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This mini–review summarises examples of photo and photoelec-
trochemical CO2 reduction reactions (CO2RR) using semiconductor–
molecular catalyst–based hybrid assemblies in which studies of
charge transfer dynamics were also performed. In these catalysts,
the grand challenges are controlling ultra–fast one–electron charge
separation and simultaneously governing its impact on the
efficiency and product selectivity in the multielectron and multi–
proton–assisted CO2RR. In practice, several unwanted electron
recombination processes occur in the femtosecond to millisecond
timescale range impacting the overall catalysis efficiency. Titanium
di-oxide (TiO2) nanoparticle, mesoporous TiO2 film, copper indium
sulphide (CuInS2) quantum dots were used as semiconductor

materials, in turn rhenium (I) bipyridine, cobalt (II) terpyridine,
cobaloxamine complex, and iron (III) porphyrins were investigated
as molecular catalysts. The results of the charge transfer dynamic
studies operating in such hybrid systems shed light on their charge
accumulation processes, their rate constants for the intramolecular
charge transfer processes and the decay lifetimes of the different
excited state species that are produced. Moreover, a comprehensive
understanding of the catalysts’ charge transfer dynamics is crucial
to identifying detrimental charge recombination pathways. These
undesired pathways can be used as rational basis for improving the
design of future multi–redox–driven hybrid catalysts.

1. Introduction

Inspired by Natural Photosynthesis, Artificial photosynthesis
emerged as a compelling alternative to mitigate the adverse
impact of anthropogenic CO2 emission in the 21

st century.[1] It
promises to secure future global energy (~20 TW/year) for
~10 billion population by 2055,[2] without having to resort to
non–renewable resources (fossil fuels). Artificial photosynthesis
technology commits to the generation of Solar Fuels using
sunlight and abundant H2O and CO2 molecules at ambient
temperature and pressure conditions.[3] A paramount interest

has been spurred globally in obtaining such artificial ecosys-
tems with expectations to achieve higher efficiencies than
natural photosynthesis. During natural photosynthesis, light–
harvesting chlorophyll antenna complexes act as photosensi-
tisers absorbing visible light. After that, ultrafast photoinduced
charge separation occurs in the femtosecond (fs) to picosecond
(ps) timescale.[4] Later, the excited electrons shuttle through an
electron transport chain in nanosecond (ns) to microsecond (μs)
timescale, and are finally transferred to suitable proteins for the
generation of NADPH and ATP. During the dark reaction,
NADPH, ATP, and CO2 are combined to make sugars, but the
involved reactions (Calvin cycle) take place at a slower (micro to
millisecond (ms)) time scale. Overall, natural photosynthesis is a
relatively inefficient process, with a maximum light-to-chemical
energy conversion of ~3–6% only (C3 and C4 plants). Numerous
energy conversion bottlenecks are responsible for this
limitation.[5] Seeking to develop related molecular machinery for
the light-induced artificial CO2 reduction reaction (CO2RR)
requires a photosensitiser, as a light-absorbing unit, followed by
charge-separation and transfer of the photoexcited electrons to
the catalytic centre. CO2 molecules bound to the catalytic
centre would then be reduced to valuable chemicals.[6]

Although Nature performs carbon fixation by converting CO2
into complex sugar molecules containing multiple C� C bonds,
in the artificial version, simply converting CO2 selectively into
any of the following chemicals (CO/HCOOH (2e� ), CH3OH (6e

� ),
CH4 (8e

� ) or C2H5OH/C2H4 (12e
� )) via favourable proton–coupled

electron transfer (PCET) reactions constitutes a challenging
task.[7] The produced chemicals are valuable as alternatives to
non–renewable resources (fossil fuels) or commodity chemicals
used in the industry. Hence, obtaining an artificial cost–
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effective, stable catalytic system with good light harvesting
properties for CO2RR efficiency is still in the prime agenda of
most studies in the area.

Photochemical (PC) and photoelectrochemical (PEC) CO2
reduction reactions using different types of metal oxide (n-type
TiO2, ZnO, NiO, Cu2O, etc.),

[8] carbonaceous materials (g-C3N4),
[9]

quantum dots[10] (CdS, CdSe) and other types[11] (p-type Si, GaP,
GaAs, ZnS, etc.) of semiconductor materials are not new. They
have been studied for a couple of decades. In semiconductor
materials, the photogenerated excited electrons can reduce
surface–adsorbed CO2 molecules, while the holes can oxidise
water to O2 or promote any other organic oxidation reactions
(Figure 1). However, photo–excited electrons and holes are
prone to recombine at a much faster timescale (ps to ns) than
the timescale for their migration to the semiconductor surface
and consumption in CO2RR (ns to μs).[12] This recombination
phenomenon significantly reduces the overall photocatalytic
efficiency. Moreover, the standard reduction potentials of CO2
(Figure 2b) indicate a relatively low thermodynamic barrier for
the production of several reduced products along with the
competitive hydrogen evolution reaction (HER).[13] Thus, the use
of semiconductor materials alone, in the role of light–harvesting
and catalyst, results in a significant challenge for controlling the
CO2RR selectivity. On the other hand, molecular catalysts based
on earth–abundant 3d transition metal complexes (Fe, Co, Ni,
Cu, etc.) are well known for their efficiency in metal–centred
electrochemical CO2RR that are selective in terms of produced

products.[14] Still, catalysts based on molecular metal complexes
usually suffer from medium to long–term stability issues.
However, they possess a subtler advantage that is associated
with the synthetically easy tuning of the ligand’s framework
causing favourable electronic and steric effects towards the
CO2RR. In this vein, a handful of literature reports describe the
use of Ni-cyclam, Re- and Ru-bipyridine and terpyridine, Fe- and
Co-porphyrin, and Co-phthalocyanine, Co-quaterpyridine com-
plexes for the CO2RR. These reports also include mechanistic
studies of the reaction supported by experimental and theoret-
ical results.[15] The individual limitations of the CO2RR associated
with semiconductor materials and molecular catalysts alone can
be partially overcome by constructing hybrid systems combin-
ing molecular catalysts with semiconductors (Figure 2). Devel-
oping such hybrid assemblies mimicking natural photosynthetic
systems is a complex and demanding task. To address the issue,
many research efforts are actively underway by combining
narrow–band gap semiconductors with integrated molecular
catalyst. The hybrid system fabrications more vastly explored
are based on the immobilisation and anchoring of the
molecular catalyst to the semiconductor in addition to the
catalytic efficiency, product selectivity, and stability of the
prepared hybrid systems for the CO2RR.

