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Characterizing photocatalysts for water splitting:
from atoms to bulk and from slow to
ultrafast processes

@ and Maria Wachtler (2 %€

Christine Kranz
Research on light-driven catalysis has gained tremendous importance due to the ever-increasing power
consumption and the threatening situation of global warming related to burning fossil fuels. Significant
efforts have been dedicated to artificial photosynthesis mimicking nature to split H,O into H, and O, by
solar energy. Novel semiconductor und molecular photocatalysts focusing on one-step excitation
processes via single component photocatalysts or via two-step excitation processes mimicking the
Z-scheme of natural photosynthesis are currently developed. Analytical and physicochemical methods,
which provide information at different time and length scales, are used to gain fundamental
understanding of all processes leading to catalytic activity, i.e., light absorption, charge separation,
transfer of charges to the reaction centres and catalytic turnover, but also understanding degradation
processes of the photocatalytic active material. Especially, molecular photocatalysts still suffer from
limited long-term stability due to the formation of reactive intermediates, which may lead to
degradation. Although there is an overwhelming number of research articles and reviews focussing on
various materials for photocatalytic water splitting, to date only few reviews have been published
providing a comprehensive overview on methods for characterizing such materials. This review will
highlight spectroscopic, spectroelectrochemical, and electrochemical approaches in respect to their
potential in studying processes in semiconductor and (supra)molecular photocatalysts. Special emphasis
will be on spectroscopic methods to investigate light-induced processes in intermediates of sequential
electron transfer chains. Further, microscopic characterization methods, which are predominantly used
for semiconducting and hybrid photocatalytic materials will be reviewed as surface area, structure,
facets, defects, and bulk properties such as crystallinity and crystal size are key parameters for charge
separation, transfer processes and suppression of charge recombination. Recent developments in
scanning probe microscopy will also be highlighted as such techniques are highly suited for studying
photocatalytic active material.

energy with both representing abundant resources into hydrogen
(H) and oxygen (O,) is highly attractive. Moreover, industrially

Solar-driven photocatalysis is gaining significant importance
due to the globally increasing power consumption, the concerns
related to limited reserves of fossil fuels and — most importantly —
the threatening situation of global warming due the emission of
greenhouse gasses originating from burning such fuels."* Driven
by the need to replace carbon-rich fossil fuels with renewable,
environment-friendly energy sources, water splitting using solar
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consumed H,, not only as fuel but also as feedstock, is currently
predominantly produced from fossil fuels (coal and natural gas)
producing CO,.> Hence, the production of hydrogen via light-
driven splitting of water holds great promise as CO,-neutral
supply.

Over the last decades, tremendous efforts have been made
in homogeneous and heterogenous solar radiation-driven
photocatalysis pushed by the need for high-efficiency and
technologically useful solar energy conversion systems. The
major challenge in realizing systems for photocatalytic water
splitting is the complexity of the involved multi-electron
processes consuming several charge carriers. To form one
molecule of H, from H,0, two protons have to be reduced
consuming two electrons, while for O, evolution from H,0O four
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electrons are needed. The overall reaction for water splitting
occurs with an unfavourable positive free Gibbs energy of
AG°® =237.13 k] mol " (“uphill reaction”).

Light-driven water splitting can be obtained by a single-
component photocatalyst combining both reaction centres for
proton reduction and water oxidation. Alternatively, two photo-
catalysts can be interfaced mimicking natural photosynthesis
(z-scheme) in PSI and PSIL* The proton reduction catalyst
and the water oxidation catalyst — each with their own light
absorbing unit - are coupled together using a redox-couple as
electron transfer mediator, as first proposed in 1979.° The
advantage of the latter compared to single component catalysts
is an increase in the available driving force for oxidation and
reduction reactions, as the energy of two photons is used.
In single component systems, this energy has to be delivered
by a single photon. The fundamental principle of both is
schematically shown in Fig. 1.

Single component photocatalysts for water splitting are
mostly derived from semiconductor materials. In these systems,
electrons from the valence band (VB) are excited into the conduc-
tion band (CB) leaving positively charged holes in the valence
band. The holes and electrons have to diffuse independently to
the surface, which is mostly functionalized with suited reaction
centres promoting charge separation, reducing charge recombi-
nation and driving the water splitting half reactions for enhancing
catalytic turnover. The one step excitation process faces a series of
challenges.® (i) Band gap energies smaller 3 eV for harvesting
visible light are required. Many highly active materials for water
splitting have a bandgap that matches UV radiation, which only
comprises 4% of the solar spectrum. As approx. 43% of the solar
spectrum constitutes visible light, materials with narrow band-
gaps (ideally between 1.8 and 2.8 eV suitable for adsorbing
photons in the range of 400-750 nm)’ are needed for efficient
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Fig. 1 Scheme of light-driven water splitting systems. (A) Single-
component photocatalyst; (B) photocatalysts driving each of the half
reactions coupled in the Z-scheme. (C) Simplified scheme of a molecular

water splitting system for HER with the photosensitizer (PS) coupled via a
ligand bridge to the catalyst (CAT), (D) is the sacrificial electron donor.

light harvesting systems. (ii) On top of the optimal bandgap, the
band edge potentials have to be suitable for water splitting. This
implies that the conduction band of the semiconductor has to be
more negative than the H'/H, energy level (0 — 0.059 pH, V vs.
normal hydrogen electrode (NHE)) and the valence band has to be
more positive than the O,/H,O energy level (1.23 — 0.059 V pH,
V vs. NHE). In addition, favourable surface reaction kinetics and
well balanced reaction rates for the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER) are mandatory.®°
(iii) The material has to show sufficient long-term stability during
extended photocatalytic reactions.

Since the first report in 1972 demonstrating photoelectro-
chemical water splitting under UV irradiation with a n-type
TiO, photoanode and a Pt cathode for H, evolution,'® a multitude
of semiconducting materials containing transition metal cations
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with d° and d"° electronic configurations including metal oxides,"!
oxynitrides,"*"* oxysulfides’ and sulphides with chalcopyrite-type
structures'® have been investigated as materials for photocatalytic
hydrogen generation as comprehensively reviewed.”'® Various
co-catalysts for H,-evolution (e.g., Pt, Rh, Ru, Ir, Ni) and
co-catalysts for O, evolution (e.g., Co, Fe, Ni, Mn, Ru, Ir, as well
as metal oxides, e.g., RuO,, IrO,) have been studied.® As a metal-
free polymeric semiconductor, graphitic carbon nitride (g-CN) with
a bandgap of 2.7 eV has been reported as effective one-step
excitation light-driven catalyst when combined with appropriate
co-catalysts.'>'” However, to date only few semiconducting single
photocatalysts exploiting visible light have been demonstrated for
overall water splitting including GaN:ZnO,"® B-Ge;N, loaded with
RuO," or Y,Ti,05S, with IrO, and Rh/Cr,0; as co-catalysts,
which are still limited in stability or provide small quantum yields.
Besides bulk semiconductor materials, also colloidal quantum
confined nanocrystals, ie.,, quantum dots, nanorods or nano-
platelets, have gained a lot of interest as photocatalysts or as light
absorbing materials coupled to a co-catalyst, e.g., metal particles,
oxides, phosphides,*® or molecular reaction centres®*>*>*° to
drive HER or OER. Quantum confinement effects allow tailoring
electronic and optical properties of the particles, ie.,, band gap
and band edge positions via size, shape and composition. With
the accurate choice of material, absorption of visible light in
combination with proper band edge positions to drive water
reduction or oxidation can be reached, e.g., if CdS-based nano-
structures are used.*!

To overcome the strict boundaries for single component
systems, coupling of photocatalysts driving each of the half
reactions in a Z-scheme allows for increased flexibility in
optimizing the band edge positions and to use visible light to
drive the HER and OER. To relay electrons between HER and
OER catalysts, redox shuttles such as periodate/iodide, iodine/
iodide, Fe"'/Fe" and Co-complex redox couples as soluble
mediators, polyoxometalate and reduced graphene oxide as
solid redox mediators have been used. A comprehensive list
of redox shuttles can be found in ref. 8. With the Z-scheme
approach, the number of photocatalytic materials is signifi-
cantly extended and visible-light driven water splitting with
long absorption edge wavelengths of 660, 600 and 590 nm
could be demonstrated.*

The activity in the field of semiconductor based artificial
photosynthesis is evident by the large number of publications
and excellent reviews, which were published in recent
years, >’ 919:22:23,2627,32740 peyices following the Z-scheme
tandem approach that operate spontaneously only by absorbing
solar radiation e.g., in the visible range without applying
additional bias have been reported reaching solar to hydrogen
efficiencies up to 19%.*"*> Despite these promising results, one
main challenge remains to find materials with sufficient long-
term stability.

Molecular photocatalytically active systems are a valid comple-
mentary approach vs. semiconductor-based photocatalysts for
photoredox reactions such as water oxidation, proton reduction,
and CO, activation.*>** In analogy to semiconductor-based
systems, they combine a light absorbing unit with a component
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where the catalytic reaction occurs. This can be realized in an
intermolecular approach, mixing sensitizer and catalyst in
solution, eventually adding an additional redox shuttle. Alter-
natively, an intramolecular approach can be introduced,
whereby the light absorbing unit and the catalytic centre are
combined in one molecule linked by a bridging unit, which not
only assures the connection of the two components but may
support electron transfer and charge accumulation acting as
electron relay. Compared to semiconductor materials, the
structure of molecular systems is well defined and readily
determined via crystallography and spectroscopic methods.
Via modifications in the structure changing electronic proper-
ties and/or steric configurations, molecular systems offer high
precision in tuning the charge transfer between light absorber
and reaction centre and controlling the activity and product
selectivity of every single reaction site.*?

The most common light absorbing units are based on
transition metal complexes with Ru", 1" Pt" or Re" centres.
Noble-metal-free systems have also been explored, e.g., Zn
and Al porphyrines or Cu(i) complexes, and organic dyes.*>*
Molecular reaction centres are frequently based on transition
metal complex structures, e.g., Ru, Rh, Pt.*> For OER, Ru
complexes with low overpotentials and high efficiency have
been reported based on the seminal work of Meyer and
co-workers in 1982 reporting on water oxidation by the “blue
dimer” cis,cis-[Ru"(bpy),(H,0),(1-0)].*” This structural motif
was further developed into systems with a single Ru centre of
the Ru"(bda)(L,)-type (bda: 2,20-bipyridine-6,60-dicarboxylate,
L: picoline and derivatives).*® Furthermore, water oxidation
catalysts with promising activities containing Ir have been
developed.*® Inspired by nature, reaction centres based on
abundant metals such as Mn, Co, Ni or Fe have also been
investigated and summarized in a number of review articles.
However, compared to noble-metal-containing species they still
lack in activity.’®*" All-inorganic polyoxometalates (POMs)
present a promising alternative approach for OER due to
oxidative and hydrolytic stability.>> Compared to centres for
OER, the variety on available reaction centres for HER is much
larger.*® Again, many early approaches rely on transition metal
complexes with noble metals, e.g., Pt or Rh.>*® Over the past
decade, the research focus has shifted to systems containing
earth abundant metal centres. Copying principles from nature
[FeFe] and [FeNi] hydrogenase mimics have been developed.®”
Further complexes based on Ni, e.g., “DuBois catalysts”, Co,
e.g., cobaloximes, metalloporphyrines containing Fe or Co,”®
and Mo complexes®”®® have been reported. Based on the
described light absorbers and reaction centres, numerous
supramolecular systems for intramolecular catalysis have been
designed.***"%?

In contrast to the variety of reports on active molecular systems,
the development of artificial photosynthetic water-splitting devices
based on molecular materials suffers mainly from two main
challenges: as inevitable step towards device integration,
(i) realizing heterogenization of the molecular systems without
losing activity and selectivity, and (ii) achieving sufficient long-
term stability of the molecular units.** The most commonly
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followed strategy for heterogenization is covalently anchoring
chromophores and catalysts, intramolecular chromophore
catalyst assemblies or in case of low band gap semiconductor
materials only catalysts via covalent anchoring to oxide based
surfaces, e.g., TiO,, NiO, Fe,O;, WO; or BiVO,.>* Such hybrid
systems are a step towards device integration, and can be used
as photocathode or anode in photoelectrochemical cell (PEC)
devices. Also, immobilization via covalent binding®*° and n-n
stacking’”’> on carbon materials (e.g., carbon nanotubes,
graphene) has been applied. An alternative approach of immo-
bilization and heterogenization of molecular catalytic assemblies
is entrapping within a film generated from polymeric materials
such as poly(vinyl-co-styrene) derivatives and Nafion.”*””> Using
monomers containing functional groups, polymer films with
sensitizers and catalysts directly bound to the polymer backbone
can be generated.”®”® Recently, the electrostatic immobilization
of molybdenum sulphide [Mo;S;;]*~ as HER catalyst and the
photosensitizer [Ru(bpy);]** on the surface of nanoporous block
copolymer membranes has been reported.”” An assembly of
chromophores and reaction centres in three dimensions can
be achieved by incorporation of these functionalities in metal
organic frameworks (MOFs).5*!

This short overview on systems for artificial photosynthesis
illustrates the tremendous variety of available and investigated
material systems. To support the development of optimized
systems, it is inevitable to understand the relation between
structural aspects and the underlying mechanisms of the light-
driven processes, i.e., light absorption, charge separation,
charge transfer between absorber and reaction centres, and
the catalytic reaction itself. Furthermore, it is of similar impor-
tance to analyse and understand processes leading to a loss in
activity and degradation over time, thus limiting the long-term
performance of the system, to support the development of
recipes to suppress degradation processes and strategies to
heal materials. To this end, physicochemical and analytical
methods for characterisation of structural features and photo-
physical and electrocatalytical processes are needed.'*%*%3

This review will give a comprehensive overview on charac-
terization techniques for HER and OER photocatalysts addres-
sing the challenge of the complex interplay of processes
occurring on several length- and timescales. Given the huge
number of articles related to solar driven photocatalysis, this
review cannot be exhaustive. Hence, the interested reader is
directed to additional articles cited throughout the manuscript.
Special emphasis in this review will be on in situ respectively
operando spectroscopic, spectroelectrochemical, electro-chemical,
in situ scanning probe microscopic methods and ex situ electron
microscopy to give an overview for this multidisciplinary research
field that includes scientists and students from the STEM
disciplines.

