (29)

being 𝑗0,𝑜𝑥 and 𝜂 the exchange current density and the overpotential for
the oxygen evolution reaction and 𝛽 = 𝛼𝑎𝐹∕𝑅𝑇 the Tafel coefficient.
Bui et al. partially generalized Eq. (29) to take into account the effect
of the local pH and the local reactant concentration [125], so that
the micro environment at the electrode interface is considered. By
applying the above mentioned model, Hankin and coworkers [121]
were able to understand the effect of electrode geometries and con-
figurations on photo-electrochemical reactors and evaluate the spatial
distributions of potential, photon flux, and current densities. Moreover,
they were able to describe the oxygen evolution photocurrent thanks
to a micro-kinetic model based on experimentally determined param-
eters (semiconductor film thickness, band gap, absorption coefficient,
relative permittivity, charge carrier density, flat band potential and
electron–hole recombination efficiencies). The decrease of electrolyte
conductivities and increasing activities of photo-anodes was found
to cause greater inhomogeneities in the current density distributions.
Possible alternatives depending on the materials under study and on
the requested degree of detail are also available in literature to describe
the photoexcitation process in the electrodes [33,126,127]. Other con-
tinuum models for electrochemical porous electrodes have been also
studied and thoroughly investigated in [128].

Gas bubble formation at the electrodes has an effect on the reactions
since reduces the available electrode area for the reactants and affects
10
the radiation path through scattering [129]. A relatively simple model
to consider this process was presented in [121] in which the bubble for-
mation rates at the electrodes are related to the current density [130]:

𝑓𝐺
1 + 𝑓𝐺

= 𝑎𝐺𝑗
𝑛𝐺 (30)

where 𝑎𝐺 and 𝑛𝐺 are fitted from experimental data. 𝑓𝐺 is defined as the
efficiency of gas evolution as [131]:

𝑓𝐺 =
𝑁𝐺
𝑁𝐷

(31)

where 𝑁𝐷 is the flux density of formation of dissolved gas and 𝑁𝐺
is the fraction of 𝑁𝐷 converted into bubbles at the electrode surface.
Eq. (30) have been validated for the case of hydrogen and oxygen
bubbles generated at the nickel and platinum-wire electrodes in alka-
line solution for current density between 10 to 104 A m−2[132]. This
approximate model does not take into account the two-phase flow due
to bubble detachment [133,134]. Other models including the fluid flow
phenomena described by the Navier–Stokes equations have been also
developed for device optimization [97,135–137].

A detailed multiscale framework considering a continuum model
for the transport of species coupled with a microkinetic model for the
cathode reaction dynamics and DFT calculations for the estimate of the
free energies of activation of the elementary reactions was proposed by
Singh and coworkers [96]. Fig. 6 summarizes the proposed multiscale
model. Referring to the continuum model, Authors adopted the Nernst–
Planck equations for the transport of species in the electrolyte and in
the membrane. The charge-transfer kinetics at the anode where the
water oxidation is occurring, was modeled using the Tafel kinetics
(Eq. (29)) with the overpotential of the catalyst given by:

𝜂 = 𝑉 − 𝑉 − 𝐸◦ + 𝛥𝑉 (32)
𝑠 𝑙 𝑁𝑒𝑟𝑛𝑠𝑡
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Here, 𝑉𝑠 and 𝑉𝑙 are the electrode and the electrolyte potential, whereas
𝐸◦ is the equilibrium potential of the half-reaction at standard condi-
tions. In the case of the water oxidation:

H2O ⟶
1
2
O2 + 2H+ + 2𝑒−, 𝐸◦ = 1.229𝑉 (33)

he Nernstian loss 𝛥𝑉𝑁𝑒𝑟𝑛𝑠𝑡 was calculated as the sum of the differ-
nce in concentration of the CO2 at the cathode with respect to the
lectrolyte, and the difference in pH at the two electrodes:

𝑉𝑁𝑒𝑟𝑛𝑠𝑡 =
𝑅𝑇
𝑁𝐹

𝑙𝑛

(

𝑝CO2 ,𝑏𝑢𝑙𝑘

𝑝CO2 ,𝑐

)

+ 2.303𝑅𝑇
𝐹

(𝑝𝐻𝑐 − 𝑝𝐻𝑏𝑢𝑙𝑘) +
2.303𝑅𝑇

𝐹
(𝑝𝐻𝑎 − 𝑝𝐻𝑏𝑢𝑙𝑘) (34)

here 𝑁 is the number of moles of electrons transferred per mole of
O2, and 𝑝CO2

the partial pressure of CO2. The kinetics of the CO2 and
roton reduction was accurately described by the microkinetic model
oupled with DFT simulations showed in Fig. 6. Moreover, Authors
ssumed equilibrium reactions for the CO2 dissolved in water. The
quilibrium CO2 between the gas and the liquid phase is given by the
enry Law:

0 =
𝑐CO2

𝑓CO2

(35)

here 𝑐CO2
is the concentration of the CO2 dissolved in water and

CO2
is the fugacity of the CO2 in the gas phase. The dissolved CO2

issociates and produce bicarbonate and carbonate ions:

O2(𝑎𝑞) + H2O ⇌ H+ + HCO−
3 , 𝑝𝐾1 = 6.37 (36)

CO−
3 ⇌ H+ + CO2−

3 , 𝑝𝐾2 = 10.25 (37)

he forward reaction constant values for the reactions (36) and (37)
re 𝑘CO2

= 3.71 × 10−2 s−1 and 𝑘HCO−
3
= 59.44 s−1, respectively. Water

onization was also taken into account:

2O ⇌ H+ + OH− (38)

ith the forward reaction constant being 2.4 × 10−5 mol L−1 s−1 and
he equilibrium constant 𝐾𝑤 = 10−14 mol2L−2. In this study, Authors
nvestigated different reaction mechanisms for the CO2 reduction half-
eaction with the aim of predict the CO and hydrogen production. In
articular, the reaction mechanism reported in Fig. 6 was assumed to
e the most likely where the formation of the **COOH intermediate is
he most probable rate limiting step.

Eqs. (23)–(25) as well as the Nernst-Plank equations (Eqs. (50)
nd (51)) represent a convenient compromise between accuracy and
omputational demand to merge in a single description all the rel-
vant multi physics phenomena occurring at different time scales in
hoto(electro)chemical devices. Those continuum models are used not
nly in the field of photochemistry, but also in other circumstances
here mass and charge transport is coupled with chemical reactions,
s occurs in fuel cells [139,140]. Other methods are being devel-
ped to consider in detail the nanoscopic nature of the matter and
ow it influences chemical reactions, for example molecular dynamics
ith machine learning force-fields [141] or with reactive force-fields

ReaxFF) [142]. However, nowadays, these approaches are limited and
ailored to some specific systems [143,144]. Moreover, coupling the
olecular time scales (in the order of pico to nanoseconds) to processes

ccurring at higher scales such as convection (seconds to minutes) still
emains a major challenge [145].

. Physical phenomena: describing the local environment of reac-
ive interfaces

The arrangement of photoactive molecules is reported to be one of
he factors which contributes to an efficient light harvesting and energy
nd electron transfer in supramolecular assemblies [89,155]. Chen and
11

r

oworkers [156] demonstrated how ruthenium based dyes anchored on
titania nanoparticle were able to self-exchange electrons and oxidize
distant co-anchored catalyst. Other authors demonstrated [76,111]

ow the same molecules behave differently if enclosed in a molecular
caffold such as liposomes with respect to homogeneous conditions.
nalyzing the three steps of photoxidation of water reported in Sec-

ion 1.1, Authors in [111] discovered that the rate determining step
n homogeneous condition is the second step (electron transfer from
he catalyst to the PS), while if the same photoactive molecules are
nclosed in a liposome, step 1 (electron transfer from the PS to the
lectron acceptor) becomes rate determining. This was attributed by

improved electron transfer kinetics between the PS and catalyst
mbedded in the membrane. Moreover, the performance of these sys-
ems was found to be dependent on the type of lipid that constitutes
he liposomes [157]. Other researchers focused on the effect of the
ase surfactant on photochemical hydrogen production in micelles. In
articular, positively charged iridium based photosensitizers and cobalt
ased catalysts were reported to behave more efficiently in a cationic
icellar media than in nonionic or anionic micellar media [78]. Studies

n the effect of the self-assembling of photoactive molecules at air–
ater [158–160] or solid-water interface [161,162] have also been
erformed. An extensive characterization of porphyrin monolayers with
nd without alkyl tails and mixed with and without surfactants was
arried out by Viseu and coworkers [163], who proposed a possible
tructure of the mixed surfactant-porphyrin monolayers and measured
he self-quenching efficiency of the porphyrins in the different systems.
uthors found that the quenching efficiency of the alkylated porphyrin
as higher in systems with cationic surfactants. Moreover, monolayers

ontaining the alkylated porphyrins were generally more stable than
hen their counterparts containing non-alkylated porphyrins. Similarly,
n improvement of the reaction owing to the self-assembled struc-
ures with respect to homogeneous conditions was observed by Wang
t al. [82] who studied water oxidation to oxygen using a tin porphyrin
s photocatalyst and a cobalt based electron acceptor in the absence
nd presence of surfactants.

In this section, we summarize some techniques useful to investigate
he morphological structure of liposomes, monolayers and micelles as
ell as the effect of charged surfaces immersed in a solution containing
lectrolytes and how they influence the photochemical reactions (see
ig. 7).