[16] However, except for
a few reports, the detailed investigation of the vital interfacial
charge transfer processes occurring in the hybrid systems have
not been reported. During the light–induced CO2RR, the
interfacial charge transfer processes occurring in the hybrid
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systems are directly related to their efficiency and catalytic
performance. In short, interfacial charge transfer processes are a
fundamental aspect of the hybrid catalytic systems and cannot
be overlooked. Following light irradiation and charge separa-
tion, a unilateral interfacial charge transfer process from the
semiconductor conduction band edge to the metal centre of
the molecular catalyst produces a low oxidation state at the
metal centre which is mandatory for the subsequent CO2

catalytic reduction.[17] Model hybrid systems with suitably
matching band edge and metal centre with multi–redox
potentials can be constructed for the validation of photo–
induced CO2RR. In the hybrid systems, it is possible to
investigate one–electron charge separation events, occurring at
the fs to ps time scale, as well as the ultimate multi–electron
and multi–proton–assisted CO2RR. The groups of Durrant and
Reisner carried out studies of the interfacial charge transfer

Figure 1. Band diagram for semiconductor/electrolyte interfaces without bandgap excitation. (a) and (b) n-type semiconductor (accumulation), (c) and (d) p-
type semiconductor (depletion), (e) flat band, (f) inversion, and (g) Fermi level pinning. The band potentials are varied with the distance from the surface of
the semiconductor to the bulk. Evb=Valence band, Ecb=Conduction band, Ef=Fermi level, Er= redox species at the solution/electrolyte, Ess=Surface state in
the semiconductor.

Figure 2. (a) Schematic representation of the charge transfer processes (process 1–9, along with the tentative time scale) in a semiconductor–molecular
catalyst system during the photo–induced CO2RR. The diagram takes the mesoporous TiO2/Fe-porphyrin (Fe� por) as a model system. (b) The VB and CB band
position of TiO2, standard reduction potentials of products deriving from CO2-reduction, and water oxidation are depicted. On the extreme right side, the Co
and Fe centred reduction potentials (vs NHE) of the Cobalt diamine–dioxime (Co� cob) and Iron tetraphenyl porphyrin (Fe� TPP) complex are depicted. Data
are taken from the literature, where the CV of Fe� TPP is recorded in DMF with TBAPF6 as a supporting electrolyte, and the CV of Co� cob is registered after
attaching it onto ITO in ACN with TBAPF6 as a supporting electrolyte. It is important to note that the Fe and Co–based redox potentials are not measured at
pH=7; it is shown to get an idea about the redox levels concerning other values as depicted.
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dynamics and CO2RR using hybrid–catalytic systems composed
of: a) titanium di-oxide (TiO2) nanoparticles/[Re(I)(2,2'-bipyri-
dine-4,4'-bisphosphonic acid)(CO)3(3-CH3C5H4N)] (Re� bpy� pic)
(Figure 3d), and b) mesoporous TiO2/[Co(II) terpyridine/cobalox-
amine] complex (Co� ter/Co� cob) (Figure 3b).[18] The Wiess
group also reported related studies with a hybrid catalytic
system of copper indium sulphide (CuInS2) quantum dot (QD)/
Fe(III)-Tetra (p-N,N,N,trimethylanilinium) porphyrin Fe� TMA)
(Figure 3c).[19] More recently, our group investigated two
porphyrin-based catalytic hybrid systems in which Fe(III)-5-(4-
carboxyphenyl)-10,15,20-tris (4-pentylphenyl) porphyrin
(Fe� por) and Fe(III)-protoporphyrin IX (Hemin), respectively,
were coupled to mesoporous TiO2 (Figure 3a).

[20] This review
summarises the results obtained in the above–mentioned
reports, describing pertinent factors affecting the CO2RR as
outcomes of various charge transfer events. We sought to
correlate the catalytic properties of the investigated hybrid
systems for the CO2RR with the results obtained in the
characterization of their interfacial charge transfer processes.

2. Energetics of semiconductor–solution
interfaces

Interfacial redox reactions occurring at the semiconductor–
solution interfaces are crucial in photoelectrochemical CO2RR.
Commonly, they are explained using the energy band model.[21]

Pioneering work by Bartten and Garret, Marcus, and Gerischer
(Gerischer Model) in the 1960s led to the foundation of
semiconductor electrochemistry and photoelectrochemistry.[22]

However, the energy band theory describes the states of
electrons in solid-state physics of semiconductors and interfaces
of two solids (e.g., p and n-type semiconductor) rather than in
solid–solution interfaces. Suppose a semiconductor is placed in
contact with a solution/electrolyte, depending on the Fermi
energy (Ef) level in the semiconductor and the reduction
potential (Er) of the redox active species in the electrolyte,
electric current flows across the junction until electronic
equilibration (Ef=Er) is reached (Figure 1a and 1b).[21,23] The
electrolyte redox potential remains essentially fixed due to its
presence in significant large excess compared to the electrons
or holes at the surface of the semiconductor.

The transfer of electric charges at the semiconductor–
electrolyte junction results in a region where charge distribution
differs from that of the bulk material; this area is called the
‘space–charge region’ (Figure 1b and 1d). On the semiconductor
side, the accumulation of electrons generates a negatively
charged region near the space-charge area, which causes band
bending. The nature of the band bending depends on the
Fermi level of the semiconductor (n-type semiconductor, Fig-
ure 1a and 1b and p-type semiconductor, Figure 1c and 1d).
The negative charges accumulated along the semiconductor
side get balanced by the rearrangement of the ions within the
double layer region (Helmholtz and Gouy–Chapman layer) of
the electrolyte. This charge redistribution gives rise to an
electric field at the space–charge region. For an ideal semi-

conductor, the charge redistribution varies with the distance
from the interfaces to the bulk. Therefore, a parabolic variation
in the potential occurs, and the energy of the electrons and
holes gets modified at the space–charge region.

Light absorption triggers the separation of electron–hole
pairs in semiconductors; the charge separation taking place at
the space–charge region occurs more efficiently than in the
semiconductor bulk. This greater efficiency is attributed to the
presence of the electric fields, which dictate the migration of
the electron towards the semiconductor surface and the hole
towards the bulk regions of the material, thereby lowering
electron–hole pair recombination rates.[24] The probability of the
electron–hole pair separation at the space–charge region varies
with the width of the area, dopant concentration, and applied
external bias voltage during the photoelectrocatalysis. If the
redox level of the electrolyte becomes equal to the Fermi level
of the semiconductor, there is no excess charge on either side
of the interface. Then, the Fermi level of the semiconductor is
defined as flat band potential (Efb) (Figure 1e). To counter-
balance the band bending, an external potential is applied to
the semiconductor/electrolyte junction resulting in the flat-
tening of the valence and conduction bands. The applied
potential is called the flat band potential. The value of the flat
band potential can be determined from the Mott–Schottky plot.
That is measuring the capacitance (C) of the semiconductor/
electrolyte junction upon applying different voltages (V) and
plotting the data (1/C2 vs. V). An alternative situation may arise
when the charge distribution (for example, electron depletion)
at the space-charge region falls below the intrinsic Fermi level
of the semiconductor. Under such circumstances, an inversion
layer formation takes place (Figure 1f) provoking that a p-type
semiconductor behaves as a n-type at the surface. Nevertheless,
inversion layer formation in photoelectrocatalysis studies is rare
but more common in solid-state interface studies.[25]