2. Characterization methods

A wide variety of spectroscopic and microscopic techniques
providing structural and mechanistic information can be
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Fig. 2 Commonly used methods for characterization of photocatalysts
addressing properties on various length scales from bulk down to atomic
level and processes spanning time scales from hours to the femtosecond
regime contributing to insight in overall light-driven catalytic activity.

employed depending on the system under investigation and
the required spatial and temporal resolution. Fig. 2 gives a
schematic overview on the most commonly used methods
classifying the required temporal and spatial resolution for
characterization of photocatalytic systems.

For heterogeneous systems, microscopic techniques play an
essential role as they provide information on surface structure,
surface morphology, crystallinity, crystal size, etc. Changes in
structure on an atomistic or molecular scale in both hetero-
geneous and homogeneous molecular systems is gained by
spectroscopy. To date, there is still effort to fully understand
degradation pathways and reactivity changes of molecular
catalysts, especially when interfaced with heterogeneous
supports. Beyond structural aspects, mechanistic aspects of
the light-driven processes are clearly the focus of many spectro-
scopic investigations applying time-resolved techniques.
In addition, the characterization of sequential multi-electron
transfer processes is frequently limited to the first electron
transfer step, while the following processes leading to charge
accumulation at the reaction centres are not fully investigated.
Further, the identification of reactive intermediates and the
determination of gaseous products with high accuracy in situ/
operando is still challenging.

2.1 Spectroscopic techniques

Spectroscopic techniques are important for the characteriza-
tion of photocatalysts to obtain structural information on the
systems. In addition, they provide information on light-induced
processes and detailed mechanistic insight into the funda-
mental processes involved in the photocatalytic process, such
as light absorption, charge separation, electron transfer and
catalytic turnover, further revealing undesired deactivation and
degradation pathways. Knowledge about the fundamental activity
determining and limiting steps is vital and is a prerequisite
to lead to new design principles for high-performance catalysts.

This journal is © The Royal Society of Chemistry 2021
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A large variety of spectroscopic techniques is available span-
ning the spectral ranges from X-ray to THz and timescales from
fs to s and hours providing insight into structure and structural
changes during or after catalysis, mechanisms of vital charge
transfer processes, the catalytic reaction and consumption of
substrate and formation of products. Each technique provides
information only on a certain aspect of the system under
investigation. Only the combination of results from various
techniques allows to unravel the detailed mechanism step by
step. Molecular systems are much better structurally defined
compared to semiconductor bulk and nanostructured materials,
where intrinsic heterogeneities of the samples with respect to,
e.g., structure of reaction sites, composition, and size distributions
have to be taken into account.

In the following, spectroscopic techniques applied for the
characterization of photocatalysts providing information on
the chemical composition and structure, band structure and
optical properties and time-resolved techniques allowing insight
into charge-transfer processes are briefly summarized here.
Special emphasis will be paid to in situ/operando techniques
applied to HER and OER systems and recent developments in
applying spectroelectrochemistry to address light-driven processes
in reactive intermediate species of sequential multi-electron
transfer chains.

2.1.1 Analysis of structure and composition. X-ray crystal
structure analysis is frequently used for obtaining structural
information on molecular systems, as information on atomic
positions and connections is obtained. While X-ray diffraction
(XRD) is an important method for semiconductor materials
delivering information on the crystal lattice, additional
methods are necessary to gain deeper insight into the precise
chemical composition.®* X-ray spectroscopic methods, i.e., energy
dispersive X-ray spectroscopy (EDS) and electron energy loss
spectroscopy (EELS) are used for elemental analysis and elemental
mapping to determine distribution of elements in samples.
Information on the chemical state of the elements, i.e., oxidation
state and bonding state including coordination geometry
and hybridization, revealing important information on the
chemical structure can be obtained by X-ray photoelectron
spectroscopy (XPS). X-ray absorption fine structure spectro-
scopy (XAFS) techniques, ie., X-ray absorption near edge
structure (XANES), X-ray absorption fine structure (NEXAFS),
extended X-ray absorption fine structure (EXAFS), are advanced
methods to determine the chemical state of elements. Using
these methods, not only surface information but also bulk
information on oxidation state, coordination number and
chemical bonding can be obtained, also of certain atoms in
molecular systems, e.g., of the metal centres in transition metal
complexes. Further information on the structure can be gained
via Fourier transform infrared (FT-IR) spectroscopy and Raman
spectroscopy. The characteristic vibrational frequencies of a
molecule or a material are considered ‘“‘chemical fingerprints”
delivering information on functional groups, chemical structure,
and surface functionalities, e.g., binding of cocatalysts. In solid
state, additionally the observation of phonon modes is used to
analyse phase transitions.*>*® Nuclear magnetic resonance (NMR)

This journal is © The Royal Society of Chemistry 2021
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spectroscopy is routinely performed for structure determination
of molecular systems. But also for semiconductor based catalysts,
solid-state NMR spectroscopy is a very powerful tool elucidating
the chemical environment of NMR active nuclei.’” "%

2.1.2 Characterization of electronic and basic optical
properties. Optical absorption spectroscopy (UV/vis/NIR) is
used to characterize positions of absorption bands and band
edge positions.’*°? In transparent samples, absorption spectra
are usually collected in transmission, but for highly scattering
and non-transparent materials diffuse reflectance spectroscopy
(DRS) is applied to retrieve information on the light absorption
properties of the material. In semiconductor materials, besides
determining the band edge via analysis of the absorption
onset also information on mid gap states is provided reporting
on doping or formation of defect states in the material,
which can have important implications on material activity.
Resonance Raman (rR) spectroscopy in combination with time-
dependent density functional theory (TD-DFT) calculations
allows to analyse the character of the electronic transition
involved in the light absorption process at a certain excitation
wavelength.?>®* Only the signal intensities of those vibrations
are enhanced, which are connected to structural changes
coupled to the electronic transition. Applying this method,
it is possible to identify structural subunits involved in the
process of absorption of light and structural changes connected
with light absorption process.*»*> Photoluminescence (PL)
spectroscopy is a complementary method to gain information
on the band gap of a material, as PL results usually from near
band edge states.’* > In many cases, additionally trap state
emission can be detected. A third method to collect informa-
tion on traps and defect states in semiconductor materials is
electron paramagnetic resonance (EPR) spectroscopy. This
method is sensitive to unpaired electrons in systems such as
F centres (anionic vacancies trapped with unpaired electrons),
cationic point defects, and free radicals.®* Further, XPS and its
analogue ultraviolet photoelectron spectroscopy (UPS) gives
access to the valence band positions in semiconductors when
the XPS/UPS spectrum of a semiconductor sample is recorded
near the Fermi level.”

2.1.3 Identification of key intermediates and active sites.
In the standard characterization approaches, the -catalyst
material is investigated in an environment not resembling
the catalytic conditions, e.g., in vacuum or in inert solvents.
The vast majority of the published work on photocatalysts,
contains results from ex situ spectroscopic characterization of
the catalyst, for heterogeneous systems often comparing the
catalyst before and after reaction to reveal changes in morphology,
structure and electronic properties. The connection of the
collected information on structural changes to photoactivity is
often expressed as observed induction periods or as potential
degradation processes in the material.”> Much more challenging
are investigations under in situ or operando conditions in order to
establish real structure-activity relationships.”®®”

Studying the catalysts in the real environment of the catalytic
process interacting with the complex reaction medium containing
substrate and eventually sacrificial agents can provide in-depth

Chem. Soc. Rev., 2021, 50,1407-1437 | 141
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insights about the nature of the active sites, support identification
of key intermediates and reveal complex reaction kinetics. In situ
refers here to conditions relevant to catalytic operation, while
operando is the characterization of the working catalyst when
simultaneously monitoring the catalytic performance. In situ
or even operando characterization for HER and OER in photo-
catalysis settings is far less applied than, e.g., for electrocatalysts,
where numerous review articles give an overview on characteriza-
tion techniques applied, e.g., UV/vis, FT-IR, Raman, XAFS,
ambient pressure XPS (AP-XPS), EPR, etc.>>%%%7

One challenge of the analysis of photocatalysts under oper-
ating conditions is the additional illumination, which needs to
be integrated properly into the experimental setups to ensure
that the illuminated volume and the probed volume of the
sample are overlapping. Another issue is that the illumination
may also interfere with some of the applied optical
techniques."®® Furthermore, the higher complexity of the reac-
tion mixtures containing photocatalysts, sensitizers, and sacri-
ficial agent increases the challenges of data interpretation if not
a method with high selectivity is applied.’> Summarizing, these
might be the main reasons why up to now investigations under
operando conditions for photocatalytic systems are compara-
tively scarce. Examples for in situ and operando studies on HER
and OER systems are summarized in the following.

The formation of intermediate species under reaction con-
dition can be monitored by UV/vis spectroscopy. For example,
in thin film o-Fe,O; electrodes light-modulated absorbance
spectroscopy (LMAS) was used to detect species generated
under illumination.’® Results were compared with spectra
collected via potential modulated absorption spectroscopy
(PMAS), which revealed that under illumination, the same
species is formed as under applying positive bias. The species
could be identified as signatures of surface trapped holes and
related to surface bound iron in a higher valence state, which
could not be closer analysed by solely applying UV/vis absorp-
tion spectroscopy due to limited structural information of
this technique.’*® Via changing the modulation frequency the
lifetime of the intermediate was estimated. More detailed
information of the kinetics of intermediates was obtained by
photoinduced absorption (PIA) spectroscopy. PIA spectroscopy
employs long (several seconds) light pulses to excite the sample
and allows to investigate the photogenerated intermediates in
dependence on light intensity under quasi steady state working
conditions. Durrant and co-workers performed a detailed rate law
analysis of water oxidation at a hematite electrode in dependence on
trapped hole density.""" The investigation revealed that as soon as a
certain threshold of surface hole states has accumulated enabling
oxidation of neighbouring Fe atoms, the surface reaction occurs in a
fast third order reaction, revealing the multi hole character of the
reaction. In another study, the same group investigated water
oxidation on bismuth vanadate (BiVO,) with and without cobalt
phosphate (CoPi) as co-catalyst.'” PIA spectroscopic studies
revealed that the hole transfer from BiVO, to the CoPi layer are
kinetically slow, and hence cannot effectively compete with direct
water oxidation at BiVO,. In addition, accumulation of Co™ states
was observed, causing an increase in recombination.
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Operando FT-IR spectroscopy is a method that is highly
suited to detect and identify intermediates in photocatalytically
active systems under operation. For OER hematite photo-
electrodes, applying FT-IR, an intermediate at the surface of
the electrode was identified under photoelectrochemical
conditions."'>'"® A peak in the spectrum appearing upon
irradiation was assigned to a Fe'"=0 group. Operando FT-IR
is also suited to monitor catalytic species in molecular photo-
catalytic systems, e.g., Fischer et al. reported on intermediate
species in an intermolecular system consisting of an Ir based
photosensitizer and [Fes;(CO),,] as precursor for the reactive
species."™ The authors were able to show that the precursor
decomposes in a dark reaction to form the radical anion
species [Fe3(CO)q,]* ", [Fe;(CO)11]°~ and [Fe,(CO)g]*~, which
reacted with the photoreduced Ir sensitizer to [HFe3(CO)11]
which was in equilibrium with [HFe(CO),], the resting state of
the catalytically active complex (Fig. 3). These results agreed
perfectly with additionally performed in situ EPR and Raman
spectroscopic results.'® In a combined approach the photo-
reduction of the Ir sensitizer by a sacrificial donor triethyl-
amine was observed in a mixture of sensitizer and sacrificial
agent."*® Information on the product was collected from in situ
UV/vis spectra reporting on the changes in the electronic
structure of the system, XANES monitoring the oxidation state
of the Ir centre and EPR spectroscopy under irradiation.
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Fig. 3 (A) Conversion of [HFes(CO)y1]™ (red) into [HFe(CO)4]l™ (blue) as
tracked by operando continuous-flow FT-IR during the first 1.5 h of
irradiation of 10.0 pmol Ir sensitizer and 6.1 pmol of [Fez(CO);,] in 20 mL
THF/TEA/H,O (4:1:1) with visible light (1.5 W) at 25 °C, time interval
between spectra is 8 min. (B) Concentration curves (c x (number of Fe per
molecule)) of iron species [HFe3(CO)y1]™ (red) and [HFe(CO)4l™ (blue) as
well as hydrogen evolution curve (black). Reproduced from ref. 114 with
permission from John Wiley and Sons.
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Supported by theory, the results enabled the localization of the
spin density within the sensitizer."*®

EPR spectroscopy was also used for monitoring selectively
species with unpaired electrons in situ under irradiation of the
photoreduction of ansa-titanocene triflate complexes that can
serve as model complexes in a fully closed catalytic cycle of
light-driven overall water splitting."'” In situ EPR spectroscopy
under irradiation is further reported to reveal charge genera-
tion and transfer to acceptors in composite materials based on
carbon nitride loaded with Pt particles or Ni-based catalysts for
photocatalytic hydrogen generation (Fig. 4A)."'®'" In the latter
system besides monitoring trapped electrons in the carbon
nitride, the reduction of Ni" deposited on the carbon nitride
to Ni® in presence of an electron donor was followed by in situ
EPR spectroscopy (Fig. 4B).