.1. Atomistic and coarse-grained models

We focus on atomistic and coarse-grained (CG) simulation for the
pplication of interest. We stress that a comprehensive review of the
G models is beyond the scope of this manuscript. For a more detailed
eview of such tools, the interested reader is delegated to other specific
ublications [164–168]. Several modeling tools have been developed
uring the decades by researchers to investigate properties of surfactant
ystems [147] and summarized in Table 4. Atomistic simulations can
e usually employed to study the dynamics of the surfactants and
ater and their interactions with other molecules such as gases in
onolayers and soap films [146,148,154,169]. While atomistic mod-

ls are accurate to describe pico to nanoseconds system variations
n nanometers scale systems, they often become too computationally
emanding to investigate processes such as agglomeration, phase tran-
itions, and self-assembly that require large time scales and system
izes. CG models might be a solution to investigate such systems. In
G models molecules are represented as groups of atoms (beads), rather
han individual atoms. So, a considerable number of degrees of freedom
f the atomistic simulations is eliminated, allowing for simulation of
arger systems and longer time scales. The trade-off for the increased
fficiency is a loss of accuracy, as the details of inter-atomic interactions
re not fully represented. In summary, the main difference between
oarse-grained and atomistic simulations is the level of detail in the

epresentation of the system and the corresponding trade-off between
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Fig. 6. Multiscale model for electroreduction of CO on Ag electrodes. (A) Continuum model for species transport and reactions (electrochemical reaction at the electrode interface
and chemical equilibria in the bulk) in a 1D electrochemical cell. An anion exchange membrane ‘‘Selemion AMV’’ [138] separates the two compartments. (B) The proposed
microkinetic model of the CO2 and hydrogen evolution reactions on the silver electrode considers adsorption and desorption of reactants and products as well as the elementary
surface reactions. The proposed mechanisms has 8 species and ten elementary reactions: the carbon dioxide reduction is represented by reactions 0, 1, 2; proton reduction is
described by reactions 3 and 4; 5, 6, 7 and 8 are adsorption–desorption reactions; reaction 9 represents the release of OH− to the bulk. (C) A DFT model is used to calculate the
energies of adsorption, reaction intermediates and reaction barriers for the microkinetic model.
Source: [96].
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Fig. 7. Examples of self-assembled structures: (A) liposome, (B) micelle, (C) monolayer. Base surfactant is depicted in green, while the photoactive molecule is violet colored. Note
that this is a schematic representation, the photoactive molecule could be at the surface of the structure as well as deep inside the oil-like interior [76,77].
Table 4
Main categories of models for describing physical phenomena in photo(electro)chemical devices.

Model category General description Advantages and main use Disadvantages Main Refs.

Atomistic models In these discrete models, atoms
interact through energy potentials
(e.g. Coulombic, Lennard-Jones).
In the case of classical Molecular
Dynamics, particles evolve
dynamically over time following
the Newton’s law of motion. For
Monte Carlo based simulations
consistent microstates
corresponding to a chosen set of
observables are obtained.

• Studying molecular scale
phenomena (water-surfactant
interactions, gas adsorption,
electric double layer formation).
• Detailed analysis of interfaces.
• Prediction of macroscale
properties from nanoscale details.

• Complex potential
with many fitting
parameters (ex. ReaxFF
reactive force-field) are
necessary to describe
the reactions. .
• Short time and space
scales are observable.
• High computational
cost.

[142,146–148]

Coarse grained
models

In these discrete models, atoms
are grouped in single beads that
interacts through energy
potential.

• Simulation of larger systems for
longer times than atomistic
models.
• Studying mesoscale structures
and phenomena such as the
self-assembling of molecules and
the attachment of molecules on a
matrix.

• Details of inter-atomic
interactions are not
fully represented.
• Difficulties in
describing chemical
reactions.
• High computational
cost

[149–151]

Macroscale
continuum
models

See also Table 3 These models merge in a
multi-physics framework the
simulation of both chemical and
physical phenomena, see also
Table 3.

See also Table 3 [33,96,97]

Thermodynamic
rela-
tions/equations
of state

The system is described by
thermodynamic
relations/equations of state.

Understanding the thermodynamic
equilibrium of a system, e.g.:
• How the surface composition at
the water surfactant air interface
depends on the bulk
concentration of surfactants using
the various adsorption isotherms
and equations of states (Van der
Waals, Volmer. . . ).
• The micellization process and
the shape of aggregates.

• Often many fitting
parameters are
required.

[152–154]
accuracy and computational efficiency [164]. CG models have been
successfully used for studies on bilayers [170,171], monolayers [150],
micelles [172] and vesicles [149]. These models are enough accurate to
investigate the formation and equilibration of large surfactant systems
for example for the case of phase diagrams of monolayers or micelles
dynamics [147,172] as shown in Fig. 8. Duncan and coworkers [150]
used the Martini force field to simulate the different transition phase
of a monolayer of lung surfactants with additional molecules such as
peptides. Other Authors [151] developed a multiscale model where a
CG Monte Carlo model is coupled with atomistic simulations by a force
matching procedure. The CG model was then used to calculate the gas
and liquid phases of the monolayer.
13
Photoactive molecules [82,89,173] are fairly complex molecules
and require different modeling tools in order to coherently describe
their behavior in self-assembled structures [165,174]. Some CG mod-
els have been developed for investigating drug delivery processes as
these simulations allow to simulate the evolution of lipid systems in
the microseconds time scale [175,176]. Photoactive amphiphilic por-
phyrins were studied by Wang and coworkers [177] as a basis to form
supra-molecular assemblies with the final aim of making an efficient
photochemotherapy based anticancer treatment. Dissipative particle
dynamics (DPD) simulations were used to investigate the process of
micelles and nanoparticle formation and for a rational design of the
supramolecular assembly as shown in Fig. 9. Similar porphyrins are
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Fig. 8. The Log-Log plot reports various models available and the different time and space scales they can investigate. Atomistic simulations can be used to study micelle
shape fluctuations, surfactant orientation, ion association and water dynamics. The investigation of micellar aggregation or phase formations in monolayers require mesoscale
coarse-grained models.
Source: Adapted from [147].
used for light harvesting [178] and catalysis [179]. CG simulations
were used by Sai et al. [180] to understand how the light harvesting
amphiphilic molecules (perylene monoimide) self-assemble and attach
in a hydrogel matrix. Authors demonstrated how this light harvesting
composite in solution with a proton reduction catalyst (Na2[Mo3S13])
was able to produce hydrogen under light irradiation. Authors in [181]
developed a CG Monte Carlo based model able to predict the surface
tension and the arrangement of photoactive molecules at the water-gas
interface with a few parameters easily obtainable from experiments or
atomistic simulations. Authors then related the predicted structure of
the monolayer with the reaction constants of water oxidation and CO2
reduction.