Using the band model described above, the dependence of
the applied potential on band bending at the interface, width
of the space–charge region, and photocurrent efficiency can be
explained; however, the model is a simplification and does not
consider the surface states of the semiconductor. In reality,
most semiconductors (e.g., TiO2, p-Si, etc.) contain redox–active
surface states; their presence changes the charge distribution at
the semiconductor/electrolyte interface exhibiting a non-ideal
behaviour.[24] Electrochemical methods such as cyclic voltamme-
try and impedance spectroscopy can be used to characterise
such electronic states. When surface states are occupied (Ess,
surface state energy), charges develop across the semiconduc-
tor surface, and a drop of potential across the interfaces is
observed. As a result, when EF~Ess, the effect of the externally
applied voltage on band bending deviated from the prediction
based on the ideal band model. The presence of surface states
in high density can ‘pin’ the Fermi level (Fermi level pinning)
near the centre of the band gap, resulting in band bending in
the semiconductor independent of the redox species (Er)
present in the electrolyte/solution (Figure 1g). Until all surface
states are completely occupied (filled) or unoccupied (unfilled)
with electrons, a non–ideal variation of the Fermi levels with
the external voltage prevails.[26] This phenomenon directly
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impacts in the interfacial electron transfer and the measure-
ment of its dynamics during photoelectrochemical studies.
Below, we will describe better the phenomenon using adequate
examples.

So far, substantial attention was given to studying semi-
conductor/electrolyte interfaces for solar cells based on a one–
electron redox mediator. However, multi–electron transfer
catalysis, such as those used in CO2RR, received little attention.
Very recently, several research groups started to dig into this
and present–day developments created an urge for deep diving
in the study of interfacial charge transfer processes in photo–
induced reduction reactions producing solar fuels. Surendra-
nath, Hammes–Schiffer, and co–workers showed that when
Co(II) TPP was immobilised on a graphitic electrode, with
applied potential, a Co(III) hydride species having an energy
below the Fermi level of the graphite electrode was formed.[27]

The species was obtained via a concerted PCET mechanism in
aqueous solution, by-passing the typical Co(II/I) redox process,
before leading to the cobalt hydride. They suggested the
existence of a band–to–bond electron redistribution from the
delocalised graphitic band state to the Co(II) d–orbital–based
delocalised orbital. Progressing further, Mayer proposed the use
of surface-H bond dissociation free energies (BDFE) scales to
explain interfacial PCET-assisted redox reactions instead of the
typical band–energy–based scales.[28] He also discussed the
limitations of BDFE–based models and the practical difficulties
encountered in obtaining H-bonded surface energies of the
complex in a range of semiconductor materials. Keller et al.
reported photoelectrochemical multi–electron reduction proc-
esses at the interfaces of hydrogen–terminated p-Si with methyl
viologen (MV2+) and ruthenium bipyridine [Ru(bpy)3]

2+ com-
plexes in acetonitrile.[29] MV2+ undergoes two one–electron
transfer processes (� 0.84 V and � 1.27 V vs. ferrocene (Fc0/+)),
and [Ru(bpy)3]

2+ experiences three Ru centre–based one–
electron reductions (� 1.76 V, � 1.96 V, � 2.22 V, vs. Fc0/+).
Noticeably, the two MV2+ reduction processes fall within the
band gap of p-Si, however, the three Ru–centred reductions are
energetically higher than the conduction band energy. In any
case, kinetics and spectroscopic studies indicated the facilitation
of both MV2+ and Ru centre reduction processes owing to
charge accumulation, charge depletion, and the formation of an
inversion layer at the semiconductor interfaces. This example
provoked a cautious investigation on the surface electron
potentials at semiconductor–electrolyte junctions in order to
achieve multi–electron transfer processes in hybrid catalysts. At
the same time, it demonstrated that the assumption of fixed
energies for band edge positions for interfacial charge transfer
processes is limited. Clearly, the Ru-centred reductions were
expected to be highly inefficient energetically because their
potentials were more negative than that of the conduction
band edges of the semiconductor (Ecb= � 1.4 V vs. Fc0/+). Hence,
the straightforward application of the conventional band
structure model at the semiconductor/electrolyte interfaces to
explain interfacial charge transfer processes in multi–electron
transfer catalysis was challenged. The explanation and under-
standing of these processes demand a careful study of the
charge separation and the interfacial charge transfer processes

in semiconductor–molecular catalysts–based hybrid systems. In
this vein, the control of the ligand’s electronic structure offered
by molecular catalysts plays a significant role in governing
charge separation, charge accumulation within the space-
charge region, and the interfacial charge transfer processes
occurring under the CO2RR condition.

3. Measurements and schematics of the photo–
induced charge transfer processes in a
semiconductor–molecular catalyst assembly

The interfacial charge transfer kinetics depends on the semi-
conductor–molecular catalyst redox potentials and associated
photoelectrochemical conditions. From the thermodynamic
viewpoint, the difference in the energy levels across the
interfaces drives the interfacial charge transfer from the semi-
conductor to the molecular catalyst unit. The conduction band
(CB) energy of the semiconductor must be more negative than
the redox potential of the molecular catalyst used in the CO2RR.
In turn, the redox potential of the molecular catalysts should be
more negative than those of the different products deriving
from CO2 reduction (Figure 2a and 2b). Generally, the standard
redox potentials of the products deriving from CO2 reduction
are typically less negative than the CB energy of common
metal–oxide, carbon–based, and quantum dot–based
semiconductors.[30] However, aberrant mismatches between the
energy level of the semiconductor CB and multi–electron–
mediated metal redox potentials (mainly, the 2nd and 3rd

reduction of the metal centre) of molecular catalyst are
common. Facile transfer of the 2nd and 3rd electrons becomes
energetically unfavourable for the CB electrons depending on
the nature of the charge accumulation at the interface.
However, transferring high–energy, non–thermal hot electrons
could also drive such reduction processes. The interfacial hot
electron transfer might be more efficient due to electron–
phonon solid interactions.[31] Hence, this anomaly in energy
levels between the semiconductor and the molecular catalysts
often becomes detrimental to the overall efficiency of the
photoinduced catalytic process. The relative difference between
the CB energy of the semiconductor and the redox potentials of
the molecular catalyst should be the starting point in choosing
the pair. The redox potentials of the molecular catalyst can be
measured by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). However, the obtained potential values
could be altered upon the molecular catalysts’ attachment to
the semiconductor surface yielding the hybrid system. The CB
and VB band energies of semiconductors can be determined by
combining electrochemical studies, X-ray Photoelectron Spec-
troscopy (XPS), and Ultraviolet Photoelectron Spectroscopy
(UPS) with theoretical calculations.[12] In the context of CO2
reduction, the valence band (VB) redox energy (holes, oxidizing
in nature) of the semiconductor does not directly participate in
the catalytic cycle. However, photogenerated holes in the VB
can be efficiently scavenged using sacrificial electron donors
(also called hole scavenger). This process is beneficial for
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obtaining extremely long–lived electrons in the CB.[32] The long–
lived CB electrons maximize the rate of photoinduced electron
transfer into the molecular catalyst centre. The choice of the
hole scavenger agents depends on the VB energy level of the
corresponding semiconductor material; commonly, trimethyl-
amine (TEA), triethanolamine (TEOA), methanol, and ascorbic
acid are used as hole scavengers for CO2RR.