Not only EPR, but also NMR can be used to study photo-
catalytic processes under illumination, e.g., to follow proton
transfer in heterogeneous photocatalytic reactions."°

From in situ experiments not only intermediates can be
identified, also kinetic information can be derived. Time-
resolved rapid-scan FT-IR spectroscopy of aqueous suspensions
of Co;0, crystalline nanoparticles as catalysts for water oxida-
tion sensitized by Ru(bpy),>* was performed in attenuated total
reflection configuration (ATR) to reveal the kinetics of elemen-
tary steps of the catalytic cycle under reaction conditions and

sg-CN + Ni?*
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Fig. 4 (A) Schematic representation of the charge separation in sol-gel
prepared graphitic carbon nitride (sg-CN) and the formation of super-
paramagnetic Ni° nanoparticles during photocatalytic hydrogen evolution
under visible light irradiation. (B) In situ EPR study of a suspension of a
sg-CN based catalyst in TEOA solution under continuous irradiation with
visible light (>420 nm) with variation in time reveals the reduction of
Ni** by monitoring the Ni® EPR signal. Reproduced from ref. 118 with
permission from The Royal Society of Chemistry.
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pulsed illumination. The kinetic behaviour of intermediates
formed upon irradiation were monitored and revealed the
reactivity of the respective intermediate on a millisecond to
second time scale.'*"'*> Hammarstrém et al. used flash photo-
lysis combined with UV/vis and IR detection to structurally
characterize the intermediates formed by photoinduced one
electron reduction of [FeFe] hydrogenase mimics and the
kinetics of intermediate hydride formation in the presence of
acids."”*'*® The challenge in these experiments is to reach
concentrations of the short-lived intermediates high enough for
spectroscopic detection. The single reduced species could be
achieved via the laser-flash quench method, a second reduction
step was not possible via this strategy. To be able to investigate
the structure of the doubly reduced hydride, the authors
generated the doubly reduced [FeFe] mimic by chemical
reduction with cobaltocene in the presence of an acid. In a
stopped-flow rapid mixing approach a temporal resolution of
50 ms could be obtained; this allowed even to investigate the
subsequent protonation of the hydride species and the catalytic
turnover reaction by step scan FTIR spectroscopy. The proto-
nation of the hydride was identified to be the rate limiting step,
enabling to calculate directly the turnover frequency (TOF) of
the catalyst.'**

Also X-ray based methods have been applied in combination
with pulsed irradiation to trigger photoinduced electron transfer
steps and to structurally characterize the formed intermediates.
Li et al. applied XANES and EXAFS to investigate changes in the
oxidation state and the coordination environment of a Co catalyst
in a [Ru(bpy),]** sensitized system in the presence of ascorbate as
electron donor applying pulsed irradation.'”® It was observed
that a Co(1) species is formed on the microsecond time scale
and the theory supported analysis of the spectra revealed a penta-
coordinated Co centre in this species, which is favourable for
proton access. A similar approach was followed to determine the
solution structure of the Co' intermediate of cobaloxime in a
photocatalytic system."”” Also, for photoelectrodes X-ray absorp-
tions has been applied in an in situ approach to probe oxidation
states. In a mesoporous a-Fe,0; thin film coated with manganese
oxide (Mn;0,°") as co-catalysts for water oxidation, the valence
state of Mn in the Mn;0,* co-catalyst under irradiation as a
function of applied potential was determined and correlated with
observed photocurrents.'?®

2.1.4 Characterization of light-induced charge-transfer
steps. Specific for the mechanistic understanding of photo-
catalytic systems is the characterization the photoinduced
elementary charge-transfer steps activating the system. For this,
methods with very high temporal resolution are needed,
because the processes involving excited states of the sensitizer
resulting in separation of charges and transfer to the catalytic
reaction centre and potential recombination processes occur
typically on timescales spanning from femtoseconds to micro-
seconds. Time-resolved luminescence spectroscopy, and pump-
probe spectroscopic techniques, ie., transient absorption (TA) in
the visible, ultraviolet and IR range, sometimes complemented by
time-resolved Raman experiments and more exotic techniques
such as THz and X-ray absorption, are the most common
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techniques employed to gain insight into changes of the
systems subsequent to excitation, ie., into relaxation, charge
transfer and recombination processes and have been exten-
sively reviewed.'**"'*¢ Already observing the quenching of PL
intensity and changes in the PL lifetime of a photosensitizer or
semiconductor in the presence of a co-catalyst can give first
indication on the presence and time scale of additional energy
or charge transfer processes influencing the lifetime of the
emitting state. While PL spectroscopy is only sensitive to bright
states, TA spectroscopy can also probe non-emitting states
because it is based on the observation of changes in the
electronic transitions (UV/vis/NIR) and vibrational frequencies
(IR) after excitation. TA is the method of choice to observe charge
transfer and recombination events and to retrieve detailed infor-
mation on photoinduced dynamics. Time-resolved X-ray methods
allowing to observe oxidation state changes can complement and
support the interpretation of information on charge transfer
events collected by TA spectroscopy.’®” '** In semiconductors,
THz spectroscopy allows to directly access the behaviour of charge
carriers on the ultrafast time scale and to observe the temporal
evolution of the charge population and mobility via THz transient
photoconductivity kinetics.”*""*> One less common method
closely related to TA spectroscopy is heterodyne detected transient
grating (HD-TG) spectroscopy’**'** where changes in the refrac-
tive index of the sample induced by photoinduced processes are
detected based on the third-order non-linear optical response.
This technique has been recently applied to observe photo-
induced charge carrier dynamics in hematite photoelectrodes
for water oxidation on the ns timescale with high sensitivity,
where transient absorption suffers from low signal intensity."*>4¢

For the special case of heterogeneous materials, additional
methods are needed with sufficient spatial resolution to
address the inhomogeneity of the material and interface effects.
To this end by combining (time-resolved) spectroscopic techni-
ques with imaging tools, powerful methods are developed to
probe catalytic processes occurring in the time domain from
femtoseconds to milliseconds and the space domain from
0.1 nm to 10 mm reviewed recently by Gao et al.**” For example,
PL and transient absorption microscopy have been reported to
deliver spatially resolved information allowing to study dynamics
at charge separating interfaces or charge migration.

Most time-resolved spectroscopic characterizations are
performed in inert solvents, i.e., in absence of sacrificial agents
or substrate. The presence of substrate and sacrificial agents
for homogeneous catalysis, and at biased photoelectrodes
for heterogeneous catalysis can severely impact the observed
dynamics. Durrant and coworkers studied the dynamics of
photogenerated holes in hematite film photoelectrodes in
dependence on applied potential and presence of additional
hole scavengers."*® Under positive bias, an increased yield of
holes was observed with a lifetime in the seconds time range,
which was significantly decreased in the presence of methanol
as additional hole scavenger. From the decay of the signal of
the photoholes a rate in the s™* range for the water oxidation
was determined."®® Similar rates have been determined for
mesoporous WO; films under oxygen evolution conditions in
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the presence of electron scavenger.*® Hence, the presence of
photogenerated holes with lifetimes in the range of ms to s is a
prerequisite for oxygen evolution to occur in such systems. For
BiVO,-based photoanodes investigated by TA spectroscopy in
photoelectrochemical cells under water splitting conditions,
competition between water oxidation reaction and back hole/
electron recombination on the ms to s timescale was observed.
The yield of oxygen generation calculated from the bias depen-
dent ratio of both processes was reported in good agreement with
the measured photocurrent density.'>® In contrast, processes on
shorter timescale (relaxation and charge carrier trapping) have
been reported to be independent on external bias.'>"

As detailed in the introduction, both HER and OER are
reactions consuming more than one electron and more than
one charge carrier needs to be available at the catalytic reaction
centre. For solid state electrodes, sufficient hole or electrons
need to accumulate at the surface. For molecular systems the
situation can be more complex and for molecular systems,
the prerequisite for accumulation of several charges at the
reaction centre presents a particular challenge for mechanistic
investigations. Here, several consecutive photon-absorption-
charge transfer sequences have to occur until a sufficient
amount of charges has accumulated at the reaction centre.™?
This consecutive multi-step character of light-induced charge
transfer events involved in the catalytic cycles presents a major
challenge in understanding the correlations between structure,
dynamics and function, especially in molecular systems.
For the investigation of charge-transfer events in molecular
systems, only the electron transfer induced by the absorption of
the first photon is investigated in experiments performed in
inert solvents in absence of any sacrificial agents or substrate.
Especially, the sacrificial agent is actively interfering with the
photoinduced reaction cascade, as illustrated in Fig. 5 for the
exemplarily case of a supramolecular photocatalyst. In this
case, electron transfer to the reaction centre is followed by
reduction of the oxidized sensitizer by the sacrificial agent,
preventing recombination and restoring the light absorbing
centre and preparing the system for the next absorption and
electron transfer step. Nevertheless, these experiments lead
to valuable information on the relation between structure,
dynamics and catalytic activities, although these investigations
only allow insight into one aspect in the light-driven reaction
mechanism.'*™*3> Also, it should be noted that the electron
transfer steps further down in the electron transfer cascade
might follow different relations. Due to charge accumulation,
the redox state of the acceptors (reaction centres) changes,
which can lead to changes in electronic coupling between
sensitizer and reaction centre and alter driving forces for
photoinduced electron transfer. Further, additional electronic
states might contribute to light absorption leading to new
relaxation or degradation pathways compared to the original
species.'**'*® Furthermore, the interaction with the sacrificial
agent can significantly alter the electron transfer process as is
observed under inert conditions. Depending on the order of
events, electron transfer before rereduction of the sensitizer
(oxidative quenching) or first reduction of the photoexcited
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Fig. 5 Illustrates schematically a possible sequence of elementary steps for the sequential photoinduced transfer of two charges to the reaction centre

of a hydrogen evolving system involving oxidative quenching of the sensitizer and subsequent rereduction of the sensitizer by a sacrificial agent. The
equivalence of production of intermediates by photoinduced reduction with sacrificial electron donor and the electrochemical/chemical reduction of
the catalyst and the timescales addressed by various techniques, including the SEC approaches, are illustrated.

sensitizer followed by electron transfer (reductive quenching)
can occur, and hence the mechanism might be completely
different from what is observed in inert solvent environment.">”**®
Finally, also interactions with the substrate can impact the
electronic properties of the acceptor. This illustrates the need
for the development of strategies to address also the second
(third, fourth) transfer steps in time-resolved spectroscopic
studies and to investigate photoinduced dynamics under condi-
tions which at least model the catalytic reaction conditions
(in situ) or even during operation (operando).

In the following, most recent investigations applying
spectroelectrochemical techniques for the mechanistic investi-
gation of the light-driven steps in relevant intermediates of
molecular systems for HER will be introduced. It will be
discussed how UV/vis and resonance Raman spectroscopy can
be applied to characterize the initial excitation in supramole-
cular systems and to identify side reactions originating from
intermediates. Further, the recent achievements on applying TA
spectroscopy to investigate ultrafast charge-transfer processes
in partially reduced intermediates will be described.

2.1.5 Light-driven processes in reactive intermediates.
Spectroelectrochemistry (SEC) comprises the combination of
spectroscopic techniques with electrochemical
99,107,159 1n the context of catalysis, SEC has mainly
been reported to monitor electrode processes and study
mechanisms in electrocatalysis.'”'®*®* In the context of
electrocatalysis SEC experiments come close to operando
conditions while for light-driven catalysis, electrochemical
generation can be used to simulate photochemical generation
of catalytic active species or short-lived intermediates in electron
transfer chains.'%"!0%16%165

As discussed above, in the context of the mechanistic
investigation of the multi-electron transfer cascades involved
in HER or OER, the identification and spectroscopic charac-
terization of intermediates plays a critical role. The challenge
is to access such short-lived intermediates in the transfer
cascades to be able to characterize the optical and electronic
properties, the excited states and the processes subsequent to
excitation spectroscopically.

In general, for molecular systems the processes leading to
charge accumulation at the reaction centre are discussed as a
sequence of subsequent photoinduced charge transfer and

various
methods.

This journal is © The Royal Society of Chemistry 2021

regeneration of the sensitizer by a sacrificial agent as is
exemplarily shown in Fig. 5 for a pathway involving oxidative
quenching of the photosensitizer by intramolecular electron
transfer to an acceptor and subsequent regeneration of the
sensitizer. This example illustrates that photochemical
reduction or oxidation under certain conditions can lead to
similar products as a chemical or electrochemical reduction or
oxidation. Hence, the individual steps in the photoinduced
charge accumulation can be simulated by chemical or electro-
chemical generation of the intermediates. This way at least
models for the intermediates in the electron transfer cascades
can be generated. Oxidation and reduction can be induced
chemically, which requires the availability of suitable reduc-
tants or oxidants to access the targeted oxidation state of the
system. Concluding, the redox potential of a chemical agent has
to be balanced precisely matching the potentials of the system
under investigation. Furthermore, chemical agents might
involve coloured species, which can interfere with the spectro-
scopic investigation. Electrochemical reduction/oxidation can
overcome these disadvantages, the potentials can be precisely
controlled, and no coloured side products interfere with the
characterization. With the ability of producing key intermediates
of the sequential multi-electron transfer cascades in a controlled
manner, in situ investigation in analogy to investigations of the
excited-state properties and first electron transfer processes in the
native species becomes possible. In the following, electrochemical
approaches combined with spectroscopic techniques will be
discussed to collect information on excited state properties of
key intermediates and to follow electron transfer processes
further down the electron transfer chain in the electron
transfer cascades in molecular photocatalytically active systems
applying, e.g., UV/vis, resonance-Raman, and time-resolved
transient-absorption spectroscopy.

UV/vis and resonance Raman spectroelectrochemistry. UV/vis
and rR-SEC are applied for the characterization of the absorp-
tion properties and of the contributing initially excited states in
intermediates of multi-electron transfer processes. This is not
only interesting in the context of photocatalysis but also for
systems applicable in dye sensitized solar cells."**'®”

Oxidation or reduction generates a molecular system with
different electronic configurations and geometry compared to
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the native structure. Probably the most obvious consequence is
a change in colour of the sample upon reduction or oxidation,
hence changes in the absorption spectrum.***'** This is widely
used to assign spectral signatures of formation photooxidation
and -reduction reactions'®® and of charge separated states in
transient absorption spectroscopy.'®®'”> UV/vis-SEC delivers
the absorption spectra of the oxidized/reduced donor/acceptor
and allows to model the transient spectra to be observed if
charge separation occurs and even can be used to quantify
charge separation in donor acceptor systems."”?

Applying rR analysis in combination with TD-DFT calcula-
tions allows to identify the structural subunit, which is reduced
or oxidized and to reveal structural changes upon reduction or
oxidation via shifts in the vibrational frequencies.'®® The
advantage of applying rR instead of normal Raman or FT-IR
spectroscopy is that by choosing a laser wavelength in reso-
nance with an electronic transition, the Raman intensity is
enhanced by a magnitude of 10°. This allows to detect solutes
selectively even at low concentrations, because solvent signals
are much weaker under these conditions. In general, only the
signal intensity of vibrational frequencies coupled to the elec-
tronic transition are enhanced. This not only ensures selectivity
in a mixture of molecules, but further allows to identify the
character of the electronic transitions (metal-to-ligand charge
transfer (MLCT), nn*, etc.) and the structural subunits which
are involved in the excitation process, especially of interest in
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Fig. 6 Overview on structures of molecular photosensitizers and intra-
molecular photocatalysts, which were investigated applying SEC appro-
aches to characterize the photophysical properties of intermediates
in charge accumulation processes and charge transfer cascades and
degradation pathways induced by photochemical oxidation or reduction.