3.2. Thermodynamics of self-assembled structures

Along with the particle based simulations, thermodynamic theories
are a useful tool to investigate the self-assembling of amphiphilic
molecules for example to understand the number of molecules at the
interfaces or the shape of the aggregates they are forming. Several the-
ories have been developed over the decades [152]. Most of the models
refer to the surface tension as physical observable corresponding to
the morphological structure at the nanoscale of the water-surfactant-air
interface. The surface tension decreases as more surfactants are added
to the solution and diffuse to the interface until a certain threshold
defined as critical micelle concentration or CMC (Fig. 10). Adding more
surfactants does not have a significant effect on the surface tension,
since the monolayer at the surface is saturated and the surfactants
aggregate in solutions forming micelles. Two main approaches can be
followed to treat the adsorption at the gas–liquid (or liquid–liquid)
interfaces. From one side, adsorption is treated as an equilibrium
phenomenon determined by the laws of thermodynamics. In the second
approach, the surfactant monolayer is treated as a layer with a surface
pressure and a surface excess related by an equation of state [182]. The
Gibbs adsorption isotherm belongs to the first class and the simplest
case is its adoption to a system of two components, the solute (the
surfactants in this case) and the solvent. The isotherm relates the
surface concentration of the surfactant (excess surface concentration,
𝛤 ) to the variation of the surface tension, 𝛾, as follows:

𝛤 = − 1
(

𝑑𝛾
)

(39)
14

𝑚𝑅𝑇 𝑑 log(𝑎)
Table 5
Packing parameter value and corresponding type of
aggregate.

Packing parameter Shape of the aggregate

0 < 𝑣0∕𝑎𝑒𝑙0 < 1∕3 Sphere
1∕3 < 𝑣0∕𝑎𝑒𝑙0 < 1∕2 Cylinder
1∕2 < 𝑣0∕𝑎𝑒𝑙0 < 1 Bilayer

being 𝑎 the activity of the surfactant in the bulk solution calculated
as the concentration of the surfactant multiplied by the activity co-
efficient, 𝑚 = 1 for non-ionic surfactants or ionic surfactants in the
presence of a large excess of salt and 𝑚 = 2 for ionic surfactants. An
example of adsorption isotherm is reported in Fig. 10. The process
of micellization is driven by two counter acting factors. On the one
hand, the transfer of the hydrocarbon chain of the surfactant from
the aqueous phase in solution to the inner part of the micelle is
associated with an entropic effect. This entropic effect is related to the
water molecules around the surfactant tail that are highly ordered, so
when the hydrocarbon chains are located inside the oil-like interior
of the micelles, the entropy of water increases [183]. Indeed, it is
observed experimentally that longer tails in the same surfactant reduce
its CMC [152]. On the other hand, the polar head groups of the
surfactants repel each other as they come closer thus opposing to the
aggregation process. An additional repulsion force is present for the
case of charged surfactants [183].

The structure of the micelles can be predicted from the geometry
of the surfactant molecules and estimated on the basis of the packing
parameter 𝑣0∕𝑎𝑒𝑙0, being 𝑣0 and 𝑙0 the volume and the length of the
surfactant tail and 𝑎𝑒 the area per molecule of the surfactant. Depending
on the value taken by the packing parameter, the probable shape
of the aggregate is shown in Table 5[152,153]. The main unknown
parameter is the area per molecule, which is not simply connected
to the geometrical size of the surfactant head group, but rather a
thermodynamic quantity derived from equilibrium consideration of the
free energy. In its classic representation, it is defined as:

𝑎𝑒 =
(

𝛼
𝜎𝑒

)1∕2
(40)

where 𝛼 considers the head group interactions, 𝜎𝑒 is the contact free
energy per unit area (or interfacial free energy). The size of micelles
varies depending on the surfactant and the solution (water or mixtures,
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Fig. 9. Example of coarse-grained amphiphilic porphyrins and their self-assembling. (A) All atom and coarse-grained model of the amphiphilic porphyrin photosensitizer,
camptothecin (CPT) and water. In the CG model, water is represented as a single particle and CPT is divided in four beads. The amphiphilic porphyrin is coarse-grained
using four types of beads representing the porphyrin plane (PP), the phenyl ring (Ph), the urea group (U) and the hydrophilic ether groups (E). (B) Snapshots showing the
formation of particles starting from the monomers reaching the final spherical structure. At the beginning CPT and the porphyrin form an amphiphile structure owing to 𝜋 − 𝜋
stacking, hydrogen bonding and hydrophobic interaction. These monomers self-assemble in clusters, which associate in larger assemblies to finally rearrange in a nanoparticle.
(C) The schematic representation of the nanoparticle formation: stage 1, monomer formation; stage 2, irregular assemblies formation, stage 3 large assemblies formation; stage 4,
nanoparticle formation.
Source: Adapted from [177].
salt concentration). The diameter of a typical micelles is in the order
of 3 to 6 nm [183].