[33] Generally, during
the CO2RR, the VB redox equivalents (holes) is involved in water
oxidation. The thermodynamics and kinetic aspects of the
interfacial (semiconductor-molecular catalyst) charge transfer
processes impact on the performance of photoinduced CO2RR.
The size, morphology, and intrinsic structure band of the
semiconductor, as well as the redox potential of the molecular
catalyst, the electrolyte, the pH of the solution, and the intensity
of the light markedly influence the kinetics of the process.[16,17a]

Charge transfer studies under CO2RR conditions using model
systems are necessary to evaluate all these parameters and
better understand the rate constants (dynamics) of the photo-
induced intramolecular charge transfer processes, as well as
lifetime decays of the excited state species having different
electronic energy.

The photoinduced process in the semiconductor–molecular
catalyst assembly initiated with an ultrafast charge separation
step.[12] Then, the reducing equivalent (electron) at the semi-
conductor has to be transferred to the interface to be available
for direct CO2RR or to the molecular catalyst to produce a
reduced metal state. However, if the molecular catalyst (e.g.,
metalloporphyrins, metallophthalocyanines) absorbs light
strongly in the visible region, it may produce the corresponding
excited singlet and triplet states without any interfacial charge
transfer. These directly produced excited states of the molecular
catalyst can be involved in additional charge transfer processes
with the CB or VB of the semiconductor (Figure 2a). Time–
resolved transient absorption spectroscopy (TAS) has been
widely employed to monitor such ultrafast interfacial charge
transfer processes.[34] With the advent of ultrafast lasers, it is
possible to measure charge–transfer kinetics in the femto-
second to the second timescales by employing suitable TAS
setups. During the charge transfer process, the reduction of the
metal centre in the corresponding molecular catalyst [e.g.,
Co(II) complex to Co(I) complex] can be probed by means of in–
situ UV-vis spectroelectrochemical (SEC) measurements. This
technique exploits the diagnostic UV-vis absorption spectra of
the different states of the metal oxidation (e.g., Co(II) and Co(I))
in the corresponding metal–complex unit.[18b] Photolumines-
cence spectroscopy (PL), is another essential tool that can be
employed in the study of electron transfer and hole transfer
processes in photocatalytic reactions. In this latter case, the
electronic structure of the semiconductor is the one that is
probed.[35] PL spectroscopy is also convenient for examining the
role of the semiconductor trap states. The trap–states related
emission and luminescence generated by the recombination of
excited electrons and holes are measured.

Figure 2a depicts the schematic representation of the photo-
induced charge transfer processes that are present in the TiO2� Iron
porphyrin-based hybrid system during CO2RR.

[20] The TiO2� Iron
porphyrin hybrid assembly is used as model system owing to: a)

the widely studied properties of the mesoporous TiO2 as photo-
sensitiser and b) the well–known characteristics of iron-porphyrins
as promising molecular catalyst for selective CO2 to CO reduction.
The tentative time scales of the different charge transfer processes
ranging from fs to s timescale are also indicated in the figure 2. The
separation of the initially photoinduced electron–hole pairs, proc-
esses 1 and 6 in Figure 2a, in TiO2 and Fe-porphyrin (Fe� Por),
respectively, occur in the fs timescale. These are immediately
followed by a series of recombination processes occurring at
different time scales. Namely, back electron transfer in TiO2

(process 2, in μs-ms) and Fe� por (process 7 in ps-ns), and trapping
of the charges on the semiconductor (process 3 in fs-ps).
Processes 4 (ps) and 5 (ns-μs) are denoted for the interfacial charge
transfer between the Fe� Por and TiO2 components of the hybrid
assembly.

The transfers of charge to the absorbed (bound) CO2 molecule
are represented by processes 8 and 9, which take place at a much
slower time scale (ns-ms). From Figure 2, it is clear that the TiO2 CB
energy level is not thermodynamically favourable to drive the
reduction of the molecular catalyst up to the Fe(I) or Fe(0) states
that are necessary for CO2 reduction. In such scenario, slowing
down the recombination process 4 will maximize the use of the
electrons in the TiO2 in driving the multi–redox reduction of the
molecular catalyst metal centre. It will also benefit the interfacial
charge transfer efficiency and accelerate the CO2RR. This observa-
tion is pertinent for the band energy levels of TiO2 and the different
redox states of Fe-porphyrin. However, the results of the interfacial
charge transfer kinetics studies are expected to be different in each
semiconductor and molecular catalyst hybrid assembly (Figure 3).
These results can be primarily used in accelerating interfacial charge
transfers, enabling multi–redox reactions and identifying detrimen-
tal steps concerning the merit of the CO2RR. Therefore, gaining
insights into the interfacial charge transfer dynamic processes
operating in different semiconductor-molecular catalyst assemblies
is essential for the advancement in the area of CO2RR. For this
reason, we considered it a timely topic worth to be reviewed.

4. Examples of interfacial charge transfer
studies under CO2RR catalysis using
semiconductor–molecular catalysts hybrid
assemblies

In the context of photoelectrochemical CO2RR, the charge transfer
dynamics occurring in semiconductor–molecular catalyst–based
hybrid assemblies are quite complex owing to many variables. To
begin with, we will present a brief discussion on charge transfer
studies performed using molecular catalysts and semiconductors,
separately. The results of these studies are pertinent and highly
relevant to better understand the timescales of more complex
photoinduced processes occurring in the hybrid assemblies.
Aukauloo and co-workers reported a covalently connected photo-
sensitizer-molecular catalysts system comprising a ruthenium (II) tris
bipyridine (Ru� bpy) and an iron (III) porphyrin (Fe� OMe� por) unit
for the photochemical CO2 reduction.

[36] In acetonitrile/water (6 :4 v/
v), the Ru� bpy/Fe� OMe� pormolecular dyad exhibited competition
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for photon absorption between its two components and an efficient
energy transfer occurred from the excited singlet Ru species to the
singlet porphyrin, which in turn significantly quenched (shorter than
20 ns) fluorescence lifetime for the Fe� OMe� por unit (heavy metal
effect from the Fe). As a result, the covalent Ru� bpy/Fe� OMe� por
system did not show any photocatalytic CO2 reduction activity as
catalytically active Fe(0) reduction state of the porphyrin was never
attained. The groups of Reisner and Hammarström also reported an
improved CO2 to CO photocatalytic reduction activity using a series
of Co and Ni terpyridine complexes, as well as tetra–alkylammo-
nium Fe-porphyrin derivatives, that were self–assembled in the
membranes of liposomes together with an amphiphilic ruthenium
dye acting as photosensitiser.[37] The functioning of the
supramolecular systems required the use of sodium ascorbate as
sacrificial electron source. Time–resolved and steady–state spectro-
scopy revealed that despite the lower photoinduced charge
separation quantum yield (�ET) of the Ru dye inserted in the
liposome (6% with respect to 35% in homogenous solution), the
insertion of the two molecular components (metal complex catalyst
and dye sensitizer) in the lipid membrane slowed down the
recombination process favouring a long–lived charge–separated
state. The efficient first electron transfer (kET~10

10 M� 1 s� 1) process
from the excited Ru dye to the closely spaced Ni-complex and the
large lifetime of the resulting charge–separated state boosted the
CO2RR catalysis. Weiss and co–workers used colloidal CuInS2

quantum dots (QD) to photosensitize an Fe� TPP catalyst to achieve
photocatalytic CO2 to CO reduction.