1416 | Chem. Soc. Rev., 2021, 50, 1407-1437

View Article Online

Chem Soc Rev

Fig. 7 (A) Scheme and (B) photograph of a setup for resonance-Raman
SEC experiments as reported in Zedler et al.:*%” Argon ion laser (1), laser
line bandpass filter (2), a microscope objective (3), the thin-layer electro-
chemical cell (4), a potentiostat (5), UV/vis achromatic optics (6, 8), long-
pass filter (7), spectrometer (9), and detection system (10). (C) Thin-layer
SEC-cell within the custom-made holder, reference electrode (RE):
Ag/AgCl reference electrode, counter electrode (CE): platinum CE,
working electrode: platinum WE. The figure is reproduced from ref. 167
with permission from MDPI.

large molecular systems or heteroleptic transition metal
complexes."”* An experimental setup for rR SEC is depicted in
Fig. 7.'%

A very intensely studied model system for intramolecular
photoctalytic hydrogen generation of the types [(tbbpy),M;-
(tpphz)M,]** (M; = Ru, Os; M, = PdCl, RutpphzPd, PtCl,
RutpphzPt, Ptl,, RhCp*Cl RutpphzRhCp*; tbbpy = 4,4'-di-tert-
butyl-2,2'-bipyridine; tpphz = tetrapyrido[3,2-a:2’,3'¢c:3",2" -h:
2'"" 3'"j]phenazine; Cp* = pentamethylcyclopentadienyl)'”>"7°
together with the model compounds [(tbbpy),Ru(tpphz)]**, and
[(tbbpy).Ru(dppz)]** (dppz = dipyridophenazine) have been sub-
ject of intense spectroscopic investigations to understand the
function underlying charge-transfer processes,'>*"74 180184
One of the first questions, which was addressed is the character
of the initial excitations and the direction of the connected
initial charge transfer. The rR spectroscopic characterization of
the non-reduced form revealed for RutpphzPd a correlation
between the localization of the initial MLCT and the catalytic
efficiency for hydrogen generation.'® Upon excitation in the
red wing of the absorption band in the visible range, a MLCT
directing charge density towards the bridging ligand is
observed, while at shorter excitation wavelengths MLCT transi-
tions involving the peripheral tbbpy ligands dominate shifting
initially charge density away from the bridge and hence the
reaction centre (Fig. 8). This initial shift in charge density
impacts the outcome of catalytic turnover, which is higher
upon excitation with longer wavelengths. This result is also
valid for species with other reaction centres, e.g., RutpphzPt,'®
and can be explained by ultrafast initial relaxation processes,
which lead to a more efficient population of the bridge states in

This journal is © The Royal Society of Chemistry 2021
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this case than upon initial shift of charge density to the
periphery ligands."®*

Although delivering an explanation for the observed wave-
length dependent photocatalytic performance, it remained
from this early investigation unclear whether this is also valid
for a second electron transfer event. To address this question,
the singly reduced potential intermediate of the electron transfer
cascade for RutpphzPt was generated electrochemically (Fig. 8)."*>
UV/vis-SEC reveals that electrochemical reduction results in a
slight red-shift of the MLCT absorption band and a new band
arises with a maximum at 600 nm (Fig. 8A and B). rR spectra of
the single reduced form recorded upon excitation in the MLCT
transition at 458 nm reveal that in general the contribution of the
MLCT involving the tpphz ligand decreases in the reduced species
(Fig. 8C). Upon excitation at 514 nm, the rR spectrum of the
reduced form is significantly changed compared to the non-
reduced species (Fig. 8D). This means MLCT transitions show a
significantly decreased contribution to the absorption and mainly
absorption populating a bridging ligand localized state of mm*
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character occurs. In consequence, light absorption at longer
wavelengths in the reduced species does not contribute to any
charge transfer across the bridge anymore. The question is how
this is associated with the photocatalytic activity of the system?
The explanation illustrates one of the largest pit falls involved
in the electrochemical way of generating intermediates of the
electron transfer chain. The singly reduced species generated
electrochemically for RutpphzPt might not be the relevant
intermediate in the photochemical process which hints to the
fact that the order of transfer and rereduction events might
impact the species formed. The authors raise the hypothesis,
that if the Ru centre is in the Ru™ state, electron transfer from
the bridge localized state to the reaction centre occurs within ns
time range, as observed in TA experiments."””"7%'53 If Ru" is
present the electron is localized at the bridging ligand. This is
the case during electrochemical generation of the single
reduced species, but also can play a role in photocatalysis
in the presence of high concentrations of sacrificial agents,
accelerating the rereduction of the Ru™ centre to compete with
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Fig. 8 (A) UV/vis-SEC detection of intermediate reduction states of RutpphzPt, rR excitation wavelengths are displayed as vertical lines. (B) Calculated
spectra of RutpphzPt (black: non-reduced, red: single reduced, green: double reduced (singlet character)). Inset: CV of RutpphzPt in acetonitrile
containing 0.1 M TBABF, electrolyte, recorded in the SEC cell. The voltage range for acquisition of the rR spectrum is coloured (scan rate 5 mV s~2,
Pt-gauze working, Pt-counter, and Ag/AgCl-pseudo-reference electrodes). Experimental rR spectra of non-reduced (black) and electrochemically single
reduced (red) RutpphzPt, excited at 458 nm (C) and 514 nm (D). (E) Schematic representation of the shift of electron density upon excitation upon
excitation in the native and the single reduced RutpphzPt complex. In the native system excitation at 458 nm leads to an MLCT mainly shifting excess
electron density towards the peripheral tbbpy ligands while excitation at 514 nm involves a MLCT transition shifting excess electron density towards the
bridging ligand. Electrochemical reduction (violet shade) and subsequent excitation of the single reduced RutpphzPt complex at 458 nm leads to a MLCT
involving the tbbpy ligands (shift of excess electron density blue shades), whereas upon 514 nm excitation of a tpphz-centre nn* transition occurs
(localization of the excitation dark blue shade). The material in the figure is reproduced from ref. 185 with permission from The Royal Society of
Chemistry.
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electron transfer to the reaction centre. This might decrease
the catalytic activity. An alternative explanation could be the
absence of substrate, which could stabilize the state with the
excess electron localized at the reaction centre via interactions.

In respect to light-driven multi-electron reactions, especially
relevant is the question how to transfer several electrons towards
the reaction centre. In this respect, the bridging ligands in
supramolecular photocatalysis have more than a simple con-
necting function between the sensitizer and the reaction centre.
The bridging unit can be actively involved in mediating the
electron transfer and can also serve as electron relay via
accumulation of multiple charges.*®®* This requires a careful
ligand design and systems capable of storing several electrons
in a molecular subunit. Especially, ligands with an extended =«
system, known to be redox active itself are of highest interest
for such applications."®® To reveal the electron storage capabili-
ties of certain ligands in transition metal complexes, rR-SEC
can make a valuable contribution. E.g., a group of Ru sensiti-
zers bearing a 4H-imidazole-type ligand (Ru4HimR) was inves-
tigated using rR-SEC to localize the additional charges
introduced in the system upon reduction and to determine
the direction of photoinduced electron transfer in native and
successively reduced systems (Fig. 6).'*” 4H-imidazole ligands
with either electron donating or withdrawing substituents were
investigated. The results show that in the case of electron
withdrawing substitution, the ligand is capable of accepting
several electrons, ie., successive reduction of the system is
localized on the 4H-imidazole ligand and in the single reduced
species, MLCT transition in the visible range transfers electron
density towards the 4H-imidazole ligand. The vibrational sig-
nals detected reveal that accumulation of multiple charges on
the 4H-imidazole ligand is supported by ligand planarization
increasing charge delocalisation. This investigation allows to
derive clear design principles for ligands suited for multi-
electron storage. Lefebvre et al. report a similar investigation
on an extended dppz type system (Ruoxodppqp, Fig. 6), where
rR-SEC studies enabled to follow the stepwise two electron
reduction of the extended dppz ligand and additionally allowed
to localize the reduction on certain parts within the dppz
ligand."®®

Another important aspect impacting the overall efficiency
of catalysis is the long-term stability and the identification of
possible degradation pathways. For Cu' sensitizers of the
type [(P*P)Cu'(N"*N)]", composed of a diimine NN and bulky
diphosphine PP ligand (Cuphen, Fig. 6), the oxidative quench-
ing process was simulated by oxidation of the Cu' complex
electrochemically and investigating the oxidized species by
UV/vis and rR spectroscopy. Besides, a cyclic voltammogram
(CV) revealing slow electron transfer behaviour (“irreversibility”),
the UV/vis spectra did not recover completely upon cycling. The rR
spectroscopy data showed that induced by oxidation, a homo-
leptic complex [Cu'(N*N),]" as side product was formed, which
showed only low activity as senistizer.'*®

Spectroelectrochemical transient-absorption spectroscopy.
Spectroelectrochemical transient-absorption spectroscopy
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(SEC-TA) offers the possibility to investigate excited state
dynamics and photoinduced electron transfer in intermediates
of the catalytic cycles on femto-to-nanosecond timescales. For that
purpose, chronoamperometry to produce the intermediates is
integrated into a setup for fs or ns-time resolved transient
absorption.

Applying this method, Bold et al. investigated a covalent dye
catalyst assembly containing a push-pull organic dye as light
harvesting unit linked to a cobalt diimine dioxime catalyst
(TPA-Co, Fig. 6)."®° In these structures, the cobalt centre is
originally in the Co™ state, which presents kind of a “pre’-
catalyst and needs to be activated by two successive light-driven
reduction steps to form the catalytically active Co' species.
Classical transient absorption measurements used to investi-
gate excited state processes only allow to probe the first of these
two steps, i.e., reduction from Co™ to Co", without addressing
the formation of the Co' species actually involved in the proton
reduction process. To overcome this limitation, the authors
report on a setup combining electrochemical generation of a
specific redox state at the Co centre with time-resolved spectro-
scopic investigation of the processes occurring in the respective
species after excitation. The measurements were performed in a
1 mm cell with a three-electrode arrangement (Fig. 9) to per-
form pump-probe experiments in transmission. The authors
were able to investigate the photoinduced dynamics in the dyad
with the cobalt centre in three different oxidation states: the
native Co™, Co" and the active Co'. In case of an oxidative
quenching process for the activation of the catalyst, i.e., first
electron transfer to the catalyst followed by rereduction of the
push—pull dye, it was expected that with changing oxidation
state of the Co centre, different rates and characteristic signa-
tures of the Co™ and Co' species (known from UV/vis spectro-
electrochemical experiments) should be observable in the
transient spectra. Neither of both could be observed.

Irrespective of the oxidation state of the Co centre, the dyad
showed similar spectral features and dynamics. This observa-
tion was interpreted as indication for missing photoinduced
electron transfer under the experimental conditions. The
described experiments were performed in absence of a sacrifi-
cial electron donor. Under catalytic conditions upon irradia-
tion, the formation of the Co' centre was detected by UV/vis
spectroscopy.'®® From this, the authors conclude that under
catalytic conditions, reductive quenching pathway occurs,
i.e., the photoexcited push-pull dye is first reduced by the
sacrificial agent or the photoelectrode substrate, e.g., NiO,
and then subsequently an electron is transferred to the Co
centre.

Zedler et al. were the first to report on the investigation of
the early-time photodynamics of an electrochemically gener-
ated fully catalytically active intermediate of a photocatalyst
[(tbbpy),Ru"(tpphz)Rh™(Cp*)CI]|CI(PFs), (RutpphzRhCp* Fig. 6),
which is a photocatalyst for the hydrogenation of nicotinamide
(a nicotinamide adenine dinucleotide (NAD) analogue) and
proton reduction.'> The catalytically active species, i.e., the
doubly reduced [(tbbpy),Ru”(tpphz)Rh'Cp*] is generated
under catalytic conditions via two consecutive sequences of
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Fig. 9 (A) Schematic representation of the cell and electrode setup used
in TA-SEC experiments. (B) In transient absorption, the absorbance (or
optical density) of the excited sample minus the absorbance of the
unexcited sample is plotted as a function of probe wavelength. The
depopulation of the ground state leads to a decreased absorbance (or
increased transparency), giving rise to a negative signal contribution, the
ground state bleach (GSB). A second negative contribution to the overall
signal can be caused by stimulated emission (SE). The excited species
shows a characteristic absorption spectrum by itself which gives rise to positive
signal contribution, excited state absorption (ESA). Panel A is reproduced from
ref. 189 with permission from The Royal Society of Chemistry.

photoinduced electron transfers and rereduction of the light
absorbing Ru-polypyridine unit by a sacrificial agent (triethyl-
amine - TEA), but can also be generated by chemical reduction
with cobaltocene. If the doubly reduced RutpphzRhCp* is
generated by chemical reduction and tested for its reactivity
in a “dark” reaction to react with benzylnicotinamide, it was
observed that additional irradiation reduced the catalytic
turnover significantly. The question is, why irradiation of the
sample impacts the catalytic reaction? For that purpose,
spectroscopic characterization of the electrochemically reduced
active intermediate RutpphzRhCp* was performed. The electro-
chemical reduction of the Rh™ centre is a two-electron
reduction step caused by potential inversion of the Rh™/Rh"
and the Rh'™/Rh' reduction steps induced by a loss of the
chloro-ligand. For this system, the intermediate Rh™ species
in the photochemical activation pathway is not accessible
via electrochemical methods and the investigation reported
solely focused on the doubly reduced species. Prior to transient
absorption studies, UV/vis and IR spectroscopy in combination
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with TD-DFT calculations were performed to identify the elec-
tronic transitions contributing to light absorption in a certain
spectral range. Already these investigations revealed that elec-
tronic transitions shifting electron density from the activated
catalytic centre to the bridging tpphz ligand, significantly
contribute to the absorption in the visible range in the active
intermediate. Transient absorption revealed that excitation of
these transitions leads to a relatively long-lived Rh™ state,
which is inactive to any catalytic turnover, hence this pathway
presents a light-driven deactivation channel for the catalytically
active species (Fig. 10). On top of this, also excitation in regions
where mainly the Ru" sensitizer is absorbing light, relaxation
into the Rh" state occurs via an intramolecular hole transfer
step. This means that the same light which produces the
active species in the light-driven catalytic cycle opens an
unwanted deactivation channel. Only the implementation of a
“dark period” during which the photochemically produced Rh'
species is consumed successfully leads to hydrogenation of the
nicotinamide.