Among the different adsorption isotherms, we present here the
Frumkin equation for nonionic surfactants [184], which can be eas-
ily extended to multi-component mixtures as shown in the following
paragraph. The adsorption isotherm, Eq. (41), is obtained by coupling
the surface pressure isotherm (Eq. (42)) with the Gibbs adsorption
equation:

𝑏𝑎 =
𝜃𝑖

1 − 𝜃𝑖
exp (−2𝛽𝜃𝑖) (41)

𝜋 = −𝑅𝑇
𝜔𝛴

(log(1 − 𝜃𝑖) + 𝛽𝜃2𝑖 ) (42)

where 𝑏 is the adsorption constant, 𝜃𝑖 = 𝛤𝑖𝜔𝛴 the surface coverage,
𝜔𝛴 is the average of the partial molar area of all components (for one
surfactant it is the molar area of the surfactant) and can be viewed
as a parameter which considers the excluded area per molecule, 𝛽
takes into account the interactions between the adsorbed molecules.
The parameters 𝜔𝛴 and 𝛽, for the Frumkin as well as for other ad-
sorption isotherms such as the Van der Waals adsorption isotherm,
can be obtained either by fitting experimental data [182] or from
numerical simulations [185]. For example, in the works of Blankschtein
and coworkers [186,187] various characteristics (micelle shapes, criti-
cal micelle concentration, surface concentration) of surfactant systems
were estimated by coupling thermodynamic relations with computer
simulations. We reported so far the case of a single type of non
ionic surfactant, however adsorption isotherms for multicomponent
systems have been developed [188–190]. Fainerman et al. [190] gener-
alized the Frumkin adsorption equation for a mixture of two non ionic
15
surfactants. Eqs. (41) and (42) are rewritten as:

𝑏𝑖𝑎𝑖 =
𝜃𝑖

1 − 𝜃1 − 𝜃2
exp (−2𝛽𝑖𝜃𝑖 − 𝛽12𝜃𝑗 ) (43)

𝜋 = −𝑅𝑇
𝜔𝛴

(log(1 − 𝜃1 − 𝜃2) + 𝛽1𝜃
2
1 + 𝛽2𝜃

2
2 + 𝛽12𝜃1𝜃2) (44)

where the subscripts 1 and 2 indicate the surfactant 1 and the surfactant
2 and 𝑖 the surfactant type (1 or 2). Other theories for describing
insoluble monolayers [191] or insoluble monolayers penetrated by
soluble surfactants [192] have been also developed.

3.3. The electric double layer

Charged colloids and electrodes such the ones mentioned so far have
a significant impact on the electrolyte solution owing to the electrostat-
ics interactions. The layer of surface charges and the attracted coun-
terions is called electric double layer. This is a relevant phenomenon
since the photocatalytic reactions occur in the first nanometers from the
charged surface both in the case of the electrodes or colloids. Indeed,
the interactions between the reactive and non-reactive species and the
catalyst surface have direct influence on the activity and selectivity of
the catalyst [193]. The Helmholtz layer is the simplest model of an
electric double layer. It consist of counterions directly attached which
neutralize the charged surface as in a plate capacitor. A more detailed
model was introduced by Gouy and Chapman who included the thermal
agitation of the counterions close to charged flat surfaces predicting
a diffuse layer. These theories consider the solvent as a continuum
mean defined by a relative permittivity ignoring the molecular nature
of the liquid. Moreover, the ions are treated as a continuous charge
distribution and not as individual charges. The electric potential 𝑉 near
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Fig. 10. Top panel: concentration of monomers, X1, and aggregates (micelles), X𝑁 , as
function of the total concentration of surfactants. 𝑁𝑚 is the aggregation number, namely
the number of molecules per aggregate. Bottom panel: surface tension as function of
the total concentration. The surface tension reaches a pleateu when the surfactant
concentration is at the CMC (critical micelle concentration). At CMC, aggregates start
forming and the number of monomers is nearly constant both in the bulk and at the
surface. So, that the surface concentration of monomers and thus the surface tension
remain constant.
Source: Adapted from [152].

a charged interface is described by the Poisson–Boltzmann equation.
We report the general solution for the full Poisson–Boltzmann equation
in the case of planar surfaces and 1:1 electrolyte [183]:

𝑒𝑦∕2 =
𝑒𝑦0∕2 + 1 + (𝑒𝑦0∕2 − 1) ⋅ 𝑒−𝜅𝑥

𝑒𝑦0∕2 + 1 − (𝑒𝑦0∕2 − 1) ⋅ 𝑒−𝜅𝑥
(45)

here 𝑦 = 𝑒𝑉 ∕𝑘𝐵𝑇 is the dimensionless potential and 𝜅 is the inverse
f the Debye length defined as:

=
(

2𝑐0𝑒2

𝜖𝜖0𝑘𝐵𝑇

)1∕2

(46)

The Grahame equation correlates the surface charge 𝜎 and the potential
t the electrode 𝑉0 based on the Gouy-Chapman theory of the diffuse
ouble layer:

= (8𝑐0𝜖𝜖0𝑘𝐵𝑇 )1∕2 ⋅ sinh
(

𝑒𝑉0
2𝑘𝐵𝑇

)

(47)

The Stern theory combines the Helmholtz layer with the diffuse
layer. Stern envisioned a first layer of adsorbed ions that are immobile,
while the ions further away from the surface behave following the
Poisson–Boltzmann statistics. The simplest case of Stern layer is the
one that consider the finite size of the counterions. Thus, the electric
potential drops linearly in the Stern layer following:

𝑉𝛿 = 𝑉0 − 𝜎 𝛿
𝜖𝛿𝜖0

(48)

where 𝛿 is the radius of the hydrated ion. The three models of the
electric double layer presented are summarized in Fig. 11.

Numerical solution for the analysis of the electric double layer can
be found in literature [98,194]. The charge density is related to the
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electric potential by the Poisson equation:

∇2𝑉 =
𝜌𝑒
𝜖𝜖0

(49)

where 𝜌𝑒 is the electric charge density, 𝜖 the permittivity of the mean
and 𝜖0 the permittivity of vacuum. The transport of charged species in
solution is usually described by the Nernst–Planck equation:
𝜕𝑐𝑖
𝜕𝑡

+ ∇ ⋅ 𝐉𝑖 = 𝑆𝑖 (50)

𝐉𝑖 = −𝐷𝑖∇𝑐𝑖 −
𝐷𝑖𝑍𝑖𝐹𝑐𝑖

𝑅𝑇
∇𝑉 + 𝑐𝑖𝐮 (51)

here 𝑉 is the electric potential, 𝑐𝑖 is the bulk concentration of the
th species, 𝐉𝐢 the molar flux, 𝑆𝑖 a source term related to chemical
eactions, 𝐷𝑖 the diffusion coefficient in water, 𝑍𝑖 the valence of the
onic species, 𝑇 the absolute temperature, 𝐹 the Faraday constant and

the universal gas constant. The last term, 𝑐𝑖𝐮, is not zero in the
ase of a convective flux of velocity 𝐮. The numerical solution of the
ernst–Planck equation (Eqs. (50) and (51)) coupled with the Poisson
quation (Eq. (49)) was used to calculate the diffuse electric double
ayer generated by the surfactants layers of a soap film in [181]. A
imilar approach was adopted by Bohra and coworkers [98] who stud-
ed the electroreduction of the CO2 at a generic planar cathode in the
resence of an electrolyte. Authors considered a Stern layer close to the
lectrode (0.4 nm). Then they analyzed the diffuse layer by considering
he effect of the ions size by using the generalized modified Poisson-
ernst-Plank model (GMPNP). In the GMPNP, Eq. (51) is rewritten to
ccount for the effective solvated diameter of the species 𝑖, 𝑑𝑖:

𝑖 = −𝐷𝑖∇𝑐𝑖 −
𝐷𝑖𝑍𝑖𝐹𝑐𝑖

𝑅𝑇
∇𝑉 −𝐷𝑖𝑐𝑖

(

𝑁𝐴
∑𝑛𝑠

𝑖=1 𝑑
3
𝑖 ∇𝑐𝑖

1 −𝑁𝐴
∑𝑛𝑠

𝑖=1 𝑑
3
𝑖 ∇𝑐𝑖

)

(52)

where 𝑛𝑠 is the number of species 𝑖 in solution. Note that the convective
term is neglected in Equation (52). Furthermore, the permittivity 𝜖
in Eq. (49) was assumed to be dependent on the electric field:

𝜖 = 𝜖𝑟

(

𝑀𝑤𝑎𝑡𝑒𝑟 −
∑𝑛𝑐𝑎𝑡

𝑖=1 𝑤𝑖𝑐𝑖
𝑀𝑤𝑎𝑡𝑒𝑟

)

+ 𝜖𝑚𝑖𝑛

(
∑𝑛𝑐𝑎𝑡

𝑖=1 𝑤𝑖𝑐𝑖
𝑀𝑤𝑎𝑡𝑒𝑟

)

(53)

where 𝑀𝑤𝑎𝑡𝑒𝑟 is the molar concentration of water (55 M at 25 ◦C), 𝑤𝑖 is
a parameter related by the number of water molecules held by the ion
𝑖, 𝜖𝑟 = 80 is the relative permittivity of water and 𝜖𝑚𝑖𝑛 is the relative
permittivity of confined water assumed to be 6. This equation thus
considers the contribution of the bulk and of the cation-bounded water
molecules to calculate an effective concentration dependent relative
permittivity 𝜖. Finally, the reaction equilibria of the CO2 in solution
was taken into account together with an imposed current density; the
latter directly acting on the CO2 reaction kinetics. Authors were able
to understand the effect of different ions, of the pH and of the current
density on the CO2 concentration at the interface, thus, on the CO
(and hydrogen) production. For example, the presence of Cesium and
Potassium cations resulted in a stronger electric field at electrode inter-
face. Thus, the experimental evidence of performance improvement in
the presence of Cesium might be related not only to the electric field
strength but also to the specific ion interactions [98].