[10] Upon 450 nm photoexcita-
tion, three ultrafast successive electron transfer processes occurred
from the CuInS2 QD to Fe� TPP porphyrin yielding the Fe(0)
reduction state of the active catalyst. The TAS study revealed that
the first two [Fe(III) to Fe(II) and Fe(II) to Fe(I)] electron transfers
happened in <200 fs and demonstrated that the photoreduction
of [Fe(I) to Fe(0)] was five–fold slower than the photoreduction of
[Fe(II) to Fe(I)]. Furthermore, the use of N,N,N’,N’-tetramethyl-p-
phenylenedi–amine (TMPD) as a sacrificial electron donor regen-
erated the CuInS2 QD's ground state within 700 ps sustaining the
catalytic cycle for 40 h. Recently, our group investigated the
accumulation and lifetime of photogenerated electrons in meso-
porous TiO2 by controlling the applied bias in the presence of CO2.
By probing the transient signal of the TiO2 conduction band
electrons using TAS, we observed a decrease in the accumulation of
charges in the TiO2, under an applied bias, when CO2 was present.
This result indicated that electron transfer processes from the TiO2

photocathode to the bound CO2 was taking place (Figure 6a, black
and red trace).[20] Moving from N2 to CO2 atmosphere, under
355 nm laser excitation with an applied voltage bias (0 to � 0.8 V vs.
Ag/AgCl), the TiO2 film exhibited a decrease in transient absorption
(at � 0.5 V by 35%). In addition, the lifetime of the photogenerated
electrons also diminished (at � 0.5 V by 50%) (Figure 6b, black and
red trace). The photogenerated TiO2 electrons furnished the CO2RR
producing CO and CH4 as reduction products either in presence or
absence of an external voltage bias.

On the other hand, under typical electrochemical conditions,
the same TiO2 electrode required a threshold applied voltage of at
least � 1.8 V to induce the CO2RR.

[20] Taken together, the results
obtained in the above–mentioned studies suggested an advantage
in using photoinduced electrons for the CO2RR. They induced a

better catalytic activity at lower overpotential values. In the
following section, we will describe the effects exerted on the charge
transfer dynamics of the reported semiconductor–molecular catalyst
systems for CO2RR (Figure 3).

4.1. Effect of the linker/grafting method

The assembly of the hybrid photocatalytic systems used for the
CO2RR are based either on the formation of ester linkages between
the hydroxyl groups of TiO2 and the � PO3H/� COOH groups of the
molecular catalysts or the establishment of coulombic interactions
between the cationic molecular catalysts and the anionic groups of
the semiconductor (Figure 3).

The Co� ter/Co� cob complexes (on TiO2 films) and Re� bpy� pic
(on TiO2 nanoparticles) were covalently attached via a tridentate
ester–linkage of their phosphonic acid groups.[18] In contrast, the
Fe� por and Hemin were immobilized on TiO2 films using an ester–
linkage between the carboxylic acid groups of the former and the
hydroxyl groups of the later.[20] In the coulombic self-assembly, the
surface of CuInS2 quantum dots was modified by reaction with the
thiolate end of 3-marcaptopropanoic acid (MPA) linker. The
carboxylate ends of the linker pointing away from the surface
interacted with the positively charged quaternary ammonium
groups of the Fe� TMA.[19]

The immobilisation of the molecular catalysts onto the TiO2

semiconductor surfaces was confirmed by monitoring the P=O,
P� O or C=O, and C� O stretching frequencies in their IR spectra and
the Ti 2p, O 1s, and Fe 2p bands in the XPS counterparts. In any
case, irrespective of the catalysts grafting procedure for assembly of
the hybrid systems, the anchoring strategy aimed at achieving
efficient energy and redox transfer processes, providing long–term
stability to the molecular catalysts incorporated on the semi-
conductor surface under photo–irradiation and the applied reduc-
tive bias for CO2RR. Under photocatalytic conditions,
TiO2� Re� bpy� pic showed a good turnover number (TON) for CO
formation, in the presence of TEOA as sacrificial agent and in DMF
solution under light irradiation for 24 h (λ>420 nm). Similarly, the
CuInS2� Fe� TMA hybrid system furnished CO in water with light
irradiation during 30 h (λ=450 nm).[18a,19] Using photoelectrochem-
ical conditions, TiO2� Hemin and TiO2� Fe� Por also produced CO;
the TiO2� Hemin assembly remained stable up to � 1.5 V (vs. Ag/
AgCl), whereas the TiO2� Fe� Por analogue became unstable at an
applied potential of � 0.5 V (vs. Ag/AgCl).[20] Most likely, the differ-
ence in the number of anchoring groups of the two porphyrins was
responsible for the dissimilar stability of the two hybrid assemblies.
Hemin contains two carboxylic acid functions, but the Fe� Por was
equipped with only one � COOH group as p-phenyl substituent.
Thus, the nature and structure of the linker units had a pronounced
effect on the catalysis efficiency and stability of the hybrid
assemblies for the CO2RR. In contrast, the results of the TAS studies
of the two slightly different hybrid assemblies (TiO2� Hemin and
TiO2� Fe� Por) assigned similar timescale (fs-ms) to their charge
separation and accumulation processes.
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4.2. Charge transfer processes driving the multi–redox CO2

catalysis

Under photochemical conditions, the reduced Re� pic� species was
identified as the catalytically active intermediate species in the
TiO2� Re� bpy–pic hybrid assembly. This species exhibited a charac-
teristics transient absorption signal at λmax=500 nm.[18a] Under N2
atmosphere and in DMF solution (containing 1 M TEOA), the decay
of the transient absorption of the Re� pic� species assigned a larger
lifetime in the hybrid-assembly TiO2� Re� bpy–pic (t50%>1 s) than
for the free Re� bpy–pic (t50%>60 ms) complex diffusing in solution
(Figure 4a). In the presence of CO2, the transient decay of the
absorption of Re� Ppic

� followed a biphasic behaviour, with a first
fast component decay in the 1–10 ms timescale and a slower
component decay in the range of 100 ms–1 s timescale (Figure 4b).