Zhang et al. investigated charge accumulation and excited
state dynamics in intermediates of the accumulation process in
a Cu-based photosensitizer.'" UV/vis-SEC and rR-SEC revealed
that in principle two charges can be transferred in a light-
driven fashion to the dppz-type ligand in this system.'®* The
question addressed with TA-SEC was how long lived the charge
accumulation of two charges at the dppz ligand is. It could
be shown that starting from the singly reduced complex,
essentially an MLCT transition is excited which very quickly
interconverts into an ILCT state and recombines leading to
quenching of the accumulated charges at the ligand within
10-20 ps. This is in line with the observation also made for other
systems that products of electron transfer often suffer from very
short excited state lifetimes preventing photoaccumulation of
charges.’®>*** A further stabilization of the charge separation
products is necessary. This can be realized by subsequent
protonation, hence coupling of electron and proton transfer,
or the presence of sacrificial electron donors in high
concentrations, which is usually the case at catalytic conditions,
inducing ultrafast reductive quenching processes that could
prevent these fast recombinations observed under the conditions
in the SEC experiment.

These discussed investigations impressively illustrate the
value of TA-SEC investigation for the understanding of mecha-
nistic aspects of multielectron photocatalysis, but also point
directly towards the limitations of the technique: the investiga-
tions are performed under non-catalytic conditions, ie., in
absence of any sacrificial donor and substrate. This way, these
investigations solely report on the excited-state dynamics
launched by absorption of light in the intermediate species.
Impact of interaction with the substrate and sacrificial agents is
disregarded in these set of experiments. Nevertheless, it allows
to catch a glimpse on important mechanistic steps in the
electron transfer cascades occurring during the catalytic cycle.
Studies under real reaction conditions, ie., in presence of
sacrificial donor and substrate are required defining the next
challenge to be mastered. The adaption of pump-pump-probe
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Fig. 10 Transient-absorption spectra at selected delay times (A and D)
and transient kinetics (B and C) for doubly reduced RutpphzRhCp*
pumped at 400 nm (A and B) and 600 nm (C and D). For comparison,
the inverted steady-state absorption spectrum of doubly reduced
RutpphzRhCp* is also plotted (in gray) and scaled to the maximum
ground-state bleach signal within the individual graphs. (E) Schematic
representation of the proposed photophysical pathways for the doubly
reduced photocatalyst RutpphzRhCp* upon photoexcitation at 400 and
600 nm. At 400 nm, a MLCT from Ru" to the tbbpy ligand occurs, after
which an electron hole is transferred on a sub-500 fs timescale, reducing
Ru"" and oxidizing the Rh' centre. This process is followed by an inter-
ligand transition shifting excitation to the tpphz ligand, this state is finally
decaying via an intra-ligand charge transfer from the phenanthroline to the
phenazine fragment of the bridging ligand to the ground state. In contrast,
at 600 nm excitation, a MLCT from Rh' to tpphz occurs which decays via
an intra-ligand charge transfer to the ground state. Here, the Ru centre and
the tbbpy ligands are not involved in the photodynamic processes at all.
Reproduced from ref. 153 with permission from John Wiley and Sons.
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schemes to photocatalytic systems might pave the way towards
the next level of understanding in this respect.'”®19%194

2.3 Microscopic techniques

Microscopy, in particular high resolution, electron microscopic
methods in combination with detectors for elemental specific
information have become routine tools in ex situ characteriza-
tion of hybrid photocatalysts and semiconductors, which will
be highlighted in the following. Within the last decades,
scanning probe microscopy has also gained interest in charac-
terization of photocatalytic active material as in situ/operando
experiments enable information not only on heterogeneity of
the material but also allow mapping of morphological changes
e.g., during illumination. SPM in combination with spectroscopic
measurements are a promising route to elucidate electronic
properties and spatial lightinduced charge separation. In the
following, microscopic techniques along with their advantages
and limitation will be discussed.

2.3.1 Electron microscopy. Crystal structure, crystallinity,
crystal size, surface structure, surface morphology, and surface
area have a strong influence on the photocatalytic properties
of semiconductors, as the band gap can be altered by these
physicochemical properties.®® Significant efforts have been
devoted to design and synthesis of nano-structured transition
metal photocatalyst.'> %7 Also, the dispersity of metal
co-catalysts, the morphology, shape and size and loading
amount contribute to the photocatalytic activity."*>°* Electron
microscopy techniques i.e., high-resolution scanning electron
microscopy (HR-SEM), transmission electron microscopy (TEM),
in particular aberration-corrected (cs-corrected) TEM,*** and
scanning transmission electron microscopy (STEM) are
routinely employed for physicochemical characterization of
nanomaterials providing information on local structure.
State-of-the-art TEM instruments achieve resolutions down to
0.5 Angstrom.?** Elastic and inelastic scattering processes of
the primary electrons are the basis for TEM imaging, whereby
inelastic scattered electrons detected in ‘analytical modes*
such as electron-energy-loss spectroscopy (EELS), and energy-
dispersive X-ray spectroscopy (EDS) provide information on
phase, crystallography, and elemental composition. An issue
in electron microscopy is beam damage related to local
heating, ionization of atoms, breaking of bonds, and knock-on
displacements, which is minimized using low voltage aberration-
corrected TEM (e.g., SALVE, sub-Angstrom low voltage electron
microscopy) operating at 20 to 80 kv.2°>*° STEM has the advan-
tage that it is not sensitive to chromatic aberrations of the
objective lens and it depends primarily on the dimension of the
electron probe, which position on the sample can be precisely
controlled. For the characterization of photocatalytic semi-
conducting nanomaterials, mostly dark-field detectors are used,
which collect transmitted electrons at relatively high angles with
respect to the optic axis. This way, only elastically scattered
electrons are collected, known as ‘Z-contrast’, or annular dark-
field imaging (ADF) or ‘high-angle angular dark-field’ imaging
(HAADF) due to enhanced atomic number (Z) dependence of the
imaging contrast.>*”
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TEM and STEM have become routine tools in nanomaterial
characterization also in the field of nanostructured photo-
catalysts and semiconductor heterostructures for water
splitting.®*'%” For example, Maeda and Domen presented
GaN:ZnO decorated with Rh and Rh/Cr,0; (core/shell) nano-
particles as an overall catalyst for water splitting when illumi-
nated with visible light."®® Core/shell nanomaterials have
several advantages, such as increased surface area presenting
more active sites, improved stability of the photocatalyst and
enhancing the activity by separating the cocatalyst, which
facilitates migration and separation of photoexcited electrons
that reduces the recombinations and reverse reactions.”*® For
example, GaN:ZnO was loaded with Rh NPs with an average size
of 2-3 nm, which were not all dispersed but formed clusters on
the surface (Fig. 11A). The treatment with potassium chromate
(KoCrO,) led to a uniform shell around the Rh NPs with a
diameter of 2 nm, as shown in Fig. 11A, which prevents rapid
water formation at the Rh NPs. Using GaN:ZnO/Rh/Cr,03,
stoichiometric H, and O, evolution from pure water could be
achieved.

Noble-metal-free photocatalysts have gained significant
attentions and the progress and remaining challenges have
been recently reviewed for selected elements, their binary,
ternary photocatalysts.211 As an example, Bi,Se;/Bi,SeO, nano-
materials are promising noble-metal-free photocatalysts, which
can be obtained by a thermal annealing process changing the
bandgap from 0.35-1,2 eV to 1.34 V.>°° The photocatalytic
activity was studied in dependence of the annealing tempera-
tures, which resulted in highest H, evolution rate for annealing
at 200 °C. TEM (Fig. 11B(a—c)) and HRTEM (Fig. 11B(d-f))
analysis revealed hexagonal morphology with interplanar spa-
cing of 0.35 and 0.30 nm, which corresponds to (012) and (015)

RNCr,0; (core/shell)

Fig. 11 (A) Scheme and proposed reaction mechanism of the core/shell-
structured noble-metal/cocatalyst (top) and HR-TEM images of GaN:ZnO
loaded with photodeposited Rh and Rh/Cr,O3 (core/shell) nanoparticles.
Reprinted from ref. 198 with permission from Spinger Nature. (B) Low
magnification TEM images of the as-prepared Bi,Ses (a), Bi,Sesz-200
(b) and Bi>Se3-400 (c). High magnification images of as-prepared Bi,Ses (d),
Bi»Se3-200 (e) and Bi,Sez-400 (f). Reprinted from ref. 209 with permission of
Elsevier. (C) Bright-field ETEM images of Cu,O nanocubes before (a) and after
reaction (b), respectively, showing changes in particle shape and morphology.
Reprinted from ref. 210 with permission from IOPscience.
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planes of Bi,Se;. The thickness of amorphous surface Bi,SeO,
increased from 2 nm (as prepared) to 5 nm (200 °C) to crystal-
line Bi,SeO, (400 °C) with an interplanar spacing of 0.37 nm as
shown in Fig. 11B(f).

A few approaches have been demonstrated regarding in situ
TEM studies of photocatalytic materials.*'**'>?"? Such in situ
studies may contribute to the understanding of structure-
reactivity relationships, as well as to elucidating processes such
as photo-induced corrosion. These studies are mainly per-
formed using environmental transmission electron microscopy
(ETEM), which requires either that the sample is separated
from the vacuum system of the microscope using thin electron
transparent membranes®'* referred to as ‘window method’ or
using a differential pumping system.?’® The large pressure
difference between the sample area and the microscope col-
umn is achieved via a series of differential pumping apertures
and additional pumping capacity. Cavalca et al. developed
special lens-based and fibre-based holders, which allows illu-
mination of the sample in ETEM.>'® Photo-induced corrosion
of Cu,0 nanotubes was investigated with water vapor leaking
into the specimen chamber while illuminating the sample at
J = 450 nm with a power of 6 W cm > (Fig. 11C). It should be
noted that the electron beam was off during illumination and
exposure to water vapor, as the electron beam under these
conditions already led to severe degradation. Prior to imaging,
the chamber was pumped for several hours to remove the
water. Such in situ experiments are quite challenging but allow
insight in degradation processes.

Semiconductor nanorod heterostructures (hetero-NRs) are
highly attractive as quantum confinement can be maintained
and light absorptions can be tuned by radial dimension,
whereas bulk carrier transport for long-distance charge separations
are maintained in axial direction. Nanorod heterostructures® such
as CdSe@CdsS dot-in-rod NRs as light absorbing unit functiona-
lized with co-catalysts for effective water splitting are mostly
characterized via TEM in respect to length, locations, and size,
etc. of the CdS and co-catalyst, as shown for a few selected examples
in Fig. 12. The position of the co-catalyst is important to optimize
where photogenerated electrons preferentially transfer. Hence,
high-resolution imaging of co-catalyst positions is a prerequisite
to optimize such heterostructures. For example, CdSe@CdS NR
core/shell geometry with varying CdS shell lengths were examined
in respect to the photoinduced reduction of methyl viologen
(MV**).2'® The aspect ratio (length/width) of the NR has a strong
influence on the quenching of the emission by MV?* indicating the
important role of the CdS shell for determining the electron
transfer step and the overall photocatalytic efficiency. These hetero-
geneous photocatalysts are not only highly attractive for water
splitting, but also for decontamination of toxic organic pollutants.
Nakibli et al. showed that the activity in H, evolution at Ni
decorated CdSe@CdS is correlated with the size of the Ni NPs with
an optimum metal domain size of 5.2 nm.>*! In dependence of the
Ni concentration, the size was tuned from 2.3 to 10.1 nm, as shown
in Fig. 12A. Interestingly, the determined charge separation time
constants were found to be independent from the Ni tip size, which
indicates a slow charge migration along the rods toward the
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A)

Fig. 12 (A) TEM images of CdSe@CdS rods with Ni tips of different size
taken with two sets of magnifications 2.3 nm (A and B), 3.1 nm (C and D),
5.2 nm (E and F), 8.9 nm (G and H), and 10.1 nm (I and J). Reprinted from
ref. 201 copyright (2018) American Chemical Society. (B) TEM images of
the seeded rods with the various metal tips, as-prepared (left column) and
after 36 h of illumination (right column). Reprinted from ref. 217 copyright
(2019) American Chemical Society. (C) Scheme of the electrostatically
driven colloidal CuO, and FeO, deposition. (c) Zero-loss filtered overview
image of TiO,—FeO, (4.57 wt%) showing the agglomerated particles;
(d) super-imposed map (Fe green channel using the Fe, s edge, Ti red
channel using the Ti, 3 edge) showing the FeO, distribution within the
composite. Reproduced from ref. 218 with permission from John Wiley
and Sons.

interface, and an ultrafast interface crossing of the electron from
the semiconductor into the metal phase. Aronovitch et al. used
HRTEM and HAADF STEM (see Fig. 12B) to characterize Ag, Pd and
AgPd mixed cocatalysts at CdSe@CdS in respect to the forma-
tion process of the mixed AgPd as well as before and after
illumination.>"” Fig. 12B shows the different nanostructures before
and after photocatalysis (illumination) for 36 h. The overall
structure of the photocatalysts stays intact during photocatalysis,
as clearly visible in the TEM images.

Kohsakowski et al. reported that electrostatically driven
colloidal deposition of non-stabilized (without capping agent)
nanoparticles of CuO, or FeO, onto TiO, powder substrates
(schematically shown in Fig. 12C) show enhanced photocatalytic
activity.”'® For high loading of FeO,, high-resolution energy-
filtering TEM (EFTEM) mapping in combination with electron
energy loss spectroscopy (EELS) could reveal that FeO, NPs with
an average size of about 35 nm are randomly, yet uniformly
distributed at the surface of TiO, without significant agglo-
meration (Fig. 12C(d)). Recently, Wolff et al. presented hybrid
CdS nanorods with molecular co catalysts as system for light-
driven evolution of H, and O, in the absence of any sacrificial
agents.” H, is generated on Pt nanoparticles, which were
grown at the nanorod tips, while Ru(tpy)(bpy)Cl,-based oxida-
tion catalysts were anchored via dithio-carbamate bonds onto
the sides of the nanorods promoting O, evolution. TEM was
used to proof that the nanorods are highly monodisperse with a
length of ~95 nm and a width of 6 nm capped with Pt NPs at
the end of the rods. TEM is also an important tool in addres-
sing the question of catalyst transformations. For example,
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TEM was used to characterize the metal oxide or hydroxide
nanoparticles, which are formed during the photocatalytic
water oxidation with persulfate and [Ru(bpy);]** via homo-
geneous metal complexes (e.g., Co, Ni, Fe), which may only
act as precursors. Such studies contribute to mechanistic
insight of nanoparticle formation, which is dependent on
metals, ligands and experimental conditions, such as pH.>"’

STEM was used to investigate CdS nanorods decorated with
Pt clusters in respect to cluster size, which has a strong
influence on the H, evolution activity.'****° Precise knowledge
of the cluster size is important, as it was shown that the size of
Pt nanoparticles has an influence on the catalytic activity at CdS
nanomaterials.”*' The HAADF-STEM images shown in Fig. 13A
clearly reveal monodisperse homogeneously distributed clusters
with different sizes ranging from Ptg to Pteg. The highest activity in
H, evolution was obtained for Pt,- clusters.