Numerical models based on the simulation of discrete ions with
implicit or explicit water have been developed, both through grand
canonical Monte Carlo (GCMC) [195] and molecular dynamics (MD)
simulations [196,197]. We report in Appendix a primitive GCMC
model of the electric double layer for a planar surface inspired by the
seminal work of Torries and Valleau [195,198]. In Fig. 12, the concen-
tration of the ions close to a charged planar surface is reported. The
solution from the GCMC simulations matches the analytical solution
of the Poisson–Boltzmann equation (Eq. (45)) for a low concentration
of electrolyte (10 mM) and a low surface charge of 0.010 C m−2

corresponding to a surface potential, calculated with Eq. (47), of 0.04
V. For higher concentration of salt, the GCMC results slightly deviate

form the analytical solution since the particles are solid spheres with
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Fig. 11. Different models for the electric double layer. The electric potential along with a qualitative distribution of the ions is depicted. The charged surface is gray colored,
cations are red and anions blue. (A) Helmholtz model. (B) Gouy-Chapman model of the diffuse double layer. (C) Stern model.
Fig. 12. GCMC simulation results for a 1:1 electrolyte solution close to a charged planar surface. The dark blue and dark red curves show the ions concentration resulted from
the GCMC simulations. The light blue and light green curve represent the ions distribution along with electric potential (black curve) obtained from the analytical solution of the
Poisson–Boltzmann equation (Eq. (45)). (A) Electrolyte concentration of 10 mM and surface charge for 0.010 C m−2. (B) Electrolyte concentration of 100 mM and surface charge
for 0.048 C m−2. (C) Electrolyte concentration of 100 mM and surface charge for 0.096 C m−2.
a diameter (0.36 nm for the Sodium and 0.33 nm for the Chloride
ions [152]) and the interaction energy between the ions is considered
in the numerical solution unlike in the Poisson–Bolzmann equation. We
report in Fig. 12 the comparison at high concentration of electrolyte
(100 mM) and at high surface charge of 0.266 C m−2 corresponding to
a surface potential of 0.19 V. This model could be further developed to
simulate more complex interfaces as well as multivalent ions [199] or
variable permittivity [200].

4. Conclusions and discussion

Multi-scale and multi-physics modeling tools are essential to de-
scribe and understand the multiple processes occurring at the different
time and space scales in devices for the photochemical production
of fuels. To this end, both continuum and discrete models can be
applied and coupled together to study the disparate number of in-
volved phenomena. We reviewed different tools for investigating the
various steps of photo-chemical reactions. We investigated light ab-
sorption and electron–hole formation as well as their diffusion in
electrodes or nanoparticles. Possible coupling between equilibrium re-
actions in solution and diffusion phenomena together with the photo-
chemical reactions in a multiphysics framework were proposed. Atom-
istic and coarse-grained models as well as thermodynamic relations
were reviewed to critically discuss the self-assembling of photoactive
molecules in supra molecular aggregates, which is reported to be one
of the key factor for an efficient photochemical reaction. Finally, a
focus on the local environment close to a charged surface was given.
In this respect, the electric double layer is identified as ubiquitous
and crucial in photo(electro)chemistry and in the presence of a polar
solvent. In general, considerable room for improvement is foreseen for
photochemical devices for fuel production, as this technology is still
in early stage of research, and theoretical modeling can be a valid
support for their optimization. The intrinsic multiphysics and multi-
scale nature of the photochemical phenomena pose new challenges for
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their modeling, which require new approaches and strategies to be
effectively addressed. Based on the above overview from the current
literature, we believe that both bottom-up and top-down strategies are
requested to tackle the formidable challenges and knowledge gaps.
Specifically focusing on bottom-up approaches and the chemical phe-
nomena summarized in Table 3 a detrimental lack of model coupling
at different scales has been found. Attempts in this respect as the one
reported in Fig. 6 from [96] are certainly of great value and very
encouraging, but still limited to very specific cases and often rely on
handcrafted coupling attempts with limited accessibility to most of the
pertinent scientific community. In this sense, we believe that a larger
community effort is requested in the near future to build up well struc-
tured tools describing phenomena at different space and time scales,
ideally fully integrated within established computational environments
(e.g. ASE [201]), capable of exchanging relevant parameters in an
automated fashion and also complying with FAIR principles [202], with
a special focus on the principles of findability and accessibility of data.