The faster decay in presence of CO2 was assigned to the
interaction between CO2 molecules and the active Re� Ppic

� species.
Based on spectroscopic results and theoretical calculation studies,
the authors proposed that, first Re� Ppic

� binds CO2 in a ~400 ms
timescale followed by a second electron transfer taking place on
the Re� pic� CO2 adduct. The kinetics of the second reduction step
was not observed in TAS measurement. This second electron

transfer is mediated by the sacrificial electron donor leading to the
generation of CO and H2O. In the electrostatically coupled
CuInS2� Fe� TMA hybrid system, the study of the dynamics of the
photoinduced electron transfer process from the MPA-capped
CuInS2 QD to Fe� TMA was carried out by means of TAS and time–
correlated single photon counting (TCSPC).[19] The features of the
ground state bleach (GSB) for the CuInS2 QD suggested a decay of
the excited electrons via intrinsic pathways and through an electron
transfer process to Fe� TMA unit. After excitation at 450 nm and in
water solution, the GSB of the CuInS2 QD dynamics was probed at
480 nm. The multi–exponential fit of the black trace in Figure 4c,
corresponding to the decay of the MPA-capped CuInS2 QD,
produced six time constants. Two ultrafast electron trapping
processes (0.5 and 5 ps) to the lattice and surface sites and four
radiative recombination processes (1.7, 5, 38, and 190 ns) from
band–edge and mid band gap electrons and holes. In the presence
of 0.5 equivalent of Fe� TMA, the decay of the band (red trace in
Figure 4c) was faster, indicating the existence of an electron transfer
process to the Fe� TMA unit. The fit of the new absortion decay
(red trace in Figure 4c) yielded only three times constants (3 ps
(22%), 40 ps (22%), and 800 ps (56%)) for the electron transfer. The
transfer processes with sub-picosecond time constant were not

Figure 3. Examples of semiconductor–molecular catalyst systems (a) TiO2� Hemin, TiO2� Fe� Por; (b) TiO2� Co� cob, TiO2� Co� ter; (c) CuInS2� Fe� TMA; (d)
TiO2� Re� bpy–pic studied for the photo-induced CO2 reduction and interfacial charge transfer processes. The structures of the abbreviated molecular
complexes are shown in the Figure.
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detected. The PL decay measured by means of TCSPC study in a
500 ps to 10 μs window (Figure 4d) showed 50% quenching of the
PL for the QD unit. This result confirmed the existence of a donor–
acceptor type electronic communication between the CuInS2 QD
and the Fe� TMA unit. The origin of the heterogeneity of the
electron transfer dynamics (three constants) in the CuInS2� Fe� TMA
hybrid–system was hypothesized to be caused by aggregation of
the QDs and the uneven distribution of the Fe� TMA units on their
surfaces.

The charge accumulation of the CoI species (potent species for
catalysis) caused by a double reduction process in the TiO2� Co� cob
(CoIII) system was monitored by TAS. The absorption decay was
recorded at 700 nm in acetonitrile solution (containing 0.1 M TEOA)
under 355 nm laser excitation.[18b] Without applied external bias, the
signal of TiO2� Co� cob exhibited a negative slope in the early
timescales (~μs) followed by a change in slope at longer timescales
(ms-s) (Figure 5b, black trace). The authors suggested that the
negative signal at 700 nm corresponded to the bleaching of CoI

species (as they strongly absorb at 700 nm). This observation was
indicative of faster accumulation of CoI species at the TiO2 surface
under open circuit condition. Under prolonged irradiation, the
negative signal trace was assigned to a charge recombination
pathway via rapid oxidation of the CoI species to CoII species
promoted by the VB (holes). The positive signal observed at longer
times was assigned to the re-reduction of the CoII species to CoI

counterparts by CB electrons of the TiO2. For the TiO2� Co� ter

system, a similar transient absorption study was performed by
monitoring the transient absorption at 550 nm under 355 nm laser
excitation (Figure 5c).[18b] Unlike the TiO2� Co� cob case, the transient
absorption signal for the TiO2� Co� ter hybrid catalyst remained
similar when recorded with or without applied bias; this aspect is
discussed in more detail later. TiO2� Co� cob and TiO2� Co� ter
systems were exclusively explored for the proton reduction study
(HER). We don’t have any data to comment on the efficiency of the
doubly reduced CoI species towards CO2RR.

For the TiO2� Fe� Por and TiO2� Hemin, the transient absorption
measurements were conducted in acetonitrile, with laser excitation
at λ=355 nm and probed at λ=680 nm.[20] The transient signals for
TiO2� Fe� Por are shown in Figure 6a (green and blue trace); the
comparison of transient absorption decays recorded under N2
atmosphere clearly showed that the TiO2� Fe� Por hybrid assemblies
exhibited 100 times faster decays (μs-ms) than bare TiO2 films (ms-
s). In the presence of CO2, the transient absorption signal of
TiO2� Fe� Por was not markedly affected (green and blue trace in
Figure 6a). It was hypothesized that the faster signal decay observed
for the TiO2� Fe� Por hybrid–assembly corresponded to a back–
electron transfer process from the TiO2 conduction band to an
oxidised iron-porphyrin cationic state. It was not related to any
charge transfer process involving the CO2 molecule. TiO2� Hemin
showed similar but less intense transient absorption signals in the
μs-ms regions and delivered related features in the photoelectro-
chemically catalyzed CO2RR; readers are directed to the reference

Figure 4. Transient absorption decays of the reduced intermediate Re� Ppic
� in DMF containing 1 M TEOA as hole scavenger recorded at 500 nm after 415 nm

excitation, (a) Re� bpy–pic in solution (grey) and TiO2� Re� bpy–pic (black) under N2, and (b) Re� bpy–pic in solution (grey) and TiO2� Re� bpy–pic (black)
under CO2; (c) Transient absorption decays of MPA-capped CuInS2 QD in water with (red) and without (black) 0.5 equivalent of Fe� TMA, probed at 480 nm
(QD Ground state bleach) after excitation at 450 nm; (d) Photoluminescent (PL) decay of MPA–capped CuInS2 QD in water with (red) or without (black)
0.5 equivalent of Fe� TMA added, probed at 600 nm, after excitation at 450 nm. Panels (a) and (b), used with permission from C. D. Windle, E. Pastor, A. Reynal,
A. C. Whitwood, Y. Vaynzof, J. R. Durrant, R. N. Perutz, E. Reisner, Improving the Photocatalytic Reduction of CO2 to CO through Immobilisation of a Molecular
Re Catalyst on TiO2. Chem.–Eur. J. 2015, 21, 3746–3754. Copyright 2015 John Wiley and Sons. Panels (c) and (d) adapted with permission from S. Lian, M. S.
Kodaimati, E. A. Weiss, Photocatalytically Active Superstructures of Quantum Dots and Iron Porphyrins for Reduction of CO2 to CO in Water ACS Nano 2018,
12, 568–575. Copyright 2018 American Chemical Society.
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article for the detailed spectra.[20] Considering the energetics of the
VB and CB of TiO2 and the possible different redox states of the
iron porphyrins (FeIII/II, FeII/I, FeI/0), it’s unlikely to achieve the FeI/0

state (potent for CO2 reduction) by transferring electrons from the
TiO2 CB (ideal case of having multi redox events with only
photoexcited electrons). In addition, electron transfer from the
photo-excited iron porphyrins to the TiO2 CB becomes thermody-
namically favourable, making Fe-porphyrin based hybrid systems
less efficient for CO2RR. A complete picture of the interfacial charge
transfer processes occurring in such TiO2� Fe� porphyrin hybrid
assemblies demands a fs-s timescale TAS study, which to date has
not been reported.