Ag, Pd and AgPd mixed cocatalysts at CdSe@CdS (see
Fig. 13B) were also investigated via STEM/EDS, however with
larger metal tips and higher loading to facilitate imaging and
EDS analysis. Fig. 13B(A) shows an image of the PdA@Ag seeded
rods before the photocatalytic experiments, with a tip size of
about 5.2 nm, deposited on both rod edges (Fig. 13B(B) high
resolution STEM). EDS images shown in Fig. 13B(C) and (D)
clearly reveal the mixture of both elements independent of the
fabrication process.”’” A high resolution HAADF STEM and EDS
(Fig. 13C) shows the tip area of an AgPd/CdSe@CdS structure
(with a tip size of about 3-4 nm) after photocatalysis.

Fig. 13 (A) HAADF STEM images of different Pt cluster sizes with similar
coverage deposited onto CdS nanorod thin films. The average number of
clusters per nanorod is 23 clusters. Reprinted from ref. 199 copyright
(2013) American Chemical Society. (B) (A) STEM image of 5.2 nm Pd@Ag tip
as synthesized, showing two tips on both edges of the rod; (B) an
HR-STEM image of the atomic structure of the Wurtzite CdS rod and
the metallic tip. (C and D) Elemental mappings of the same sample.
(C) (A) HAADF STEM image of Pd@Ag after 36 h of illumination and
(B) its EDS mapping (Pd in green, Ag in magenta). (B) and (C) reprinted
from ref. 217 copyright (2019) American Chemical Society.
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Amirav et al. presented the synthesis and characterization of
a hybrid heterostructure based on the well characterized CdSe/
CdS dot-in-rod structures.>*> As hole trapping is responsible for
degradation of the chalcogenide, RuO, was used as effective
oxidation catalyst and Pt as effective reduction catalyst on these
Ru-CdSe@CdS-Pt nanocomposite materials. The authors suc-
ceeded by tailored synthesis using CdSe-Ru (oxidized) dimers
to tune and control the distinct positions of all 4 components.
HAADF-STEM with EDS elemental mapping was also used to
study the polymeric carbon nitride (PCN) membranes functio-
nalized with oxime surface groups to covalently bind Ni as low
cost co-catalyst.>*® It is known that for Ni and Co, the coordina-
tion interactions with the PCN is weak. The oxime-modified
samples were compared with pristine PCN modified with Ni*",
The obtained EDS data indicated that Ni is uniformly distri-
buted on the surface of the oxime modified PCN with a higher
content of Ni in comparison to pristine PCN. Selective photo-
oxidation under UV and visible light was performed to deposit
Cr,0; and PbO, on Au/rutile TiO,.>** Coverage of the Au NPs
with an amorphous and porous Cr,0; was observed when the
sample was illuminated with visible light, suggesting that the
excited electrons in the TiO, conduction band (CB) transferred
to the Au particle given the Fermi level of Au NPs. Illumination
of TiO, with UV resulted in the formation of PbO, located on
the TiO, surface corresponding to the remained photoexcited
holes. PbO, on the Au surface and the interface led to a
deactivation of the water oxidation by 30%, which was signifi-
cantly further reduced by thermal treatment. STEM/EDS was
used to identify the elemental distribution after photo-
deposition and annealing as shown in Fig. 14(A-D).

SEM is frequently used for morphological characterization
of almost of kinds of semiconducting photocatalysts, as nowa-
days researchers have access to state-of-the-art SEMs. Although
the resolution is not comparable with TEM, in combination
with analytical modes, SEM is a workhorse in nanomaterial
characterization. For example, TiO, nanostructures and TiO,
containing heterostructures are widely used for water splitting,
which have been recently reviewed,'®” highlighting the various
nanostructures and morphologic features. The influence of
nanoparticle facets and co-catalyst loadings has also been
studied in depth with SEM.***

Beam damage in TEM investigations are an issue for delicate
samples such as polymers but also for inorganic hybrid materials
and 2D materials. At high resolution, alteration of the sample may
be induced via knock-on damage and atomic displacement that
leads to distorted crystal lattices. In addition, morphology
changes due to heating, electrostatic charging and sputtering
may be observed at nanometer and micrometer length scales.
The interested reader is directed towards a recent review on
imaging beam sensitive materials via electron microscopy.>*

2.3.2 Scanning probe microscopies. Operando and in situ
electron microscopy studies are still performed only by a few
expert groups, whereas scanning probe microscopy (SPM)
methods can be employed in vacuum, ambient condition or
in situ/operando experiments. SPM comprise a multitude of
individual methods, which have in common that spatially
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Fig. 14 (A-D) HAADF-STEM and EDS mapping images of Au/rutile TiO,
after photodeposition with UV (<400 nm) and visible light (>440 nm). (A)
Cr-UV: photoreduction deposition of Cr,Os on Au/TiO,. (B) Pb-vis:
photooxidation deposition of PbO, on Au/TiO,. (C) Cr-UV-200: the Cr-
UV sample calcined at 200 °C in air for 1 h. (D) Pb-vis-200: the Pb-vis
sample calcined at 200 °C in air for 1 h. Schemes support the elemental
distribution of the EDS mappings. Reprinted from ref. 224 copyright (2017)
American Chemical Society.

®F <= 10 nm

Pb-vis-200

310 nm

resolved information is obtained through physical or (electro)-
chemical interaction of a probe with micro- or nanometric
dimensions and the sample surface in the nearfield regime.
Although SPM experiments can be performed in liquid or
ambient environment, enabling operando or in situ studies of
surface and interface processes, to date most scanning tunnel-
ling microscopy (STM) and atomic force microscopy (AFM)
experiments at photocatalysts are performed in vacuum
(STM) or ambient conditions (AFM) required by specific modes
such as Kelvin probe force microscopy or conductive-AFM. STM
experiments are mostly performed under vacuum conditions
ensuring contamination free surfaces for atomic resolution
imaging of semiconductor surfaces. STM is based on the
tunnelling process between a conductive tip and a conductive
or semi-conductive sample surface to map the local density of
electronic states (LDOS). As 90% of the tunnelling current are
related to the single atom of the STM tip and the fact that
the tunnelling current is exponentially decaying, unsurpassed
spatial resolution at the atomic level is obtained. In respect
to photocatalytic studies, STM studies have been extensively
used to elucidate surface processes down to the single molecule
photochemistry at model TiO, substrates as recently
reviewed.””” STM studies in combination with density func-
tional theory (DFT) calculations revealed that H,O molecules
dissociate at the (111)-oriented steps of rutile TiO,(110) and O,
sites producing bridging OH (OH},) groups.**® Low temperature
vacuum STM studies of H,O photochemistry under UV irradia-
tion revealed a HO-H bond cleavage, leading to the formation
of surface OH,;, and OH, species OH on Tis. sites as schemati-
cally and experimentally shown in Fig. 15A.>*° As the authors
observed that absorbed H,O dissociation is independent of
wavelength but dependent on irradiation time, they proposed that
photocatalytic H,O dissociation on rutile TiO,(110) is a therma-
lized holes induced oxidation process. Most STM studies so far
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Fig. 15 (A) Right: (a) Structural model of water at a Tisc site under
UV irradiation. (b) Possible intermediate state under UV irradiation.
(c) Dissociation of the adsorbed water molecule into OHbr and desorbed
*OH, or (d) OHy, and adsorbed OH; at a Tis. site. Left: STM images STM
images (size: 1.9 x 2.9 nm?, imaged at 1.0 VV and 10 pA, 80 K) before and
after water dosing. (c) Image after 266 nm UV irradiation for 1 h (Nd:YAG
laser; repetition, 10 Hz; duration, 10 ns; nominal intensity, 1 mW cm™2).
(d) Image acquired consecutively at 1.6 V and 10 pA. (e) Image (at 1.0 V and
10 pA) showing the further dissociation of the OH, to an O,q at the Tis. site
by applying a voltage pulse of 2.4 V. (f—h) Another set of images (6.3 x
6.6 nm?, imaged at 1.0 V and 10 pA, 80 K) showing the dissociation of
water molecules under the 400 nm UV irradiation for 1 h (mercury—xenon
lamp with a bandpass filter centred at 400 nm and bandwidth of 40 nm,
nominal intensity: 5.1 mW cm™2). (i-k) Line profiles along the lines in (f), (g),
and (h), respectively. Reprinted from ref. 229 copyright (2012) American
Chemical Society. (B) Left: Principle of SPPX-STM and signal generation:
relationship between delay time and transient tunnelling current /* (left),
and the corresponding time-averaged tunnelling current | measured as a
function of delay time (right). Reproduced from ref. 235 with permission of
the American Institute of Physics. Right: Real-space analysis of the hole
capture rate at cobalt nanoparticle/GaAs gap states. (a) STM image and
(b) two-dimensional mapping of time-resolved signal obtained for a cobalt
nanoparticle/GaAs(110) system; (c), superimposed image of (a) and (b).
(d) Size dependence of hole capture rate. Reprinted from ref. 234 with
permission from Springer Nature.

have been performed with water vapor. Hussein et al. performed
STM studies of the interfacial structure between liquid water and
rutile TiO,(110).>*° In combination with surface X-ray diffraction
spectroscopy, an ordered array of hydroxyl molecules with mole-
cular water in the second layer could be identified, which may
promote proton hopping and proton transfer.

In addition, STM can be coupled with spectroscopic
methods using the entire electromagnetic window (i.e., from
THz to X-rays).”*' Recently, optical pump-probe methods (see
also Section 2.1.4) providing femtosecond temporal resolution
were combined with STM experiments to track atomic-scale
ultrafast dynamics with spatial-temporal resolutions of 1 nm/
sub-picosecond.>**> For example, Shigekawa and coworkers
used shaken-pulse-pair excited STM (SPPX-STM)*** to study
gap-state-enhanced carrier recombination at cobalt nano-
particles on a GaAs(110) surface.”** The basic principle is that
the sample surface beneath an STM tip is illuminated with a
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sequence of paired laser pulses, having a certain delay time ¢g,
while the tunnelling current is measured as a function of ¢,.
The laser pulses generate excited states (i.e., photocarrier
density), which result in changes in the tunnelling current,
reflecting the excitation and relaxation of the sample. At short
tq, the second pulse illuminates the sample in an excited state,
which may result in a different intensity, depending on .
Thereby, the signal I also depends on t4, because the height
difference in the second current pulse changes the time-
averaged value of the tunnelling current, which is mapped by
STM. The STM images presented in Fig. 15B show that the
decay time is short at cobalt nanoparticles (tip is directly
located above) and increases when the tip is away, even at
sub-nanometre distance. Recombination is only significantly
increased once tunnelling electrons are injected from the STM
tip to the gap states formed by the cobalt nanoparticle. If the
cobalt base area (S) is increased, the capture probability should
also be increased and with that T-,p decreased, as shown in
Fig. 15B(d).

Among the SPM techniques, atomic force microscopy (AFM)
is probably the most versatile and most commonly used
method given the multitude of AFM-derived techniques. In
AFM, the force interaction between a sharp tip at the end of a
cantilever and the sample surface is detected based on Hooke’s
law. Usually, AFM is used to map the three-dimensional mor-
phology of the sample surface. In respect to semiconductor-
based photocatalysts, most morphological studies are obtained
with electron microscopy as elemental specific information
(EDS and EELS) is directly accessible via appropriate detectors,
whereas conventional AFM without specific modification of the
AFM probe is often referred to as “chemically blind”, and
hence, mostly SEM or TEM studies are only supported revealing
the 3D morphology by conventional AFM. For example, AFM
has been used to characterize the morphology of mesoporous
g-C3N, nanomesh that shows a quantum efficiency of 5.1% at
420 nm.>*® Coating AFM probes with magnetic layers or con-
ductive materials (Ir-Pt, Ag, Au, efc.) in combination with
illumination of the sample surface, gives access to information
such as conductivity, work functions, electrostatic interactions
but also allow spatially resolved spectroscopic studies using tip-
enhanced Raman spectroscopy (TERS)**” or spatially resolved
IR spectroscopic information.>*® In respect to photocatalytic
systems, TERS (for molecular catalysts) and Kelvin probe force
microscopy (KPFM) (for semiconductors) show great promise.
In combination with microscopic techniques (HRTEM, HRSEM),
surface science methods, and DFT calculations, KPFM under
illumination has contributed to elucidate the electronic proper-
ties and spatial light-induced charge separations based on the
mapped work functions of nanostructured semiconducting
photo(electro)catalysts.”>*>**>*'  In KPFM, the contact
potential difference (CPD) between a conductive AFM tip and
the sample surface is measured, which is generated by an
electrical force between the tip and sample surface, due to
the differences in their Fermi energy levels. An AC voltage (Vac)
superimposed to a DC voltage (V) is applied to the AFM tip.
The AC voltage generates oscillating electrical forces between
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the AFM tip and sample surface and nullifies V¢ the oscillating
electrical forces that originated from the CPD between tip and
sample surface. Using the known work function of the AFM
probe, the work function of the sample can be calculated from
the Vepp.>*> Wang et al. investigated Au/rutile TiO, as a photo-
catalyst prototype using selective photooxidation of Cr,O; and
PbO, deposition shown in the STEM/EDS images in Fig. 14. The
separation of plasmonic hot carriers and the location of the hot
charge carriers were directly imaged by KPFM using a sample
with larger Au NPs given the resolution of 30-50 nm achievable
with KPFM (Fig. 16). Although the images prior to illumination
and after illumination with monochromatic light at 532 nm
qualitatively appeared similar, the difference in potential in the
two experiments (i.e., surface potential images, (SVP)) clearly
shows a ring near the Au/TiO, interface indicating a higher
surface potential that corresponds to the generation of hot
carriers. The Au/TiO, interface is the catalytic reaction site
where the actual water oxidation takes place.***

For a more detailed discussion on spatially resolved surface
techniques to study photogenerated charge carriers, the readers
are directed to a review by Li and co-workers.>** So far, such
measurements are limit to ambient conditions.