On the other hand, concerning the physical models summarized
in Table 4, it is fair to say that we still lack some understanding of
the laws governing molecular self-assembly. Shedding more light on
such knowledge gap may open new opportunities to precisely design
better local environments for photo-chemical systems. To this end,
while experimental capabilities remain certainly scientifically invalu-
able, atomistic computational models are unique in their ability to serve
as microscopes with great resolution and observability. Unfortunately,
functionality of self-assembled aggregates includes phenomena with
time scales ranging from nanoseconds to seconds. Coping with such
an intrinsic multi-scale character is currently out of reach for direct
atomistic simulations. To overcome this impasse, we believe that new
advances in data mining and deep learning to significantly accelerate
atomistic models can play a critical role in the near future [203].
Furthermore, even when atomistic and coarse-grained models can be
used to simulate how catalysts and photosensitizers self-assemble, it
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is worth reminding that those models are often tailored to reproduce
some features of a specific system and may require re-parametrization
to describe similar phenomena in other systems or in other thermody-
namic conditions [204–206]. Moreover, the arrangement of photoac-
tive molecules is only a part of the many factor influencing the stability
of the compounds and the reaction efficiency. The large number of
variables (species concentrations, temperature, pressure and surface
characteristics) in experiments as well as in simulations results in a high
dimensional space to explore. In perspective, we believe that at least
two aspects have to be more properly addressed in future research. In
this respect, the use of both detailed quantum computations and the
most advanced characterization techniques, such as non linear spec-
troscopy, are expected to shed more light on the underling fundamental
processes behind photochemical generation of solar fuels. In particular,
an important aspect that still remains to be clarified, especially using
quantum computations, is the possibility of exploiting the incredibly
high electric fields [169] at gas–liquid reactive interfaces to possibly
enhance photochemical and photoelectrochemical processes. Further-
more, it is desirable to develop more detailed kinetic mechanisms
similarly to the progresses we have witnessed in the past in other fields
(e.g. detailed combustion mechanisms [207–209]).

Finally, we stress that the number and complexity of phenomena
to be described in such photo-chemical and photo-electrochemical
systems is such that algorithmic top-down optimization approaches are
also welcome in the field. In this respect, we believe that, a key con-
tribution could come in the near future from sequential and machine
learning algorithms that could help in effectively orchestrating experi-
mental campaigns as well as simulations [210,211]. Interestingly, such
approaches could be used not only for design and optimization of
the operating conditions in specific conditions, but also for gaining
insights on the most important features ruling photo-chemical and
photo-electrochemical systems and technologies. To this end, feature
importance (such as the SHAP analysis [212]) or feature grouping
analysis [213] could play an important role. Finally, more holistic ap-
proach considering experiments and modeling combined with artificial
intelligence to optimize the already existing systems and materials as
well as to discover new materials [214] might be a further step to solve
the various challenges in the photo(electro)catalytic reduction of CO2.
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ppendix. The GCMC algorithm

We considered a 1:1 electrolyte in water with a relative permittivity
= 80. The ions are treated as hard spheres with a diameter 𝑑𝑐 and

𝑎 for the cations and the anions, respectively, interacting through
lectrostatic potential:

𝑖𝑗 (𝑟) =
𝑞𝑖𝑞𝑗

4𝜋𝜖𝜖0𝑥
(A.1)

being 𝑞𝑖 and 𝑞𝑗 the charge of the ions 𝑖 and 𝑗 and 𝑥 their distance. The
Monte Carlo algorithm proceeds by inserting, deleting or translation the
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particles in the simulation box in the 𝜇VT ensemble. The acceptance
probability for the insertion move is the following:

𝑃𝑎 =
𝑒𝐵−𝛥𝑈∕𝑘𝐵𝑇

(𝑁+ + 1)(𝑁− + 1)
(A.2)

where 𝛥𝑈 is the energy difference between the two microstates before
and after the insertion, 𝑁+ is the number of positive ions, 𝑁− the
umber of negative ions and B is defined as:

= 2(log(𝛾±) + log(𝑉 𝑜𝑙𝜌)) (A.3)

being 𝛾± the activity coefficient of the electrolyte (it can be assumed
early 1 for dilute solutions), 𝑉 𝑜𝑙 the volume of the simulation box and
is the target number density. Similarly the acceptance probability for

he deletion (𝑃𝑑) and the translation (𝑃𝑡) moves are the following [195,
98]:

𝑑 = 1
𝑃𝑎

=
(

𝑒𝐵−𝛥𝑈∕𝑘𝐵𝑇

(𝑁+ + 1)(𝑁− + 1)

)−1
(A.4)

𝑡 =
𝑒−𝛥𝑈∕𝑘𝐵𝑇

𝑁+𝑁− (A.5)

he algorithm of the GCMC can be summarized as follows:

1. Randomly choose to insert, remove or translate a pair of ions;
2. Compute the energy variation 𝛥𝑈 of the system due to the

decided move;
3. Compute the probability of retaining the inserted particles,

namely: 𝑃𝑎, 𝑃𝑑 or 𝑃𝑡 for addition, deletion or translation;
4. Draw a random number from 0 to 1 ;
5. Accept if the probability is higher than the random number, else

reject;
6. If the target number of iterations imposed is not yet achieved,

re-start from step 1, else terminate the procedure.

he MATLAB® scripts of the GCMC algorithm as well as the analytical
olution of the Poisson–Boltzmann equation are reported at [215,216].
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