4.3. Effect of the applied external bias

Under photoelectrochemical conditions, an external bias was
applied to the hybrid systems behaving as photocathode and they
were subjected to the CO2RR. For the TiO2� Co� cob system, the
transient absorption kinetics were measured under � 0.08 V vs NHE
applied bias keeping all other conditions identical to the non–
voltage biased case.[18b] The resulting transient spectrum measured
at the 10 μs to s timescale showed different kinetics in the voltage
biased and non–biased experiments (Figure 5a, black trace).
Strikingly, under photocatalytic conditions at � 0.08 V vs NHE
condition, we observed positive signals throughout the complete
timescale. A plausible inference of this results was that, under
voltage bias condition, the singly reduced CoII species accumulated
in the initial timescale. At longer time scales (ms-s), this initially
formed species were successively reduced to the doubly reduced

state producing CoI species. For TiO2� Co� ter, upon light irradiation
under � 0.58 V vs NHE applied bias, the transient signal showed a
reduced initial transient absorption value. Still, the decays remained
similar to the non–bias case (Figure 5c).[18b] Electrochemical studies
conducted at different applied biases, confirmed that TiO2� Co� ter
underwent two successive electron transfer from the TiO2 CB to
CoIII� unit yielding the doubly reduced CoI species at the μs time
scale. In the TiO2� Co� ter case, the accumulation of the singly
reduced species (CoII) was not detected. This is in striking contrast
with the observations made for the TiO2� Co� cob case. The
differences in charge accumulation behaviours of TiO2� Co� cob and
TiO2� Co� ter hybrid assemblies were attributed to their different
CoIII/II and CoIII/I redox value energies of the attached Co-polypyrrolic
complexes in relation to the energy of the TiO2 CB.

The transient decays of the TiO2� Fe� Por and TiO2� Hemin
systems were recorded from 0 to � 1.3 V (vs Ag/AgCl) applied
voltage bias and under N2 and CO2 atmosphere without added
TEOA.[20] A comparison of the transient absorption values at a time
of 1×10� 5 s revealed, that for potentials more negative than � 0.8 V
the signals disappeared due to the continuum electrochemical
filling of electrons from the VB to CB of TiO2. The comparison of the
transient decays at � 0.5 V (vs Ag/AgCl) for TiO2 and TiO2� Fe� Por is
shown in Figure 6b. For TiO2� Fe� Por, it is clear that there were no
marked differences in the decays of the experiments performed in
N2 and CO2 atmosphere. Similar results were obtained in related
non-voltage biased experiments (Figure 6b, green and blue trace).
Thus, it can be concluded that the decay of the signals (μs-ms
timescale) corresponding to the electron transfer from the TiO2 CB
to the oxidised iron-porphyrin cationic state remain unaffected
upon applying the voltage bias. However, the identification of the

Figure 5. Transient absorption decays of TiO2� Co� cob in acetonitrile containing 0.1 M TBAPF6 and 0.1 M TEOA recorded at 700 nm after 355 nm excitation (a)
applied potential (� 0.08 V vs. NHE), (b) without applied potential in the same conditions. (c) Transient absorption decays of TiO2� Co� ter and TiO2 in
acetonitrile containing 0.1 M TBAPF6 and 0.1 M TEOA recoded at 550 nm after 355 nm excitation under with and without applied potential (� 0.58 V vs. NHE).
The different processes (1–3) taking place at different time scales, which are not shown here. (d) Kinetics of the transient absorption decays of TiO2� Co� cob
at 700 nm under different light intensities and applied bias. Panels (a), (b), (c) and (d) are reproduced from C. Bozal–Ginesta, C. A. Mesa, A. Eisenschmidt, L.
Francàs, R. B. Shankar, D. Antón–García, J. Warnan, J. Willkomm, A. Reynal, E. Reisner; J. R. Durrant, Charge accumulation kinetics in multi–redox molecular
catalysts immobilised on TiO2. Chem. Sci. 2021, 12, 946–959 with permission from the Royal Society of Chemistry.
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catalytically active redox state of the Fe in the film resulting from
the charge transfer events still needs to be addressed. An indirect
proof of the formation of the same species for Fe reduction in the
hybrid assembly (FeIII� Por) with and without applied voltage bias (0
to � 1 V vs Ag/AgCl) was deduced from the analogous conversion
of CO2 to CO. The CO2RR is believed to proceed through Fe(0)
oxidation states. Nevertheless, in-situ spectroelectrochemical studies
are needed to prove the existence of reduced Fe species (FeI and
Fe0) in the films under the specified reactions conditions.

4.4. Effect of hole scavenger agent

The transient absorption studies described here used triethanol-
amine (TEOA) as hole scavenger agent except for the CuInS2 QD. As
discussed previously, TEOA was used in high excess (0.1 to 0.01 M
in acetonitrile) and helped to obtain better transient absorption
values. For example, in bare TiO2, we observed an almost 50%
increase in the transient absorption value (ΔO. D) due to the
addition of TEOA (black and red colour trace in Figure 6c). In
contrast, there was no marked effect on the TAS signals recorded
for TiO2� Fe� Por with or without added TEOA (black and red trace
in Figure 6d).[20] This observation indicated that, unlike bare TiO2,
the use of TEOA as hole scavenger did not affect the stabilisation of
Fe porphyrin cationic states. In conclusion, the effect of the hole
scavenger agent is specific for the catalysts or hybrid catalysts
system, as well as for the process causing the transient absorption
signal. Furthermore, the presence of TEOA could also affect the CO2

reduction catalysis, product selectivity, etc.[38] Hence, a careful
investigation of the TAS studies and the results of the catalysis
experiments under identical condition is mandatory for a sound
understanding of the effect of hole transfer agents in solution.

4.5. Effect of the trap states of the semiconductor

Surface states of mesoporous metal oxide semiconductor films (e.g.,
TiO2, NiO, etc.) can trap electrons and possess particularly differing
properties from those of the bulk.[26,39] Upon photo–excitation,
excited electrons from the CB of the semiconductor can get trapped
within low–energy surface states. (process 3 in Figure 2a). During
photoelectrochemical CO2RR, under applied reductive external bias
voltage, a prolonged accumulation of charges in such trap states
significantly influences the multi–redox events of the molecular
catalyst unit. For example, a comparative study of electron mobility
and transport dynamics in thin films of dye-sensitized TiO2, ZnO,
and SnO2 nanoparticles displayed the dictating role of trap states in
the observed processes.[40] For example, in pristine NiO–based p-
DSCs, the charge transport behaviour exhibited exponential
dependence on light intensity and on the concentration of surface
trap states.[41] Studies on TiO2� Co� cob were carried out to correlate
the dependency of the external bias and light intensity on charge
accumulation. Monitoring transient decays at 700 nm (deep blue
and orange trace in Figure 5d), it was observed that going from
high (1.29 mJcm� 2) to low (1.16 mJcm� 2) intensity laser excitation,
the accumulation of the mono to doubly reduced CoIII� cob catalyst