TERS is a highly attractive non-destructive method, which
combines the high-resolution capability of SPM with chemical
information provided by Raman spectroscopy. TERS is based
on strongly enhanced electromagnetic fields at the apex of a
metallized SPM tip. As other SPM based techniques, TERS has
been demonstrated in ultrahigh vacuum in ambient condition
as well as liquid environment.>** The metallized tip is either a
modified STM tip, which is highly attractive for electrochemical
TERS experiments,**® but limits its application to conductive or
semi-conductive samples or metal coated AFM probes (Ag, Au),
which can applied to a broad range of samples on various
substrates.>*” In combination with coherent anti-Stokes Raman
scattering, or pulsed excitation, complementary information
e.g., on electronic states can be obtained. Given all these
benefits, there are still experimental limitations e.g., thermal
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Fig. 16 (A) AFM topography image of Au NP deposited on a TiO, rutile
single crystal. (B and C) KPFM images of Au/TiO, (B) in the dark and
(C) upon 532 nm illumination. (D) Surface voltage (SPV) image (potential
under dark conditions subtracted from that under 532 nm illumination)
(E) contact potential difference (CPD) profiles of dark state (black line) and
light state (red line) across the Au/TiO, particle. (F) SPV profile (the pink-
coloured zones represent the Au/TiO, interface regions). Reprinted from
ref. 224 copyright (2017) American Chemical Society.
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drifts when working in ambient conditions and low stability
and yields in fabricating TERS probes, which prevent routine
application of TERS. Although reproducible measurements
remain challenging, tremendous advantages in TERS experiments
along with developing theory models have been achieved as
recently reviewed by Richard-Lacroix et al**® Large molecules
such as substituted porphyrins have been studied with STM-
based TERS at low temperatures and vacuum conditions.**” Van
Schrojenstein Lantman et al. used TERS to investigate the dimer-
ization of p-nitrothiophenol (p-NTP) triggered by laser light.**® A
monolayer of p-NTP assembled on an Au nanoplate was excited
from below as shown in Fig. 17A with a laser at 532 or 633 nm,
respectively. The dimerization process to p,p’-dimercapto-
azobenzene (DAMB) was induced by illuminating the sample
with 532 nm light for 100-130 s (visible in Fig. 17A(a)) and a
laser wavelength of 633 nm was used for spectral acquisition.
Bands at 1335 cm™ " are associated with the monomer and the
time resolved measurements show the disappearance of the
band and the appearance of a band at 1440 cm ' that is
characteristic of the azo group in DMAB. Two representative
spectra of pNTP and DMAB with the evaluated bands high-
lighted in grey are shown in Fig. 17B(b), whereas Fig. 17B(c)
shows the intensity plot of the marker bands versus time.
Although the capacity of TERS for studying light-driven
photocatalytic systems has not yet been explored, this method
has great potential in particular in combination with spectro-
electrochemical methods to obtain fundamental insight in
photoinitiated elementary reaction steps of photocatalysis.

Silver-coated AFM-tip
(catalyst)

+— pNTP monolayer
(reactant)

4 Gold nanoplate
Glass coverslip

Excitation laser
(532 nm or 633 nm)

o~
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1200 1000 1600 1400 1200 1000 0 100 200 300 400

Raman shift (cm™) Raman shift (cm™) Time (s)

Fig. 17 (A) Schematic overview of the experimental set-up showing the
configuration for illumination, the reaction scheme and the TERS tip.
(B) (a) Time-dependent TERS measurement before and after reaction
(shown before (top) and after (below white band) illumination). (b) Two
spectra from (a) are shown: spectrum (i) is taken at 90 s and spectrum (ii) at
265 s. Spectrum (iii) is the reference spectrum taken after the time-
dependent spectra. Asterisks in (a) and (b) indicate the location of the
950 cm™! band of the SiO,-glass signal of the glass substrate. (c) Peak
areas as a function of time for the pNTP band at 1335 cm™? (i) and for the
band at 1440 cm™? (i), belonging to DMAB. The period of green illumina-
tion between 100 and 130 s is indicated by the shaded band. Reproduced
from ref. 248 with permission from Springer Nature.
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2.4 Scanning electrochemical probe microscopy

Within the last two decades significant progress has been made
in a field that comprises scanning electrochemical probe
microscopy (SEPM) techniques like scanning electrochemical
microscopy (SECM),>**">*" scanning electrochemical cell micro-
scopy (SECCM),>*?> scanning ion conductance microscopy
(SICM),*** and hybrid SEPM methods.>***® In contrast to
electrochemical (ec)-AFM or ec-STM, where electrochemical
processes are triggered by applying a potential to the sample
and mapping changes of the sample with the SPM probe, SEPM
is based on micro- or nanosized electrochemical SPM probes
such as micro- and nanoelectrodes, nanopipettes, or hybrid
SICM-SECM and AFM-SECM probes.>*® In contrast to the so far
presented SPM techniques, SEPM are performed in solution
enabling in situ/operando studies on photocatalytic processes.
Although, it is still challenging to achieve spatial resolutions
comparable with STM and AFM, these SEPM techniques have
the unique advantage to provide information on reaction
dynamics on catalyst surfaces and in situ mapping of reaction
intermediates and final products (H, and O,) of water splitting.
In SECM, several modes are available for studying photo-
(electro)catalytic systems,”*” among them generation collection
mode, e.g., where the photoinduced reaction products are
detected at the SECM tip. In feedback mode, the (electro)activity
of the sample is probed by adding a redox species to solution,
whereas in surface interrogation (SI) mode, a chemically or
electrochemically adsorbed species reacts with a titrant generated
at the tip. In redox competition (RC) mode, the substrate and the
SECM tip are competing for the same redox active species. The
properties of semiconductor oxides, such as bandgap, carrier
lifetime, rates of charge recombination and charge transport are
dependent on their composition and crystal structure. Bard and
co-workers used SECM for rapid screening experiments on various
photocatalysts using micro-spotting to form spots with different
catalyst composition, which then could be locally illuminated and
read-out in terms of photocatalytic efficiency using a combined
optical fibre/ring microelectrode.**® Trimetallic Bi/V/Zn oxide
photocatalysts were investigated under local illumination with
an optical fibre containing a ring electrode using sodium
sulphite Na,SO; as sacrificial electron donor showing increase
in photocurrent when atom. 10% Zn was mixed into BiVO,.>*’
Similar SECM screening experiment were also shown for other
dopants,”®* 2% with improved lateral resolution by coupling the
light source into the glass sheath of the microelectrode as
a light guide®® and other photocatalytic materials.>®>>°°
Wittstock and co-workers pursued another SECM approach by
studying the photoinduced charge-transfer reactions at nano-
structured BiVO, at the chemically polarized immiscible liquid/
liquid interface.>*””®® Transition metal phosphides such as
cobalt phosphide show only a slight increased overpotentials
(80-100 mV) compared to Pt making them attractive materials
for HER but they suffer stability issues. Ahn and Bard studied
the stability of CoP under mild experimental conditions using
SI-SECM.>® SI-SECM is also attractive to identify intermediates
such as hydroxyl radical at semiconductor interfaces.>”
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Within few years, tremendous progress has been made of
terms of spatially resolved electrochemical measurements
using nanopipettes (SICM, SECCM) or hybrid SPM approaches
such as SICM-SECM, and AFM-SECM. Although, combined
AFM-SECM provides high-resolution electrochemical and
unsurpassed morphological information,””' nanopipette-
based techniques have gained popularity, which is partially
associated to the reduced costs and easy fabrication (i.e., lab-
bench vs. cleanroom) of nanopipettes compared to AFM-SECM
probes. Based on the concept of capillary based droplet cells,>”*
which can be combined with localized illumination,?”® tremen-
dous progress have been made for nanoscale electrochemical
imaging with high resolution using SECCM as recently
reviewed.?>*>?”* For example, the hydrogen evolution in respect
at MoS, was investigated in respect to basal plane and step
edges.””” Takahashi et al. quantitatively mapped the hydrogen
evolution at 1H-MoS, nanosheets, MoS,, and WS, hetero-
nanosheets with nanopipettes as small as 20 nm.?’® Maps of
HER current, overpotentials, Tafel slopes, which were retrieved
from recording cyclic voltammograms at each measurement
point at a triangular 1H-MoS, sheet (see Fig. 18A(a—c) respectively)
showing inhomogeneous catalytic activity between the edges and
terraces as predicted by theory. Also, over-annealed 1H-MoS,
nanosheet (annealing at 300 °C in a sulphur atmosphere for
30 min) were investigated as it is known that defects improve
the HER activity, which is shown in Fig. 18A(d-f). Also, Fe, 5Ni, 5Sg,
as a noble-metal-free HER catalyst was recently studied in HER
activity in respect to surface Fe/Ni/S ratios.>”” Varying the synthesis
conditions or through aging processes small local variations
showed a significantly altered catalytic HER activity as shown
in Fig. 18B.

In summary, SEPM methods show great promise in map-
ping spatially resolved activity in situ and operando, providing
important information on reaction mechanism. An issue that
needs to addressed is reliability, repeatability, and reproduci-
bility of these nano- and microelectrochemical data.?*°

2.5 Bulk electrochemical methods

Redox potentials, electron transfer rate constants, diffusion
coefficients, charge transfer resistance and mass transport
properties in light-driven catalysis processes are mainly
obtained via classical bulk electrochemical methods such as
cyclic voltammetry (CV), linear sweep voltammetry (LSV),
pulsed voltammetric techniques (differential pulse voltam-
metry (DPV) and square wave, voltammetry (SWV), and electro-
chemical impedance spectroscopy (EIS)). These methods have
the advantage that they provide a wealth of information on
homogeneous and heterogeneous processes and do not require
sophisticated, expensive instrumentation. Photocurrent mea-
surements give access to the values of band edges of conduc-
tion and valence band and with that the band gap of
semiconducting photo(electro)catalyst, which should be >2.0 eV
considering the requirement for water splitting and possible
kinetic overpotentials. Transient techniques, such as intensity
modulated photocurrent spectroscopy (IMPS) and intensity
modulated photovoltage spectroscopy (IMVS) are mostly used

This journal is © The Royal Society of Chemistry 2021
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Fig. 18 (A) (a) Scheme of SECCM measurements on MoS, nanosheets.
(B) (a) SECCM current, (b) overpotential (30 mA cm~2), and (c) Tafel slope
images of electrochemical activation and imaging of 1H MoS, nanosheets
on HOPG substrate (scan size 10 x 10 mm? and potential of —1.2 V vs. RHE.
(d) Current, (e) overpotential (30 mA cm™2), and (f) Tafel slope images of
heat-activated 1H MoS, nanosheets on HOPG substrate scan size 10 x
10 mm? and at potential of —1.1 V vs. RHE). Reproduced from ref. 276 with
permission from John Wiley & Sons. (B) (left) Schematic of the SECCM
measurements (A) using hopping mode (B) and SEM image after the
experiments showing the droplet footprints (scale bar: 1 pm) (C). (right)
(A) Averaged LSVs (scan rate: 250 mV s~ in 0.1 M HCIO,) obtained from a
hexagonal Fe4sNi4 5Sg(111) crystal basal surface (blue trace) and a macro-
scopic defect site (crack, pink trace), as well as Fe-rich areas of platelet-
shaped crystals (red and green traces). (B) Histograms showing the
distribution in potential at a current density of 500 mA cm™2. The number
of measurements (n) in (A) and (B) were 98, 4, 97, and 101 for the blue, pink,
red, and green traces, respectively. Reproduced from ref. 277 with permis-
sion from John Wiley & Sons.

in solar cells research to study electron recombination and
electron diffusion processes.>’® IMPS has been pioneered by 8U
Peters and co-workers, who also developed models for analysing
the frequency modulated photocurrent for 1-electron transfer
reaction as well as for complex reactions with more electron
transfer steps.””***" Within the last few years, significant increase
in reports using IMPS for studying photoanodes and photo-
cathodes is noticeable, as this technique allows to distinguish
between charge transfer and surface recombination processes
which governs the efficiency of the material. The interested reader
on both of these methods is directed to recent reviews,”?%?
although it should be noted that IMVS is much less used for
studying photoelectrodes for water splitting.

2.5.1 Photocurrent and photovoltage. The position of the
conduction band edge in semiconductors is determined by
recording the photocurrent in dependence of the applied
potential in bulk electrochemical experiments. A semiconductor
in contact with an electrolyte solution is characterized by a
bending of the conduction and valence band due to the flow of
electrons across the interface (see Fig. 19A).%% If a solid n-type
semiconductor material is immersed in electrolyte solution and
illuminated with 2> than the bandgap, electron-hole pairs are
generated and separated in the potential gradient. In the case
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of an n-type semiconductor, this potential gradient moves
photogenerated holes toward the semiconductor/electrolyte
interface, and electrons through the electrode towards the
external circuit via the electrical connections. This leads to
a measurable photocurrent in dependence of the applied
potential. In a linear sweep voltammogram at lower potential,
an enhanced recombination of photogenerated charges is
observed reducing the measured photocurrent. When sweeping
the potential positively, the “photocurrent onset” potential
marks the flat band potential Vg, (i.e., reflects the potential
where the bending is nullified). There are several methods to
determine Vp,, i.e., the described photo-current-onset potential
method (square of the photocurrent is plotted as a function of
electrode potential), Mott-Schottky plots (see below EIS), or
open circuit electrode potential (OCP) measurements under
intense illumination.”®* Photovoltage, flat band potential and
photocurrent are important measures when designing water
splitting catalysts. Yet, there is still a lack of consensus regarding
their physical interpretation,”® and uncertainties when deter-
mining these values at nanostructured materials.”®® Metal
nanosheets containing d° transitions metals such as titanates,
niobates and tantalates are usually n-type semiconductors with
adequate light adsorbing, electron accepting, and electron
transfer mediating properties. Xu et al. determined the flat band
potential of such nanosheets with few layers in aqueous solution
in dependence of the pH value (Fig. 19B).>®” DFT calculations
were performed to correlate the composition of the nanosheets
with their corresponding band diagrams.

2.5.2 Voltammetric techniques. Among the bulk electro-
chemical methods, CV is the most versatile and most commonly
used voltammetric technique to characterize semiconductor
materials, molecular and supramolecular photocatalysts and
photocatalytic reactions. Next to thermodynamic information
on redox processes, kinetic data on electron transfer reactions
(homogeneous and heterogenous) and coupled chemical
reactions may be obtained via CV in aqueous solution or
organic media. A triangular potential wave form with a defined
scan rate is applied, and the current is recorded/plotted in
dependence of the applied potential. At metal electrodes, CV is
often used as a diagnostic tool to evaluate qualitatively, whether
the overall electron transfer reaction at a given electrode is
governed by thermodynamics (mass transport) or heterogenous
electron transfer kinetics (expressed by the standard hetero-
genous electron transfer constant £°) or both. Parameters such
as the peak separation of the oxidation and reduction peak
(59 mvV n~ " at 298 K for a reversible redox process), the peak
current ratio (Ipox/Ipreq = 1, for a reversible redox process) and
the scan rate in dependence of the peak potential are used.

Semiconductor electrodes - and more precisely the semi-
conductor/electrolyte interface — have been extensively studied
via CVs at dark conditions and under illumination for more
than 45 years.”**®?% Heterogeneous electron transfer at metal
electrodes is governed by pseudo-first-order kinetics due to the
high density of electrons near the Fermi level, whereas at a
semiconductor electrode, the densities of electrons, and holes
remain limited to the space charge layer (i.e., depletion layer as
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Fig. 19 (A) Schematic diagrams showing the energy levels and from a

n-type semiconductor surface to the bulk. The blue lines indicate the
corresponding space charge region of thickness, D. Reproduced from
ref. 283 copyright (2012) American Chemical Society. (B) Dependence of
potential from pH values (a). Flat-band potentials of nanosheet films with
different compositions and at different pHs values (a). Dots are the
measured data; solid lines are estimated Fermi level potentials based on
calculations. (b) DFT-calculated energy diagram including conduction
band minimum, valence band maximum, and band gap values for
HCas;NbzO10, HSraNbzO4g, and HCa,TazO19 nanosheets. Reprinted from
ref. 287 copyright (2016) American Chemical Society.

the surface is depleted of its majority carriers); see Fig. 19A,
leading to band bending. The cyclic voltammogram recorded at
a semiconductor electrode depends not only on the mass
transfer of the redox active species towards the electrode and
the electron transfer kinetics governed by the applied potential,
but also on contributions from the charge separation layer.
When illuminated, the flux of photogenerated carriers has to be
considered as well. It was recently shown that for semiconductor
electrodes, the electron transfer rate constant cannot be simply
derived from CVs like for metal electrodes (Laviron®°), as con-
tributions from the potential drop in the depletion zone have to
be taken into account.***

Cyclic voltammetry is also a routine method for the electro-
chemical characterization of molecular and supramolecular
photocatalysts in order to identify the influence of the micro-
environment (e.g., ligands) on the redox potential of the transi-
tion metal centres, the electron transfer -characteristic
(i.e., overpotentials) and - in case of binding the catalyst to a
solid electrode surface - the surface coverage and the influence
of attachment on the electrochemical behaviour. Cyclic voltam-
metry has been employed on various photocatalysts among
those, biomimetic derived hydrogenase catalysts,'>>>%>7>%*
POMs***%” and their stability in dependence of pH,>**>
and supramolecular catalysts.***°* Habermehl et al. recently
demonstrated a panchromatic osmium photocatalyst [(tbbpy),-
Os(tpphz)Ptl,]** (termed OsPt)-structure shown in Fig. 20A as
effective supramolecular HER catalysts.'”® They employed CV
and DPV for characterization. As visible in the CV and DPV
(Fig. 20B), a reversible oxidation process at 0.34 V (potentials
are reported vs. Fc/Fc') is observed related to the oxidation of
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Fig. 20 (A) Structure of the supramolecular OsPt complex. (B) CV and
DPV of OsPt (measurements were done at 0 °C) recorded at a glassy
carbon electrode in acetonitrile solutions with nBusNPFg as electrolyte.
Scan rate: 100 mV s~1. Adapted from ref. 179 with permission from The
Royal Society of Chemistry.

Os centre. A quasi-reversible reduction process at —1.19 V is
well observed, while all other redox processes in the cathodic
potential region are overlapping. DPV measurements were
performed to confirm and better resolve the reduction
processes. The authors could show that the substitution of the
metal centre had almost no influence on the reduction potential
of the tpphz ligand (—1.20 V for RuPt and —1.19 V for OsPt)
when compared with the parent RuPt complex. However,
the oxidation potentials of the respective metals occur at
significantly different potential regions (0.83 V vs. 0.34 V).'”°
CV has also been demonstrated as a fabrication route for
K;H[NbsO;5] POM-assisted electrodeposition of Co and Ni
(hydr)oxide films as effective OER catalysts.***

2.5.3 Transient techniques. Electrochemical impedance
spectroscopy is an AC-based method that provides a wealth of
time-resolved information on interfacial processes. A small
sigmoidal AC voltage perturbation (+10 mV) is superimposed
onto a constant DC potential with a variable frequency (i.e.,
100 kHz-10 mHz). The amplitude and phase shift of the AC
current signal is recorded, and the ratio of the AC voltage to the
AC current amplitude provides the complex impedance Z(f)
function, which depends on the perturbance frequency (i.e.,
usually displayed as Nyquist plot or Bode plot). Quantitative
information on parameters such as resistance (i.e., solution
resistance, charge transfer resistances, Warburg resistance),
capacitance (i.e., electrode, surface layers, etc.) and inductance
(e.g., wiring, etc.) can be obtained. Data evaluation is based on
modelling using electronic equivalent circuits with serial and
parallel elements. Although, EIS is an extremely valuable
method, data interpretation remains quite challenging and
uncertainties in the obtained quantitative data are related as
to whether an appropriate model circuit has been chosen.**

Given the extended accessible temporal window ranging
from 107° to 10° s, phenomena proceeding at different rates
in semiconductor-based photocatalytic systems such as charge
transport at dark conditions and under illumination (i e., reflected
by the charge transfer resistance), electron-hole recombination
along with the electron lifetime and redox reactions at the surface
of the semiconductor, and adsorption and desorption pheno-
mena may be studied. Hence, EIS is frequently employed
as an additional characterization method for OER and
HER catalysts,**® e.g., nanostructured TiO,,>*” or composites
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(graphene/TiO,, g-C3N,/BiY03,*°® MoS,/CdS/g-C;N,""). Also,
supramolecular organic catalyst with associated water clusters
and donor-acceptor stacks with anthracene and pyridone
moieties, and with cubane-like water clusters were charac-
terized via EIS.*°° To determine the flat band potential of
semiconductors, the most commonly used strategy is the
Mott-Schottky method, which correlates the inverse square
capacitance (1/C%) to the cell potential (E). The capacitance
data required for this method are frequently obtained from EIS
measurements. Hankin et al. evaluated different methods to
determine the flat band potential critically discussing possible
problems such as oversimplified models, if multiple processes
take place at the semiconductor surface.>*®

In contrast to conventional photoelectrode performance
studies under constant illumination, IMPS is based on a small,
sinusoidal modulated light intensity that is superimposed on
a constant background light intensity I,. Applying a fixed
potential to the photoelectrode, a transient photocurrent
(phase and magnitude) is measured as a function of the
frequency. To evaluate the obtained responses, mostly the
model of Ponomarev and Peter is applied,*®>**' which is
schematically shown in Fig. 21A. The model is based on a
competition between minority carrier transfer at the interface
semiconductor/electrolyte and recombination with electrons in
the conduction band. From IMPS data, the AC modulated
response can be expressed as photocurrent admittance (Y,c())
and presented as Nyquist plots. The real and imaginary parts of
the photocurrent show two semicircles, one with the negative
imaginary part formed by the product of the series resistance
and cell capacitance C.y (space charge and Helmholtz capaci-
tances) and one with a positive imaginary part (upper quadrant)
as shown in Fig. 21B for different treated hematite photo-
anodes. From these plots, first order rate constants for charge
transfer (k) (hole injection) and charge recombination (k) at
the semiconductor electrolyte interface can be obtained at the
maximum of the semicircle, reflecting the relation constant of

A) B)
klmn+klec
ke €
£ '
P £
Q - § 5
] B
G i
v § 0% k)
c 'l
g -0.41 = wugl
mn
= @0.7 VRNE' L)
® = -0.6+— T r v T T
In 00 02 04 06 08 1.0
real photocurrent
y
Fig. 21 (A) Generalized reaction scheme showing the competition

between charge transfer and recombination. j, is the hole flux into the
surface k, and k, are first order rate constants for charge transfer and
surface recombination. Reproduced from ref. 279 with permission from
The Royal Society of Chemistry (B) IMPS responses (Nyquist plots) of aH
(atomic layer deposition), sdH (solution synthesis), and rgH (re-growth
treated) at an applied potential of 0.7 V vs. RHE. Reproduced from ref. 310
with permission from The Royal Society of Chemistry.
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the system (wmax = k; + k), considering a simplified model of
competing hole capture and surface recombination. For multi-
step charge transfer reactions, k. and k, have to be interpreted
as phenomenological rate parameters.>*® The high frequency
intercept with the real axis of the photocurrent equals the hole
current (i.e. no recombination), the normalized low frequency
intercept reflects the fraction of the hole flux that undergoes
interfacial electron transfer and hence can be expressed as
k/(ke + k). Practically, the RC time constant of the electro-
chemical cell has to be taken into account, as it may attenuate
the high frequency part of photocurrent response.””®

For example, hematite has been intensively studied as
material for photoanodes due to its abundance, photochemical
stability and narrow bandgap, however the performance is
mainly limited by its poor conductivity, low carrier mobility
and high electron-hole recombination and associated with
that efficiency losses.'’® Thorne et al investigated different
deposition regimes and regrowth procedures along with surface
decorations (NiFeOx). IMPS analysis revealed that surface
recombination could be reduced while charge transfer rate
constants remained unchanged.*'® IMPS has become an attrac-
tive method to study hematite and doped hematite as well as
other photoanode materials,?8*2°%3117315

3. Future perspective/outlook

Substantial progress has been made and significant efforts
were dedicated towards understanding the multi-electron
processes and underlying mechanisms governing photocatalysis
to foster knowledge-based synthetical approaches. There are
still substantial challenges that need to be addressed such as
efficiency, stability/degradation, device integration etc. in order
to render light-driven photocatalysis economically competitive.
To date, there is still little information regarding degradation
pathways, reactivity changes of photocatalysts in particular
when interfaced with heterogeneous supports such as metal
oxides or polymers for device development. This requires
further advancements of in situ and operando spectroscopic,
scattering, and microscopic techniques. The use of synchrotron
radiation sources improves the spatial and temporal resolution,
although beam time and costs still limit a more widespread use
in catalysis research. Hyphenation of characterization methods
including scanning probe techniques with electrochemical
methods, spectroscopic high-resolution techniques such as
TERS with pump-probe transient absorption spectroscopy
and electrochemical methods, or concepts for simultaneously
applied spectroscopic methods in multi-method spectroscopic
cells are at the forefront.

Future advancements will certainly benefit from close syner-
getic collaborations between synthetic chemists, materials
scientists, experts in advanced analytical and physicochemical
characterization methods and theoretical chemists/physicists.
In particular, computational studies such as DFT modelling
and multi-scale modelling to describe catalytic reactivity and
understand underlying mechanisms as well as gain insight into
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molecule-material interactions beyond the molecular level is
important for rational design of materials as well as for valida-
tion of experimental results. Quantum mechanical modelling
has to be expanded from few atoms to large supramolecular
aggregates embedded in complex environments. For example,
continuum solvation models are available to predict properties
and processes of solvated molecules. Also, alternative classical
description based on molecular mechanics (MM) coupled to
QM methods in hybrid QM/MM approaches are employed to
model photoinduced processes.*'

Analytical figures-of-merit are a relevant topic and are often
not considered during the characterization of photocatalysts.
While not all of the analytical criteria may apply for the
methods presented within this review, precision, accuracy,
trueness, limit of quantification and limit of qualification,
robustness, selectivity, (intra- and inter laboratory) repeatability
and reproducibility are important parameters in particular for
ensuring comparability of published data. Another issue in the
field of light-driven photocatalysis and especially in hetero-
genous photocatalysis is the comparability of photocatalytic
efficiency between different laboratories, which is dependent
e.g., from light source, photon flux and experimental set-up but
also how data are reported. There is also some discrepancy in
reporting data, which is addressed in several publications.*"” 32
Photocatalytic efficiency in heterogenous photocatalysis is usually
reported as apparent quantum yield (AQY in %), which is defined
as number of reacted electrons divided the number of incident
photons multiplied by 100%, (e.g., for H, evolution the AQY is
2 x number of evolved H, molecules divided by number
of incident photons multiplied by 100%). However, sometimes
turnover numbers (TON) or turnover frequencies (TOF),*** which
are dependent on the “active sites” of the catalyst are reported,
a difficult number to determine for solids or hybrid materials.
In addition, photocatalytically produced H, is mostly quantified
with gas chromatography, which is a highly accurate method, yet
requires a sampling step. According to the Franklin diagram,
sampling is a critical step that may introduce uncertainties and
substantial errors. Moreover, standardization of experimental set-
ups including the spectrum of the light source, the light intensity
at the sample, and other factors if applicable such as co-catalyst
selection and loading, type and concentration of sacrificial donor
etc. are a prerequisite as the H, and O, evolution rates are strongly
dependent on these factors. In analytical chemistry, standardized
procedures such as round robin tests (i.e., interlaboratory
experiments) are in place to evaluate these analytical figures-
of-merit, which is often not considered in other disciplines.
A known issue for example is the comparability of the H, and
O, evolution performance of different materials reported by
different groups. Data published on various aspects of light-
driven photocatalysis are sometimes missing important infor-
mation on repeatability of measurements or accurate descrip-
tions, how data were produced. This is particularly an issue for
measurements with high spatial and temporal resolutions and
at low concentrations (e.g., in case intermediates should be
determined). Horwitz et al. showed the relation of coefficient of
variance with concentration known as the Horwitz trumpet,>*!
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which basically reveals substantial deviations in variance at
low concentrations. In order to advance the field and make
data comparable this is another challenge that needs to be
addressed in light-driven photocatalysis.

4. Conclusions

This review presents an overview on state-of-the-art systems for
light-driven water splitting with a focus on state-of-the-art
characterization methods covering ex situ and in situ/operando
methods providing information at different time and length
scales to study processes challenging the efficiency of the
systems. This review is intended to give an overview on classical
and state-of-the-art methods to researchers and students, who
are interested in this field.
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