Figure 6. Transient absorption decays of TiO2� Fe� Por, and TiO2 in acetonitrile containing 0.1 M TBAPF6 recorded at 680 nm after 355 nm excitation (a) under
N2 and CO2 atmosphere and without applied potential, (b) under N2 and CO2 atmosphere and applied potential (� 0.5 V vs. Ag/AgCl). For both (a) and (b) the
spectra of TiO2 were only recorded in presence of 0.01 M TEOA as a hole scavenger. (c) and (d) The effect of the hole scavenger (0.01 M TEOA) on TiO2 and
Fe� Por, TEOA causes an increase in the transient absorption signal in the case of TiO2. Panels (a), (b), (c) and (d) were adapted, with permission of the authors,
from B. Domingo-Tafalla, T. Chatterjee, F. Franco, J. Perez Hernandez, E. Martinez-Ferrero, P. Ballester, E. Palomares, Electro- and Photoinduced Interfacial
Charge Transfers in Nanocrystalline Mesoporous TiO2 and TiO2/Iron Porphyrin Sensitized Films under CO2 Reduction Catalysis. ACS Appl. Mater. Interfaces 2023,
15, 14304–14315 made available under Creative Commons license (CC-BB-NC-ND 4.0) 2023 American Chemical Society.
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species at the electrode decreased (apparent quantum yield of CoII

to CoI species at 700 nm decreased from 44% to 1%). The
concentration of doubly reduced species can be regained again by
applying external bias voltages, which fill up the trap states
electrochemically.[18b] After applying � 0.88 V vs. NHE and at low
excitation energy, the kinetics at 700 nm (sky blue trace in
Figure 5d) can be partially regained (the apparent quantum yield
increased to 22%), similar to the experiment performed with high–
intensity laser excitation. To our knowledge, a detailed study
correlating the role of trap states with charge transfer kinetics and
the performance of CO2 reduction catalysis is still lacking.

5. Conclusions and Perspectives

In this mini–review, we summarized recent developments regarding
interfacial charge transfer studies in semiconductor-molecular
catalyst hybrid assemblies for photo- and photoelectrochemically
induced CO2RR. The efficiency of the multi–redox–driven hybrid
catalysts dramatically depends on the favourable transport of the
photogenerated electrons from the light–harvesting photosensitizer
(semiconductor) to the metal reaction centre. A challenge in this
area is to ensure good stability of the hybrid catalyst assemblies
and maximum interfacial charge transfer processes in favour of
catalysis. Interfacial charge transfer processes occur on ultrafast to
fast time scales (fs-ms), whereas catalysis happens on a much lower
time scales (μs-ms). Charge recombination in bulk semiconductors
and back electron recombination taking place at the interfaces are
also faster than the catalysis processes. The two recombination
processes are detrimental to interfacial charge transfer and
disfavours the multi–redox based reduction reaction at the
molecular catalyst unit. At the interface of the hybrid assembly with
the electrolyte solution the applied potential and the alignment of
the energy states of the hybrid assemblies are drastically affected
by band bending, electron filling of the surface states, etc. As a
result, the interfacial charge transfer processes are sensitive to the
structure of the hybrid assembly, the pH of the solution, the
intensity of the light irradiation, the CO2 feeding source, the applied
potential and other aspects of the CO2RR conditions. Hence,
characterising the interfacial charge transfer processes by ultrafast
spectroscopy and identifying the processes ranging from fs to ms
timescale is crucial. The examples discussed here included meso-
porous TiO2 film, TiO2 nanoparticle, CuInS2 quantum dots, as light
harvesting semiconductors, which are covalently or supramolecur-
larly functionalised with Co-polypyrrolic complexes, Fe-porphyrins,
and Re-bipyridine complexes, as active catalytic sites. The best
results were obtained with the CuInS2� Fe� TMA hybrid assembly
which furnished the CO2 reduction to CO at λ=450 nm excitation
in water. TAS study confirmed that there was a donor–acceptor
type electronic communication between the CuInS2 QD and the
Fe� TMA unit featuring three different times constants (3 ps (22%),
40 ps (22%), and 800 ps (56%)) for the electron transfer dynamics.
All together, these examples allowed us to gain some insights on
the catalysis and the associated charge transfer dynamics operating
in such systems. Still, more operando spectroelectrochemical studies
are necessary to have a better understanding the correlation
between charge transfer dynamics and catalysis. This is especially

the case considering that despite the large number of reports on
different CO2 reduction catalysis systems, the number of reports
addressing interfacial charge transfer studies on those systems are
scarce. Indeed, the large complexity of the charge transfer processes
occurring in hybrid systems is high enough to led us conclude that
realistically mimicking the blueprint of natural photosynthesis in
technologically relevant materials is not at our reach in a short
period of time. However, the current findings support development
of superior CO2 reduction photoelectrodes with a proper choice of
materials, thickness of the layers, molecular catalyst attachment,
charge transfer from semiconductor CB to molecular catalyst unit.
Solar to chemical energy conversion can be efficiently improved
using artificial catalysts for CO2RR by tuning the interfacial charge
transfer processes. Future work should aim to progress from
fundamental aspects of heterogeneous photochemistry to interfa-
cial aspects of heterojunctions by correlating interfacial charge
transfer with catalysis performance.

Probably, one of the best strategies to increase the stability of
anchored molecular catalysts on semiconductor surfaces under the
CO2RR condition could be accessing reticular chemistry. That is,
exploiting the potential of combining molecular complex with
reticular materials. Taking advantage of the recent progress
achieved in the synthesis and characterisation techniques of metal
organic frameworks (MOFs) and covalent organic frameworks
(COFs), it is sensible to consider growing/linking ‘in situ’ or through
photosynthetic modifications the functionalised molecular catalyst
on the semiconductor. This approach would provide a precise
molecular–level control in the assembly of the hybrid material
containing a metal catalytic centre with flexible organic linkers and
semiconductors with long–lived charge–separated properties. More-
over, tailoring the assembly of semiconductor and the molecular
catalysts is crucial in controlling most of the interfacial charge
transfer processes. Doping the semiconductor with suitable
elements and synthetically installing electron–withdrawing or donor
groups in the ligand of the molecular catalyst could guide to a
better hybrid assembly with a broader region of absorption in the
solar spectrum and high turnovers. Other potential improvements
include detailed investigations on the trap/surface states of the
semiconductor, which could provide new insights into the
electronic and catalytic properties of the hybrid catalyst systems.
Considering all the complex and vital factors that lie behind the
design of the hybrid catalytic system, focusing on the interfaces is
mandatory in order to establish a meaningful correlation between
catalysis efficiency and charge transfer dynamics. We hope this
mini–review will contribute to the current understanding of
interfacial processes at play during the light–assisted CO2 reduction
studied in different semiconductor–molecular catalyst–based sys-
tems. We expect that it will also encourage the Solar Fuel
community to investigate the favourable and detrimental charge
transfer pathways in the newly-designed catalyst systems.
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