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Abstract

Future alternative and promising energy sources involve photoelectrochemical (PEC) devices
that can convert sunlight and abundant resources such as water and CO, into chemical fuels and
value-added products. However, identifying suitable photoabsorber semiconductor materials
that fulfill all the stringent requirements of photoelectrodes in PEC devices remains a significant
challenge. A key factor for tailoring and optimizing existing and novel photoabsorbers is
understanding the processes occurring at the semiconductor/liquid electrolyte interface under
working conditions. This perspective focuses on the application of operando Raman
spectroscopy (RS) in synergy with (photo)electrochemical techniques. Despite being a
relatively new field of application, when applied to photoelectrochemistry, operando RS offers
insights into the evolution of photoelectrode structure (i.e. phase purity and degree of
crystallinity) and surface defects under working conditions. The challenges associated with
operando RS for (photo)electrochemical applications, including the low quantum efficiency of
inelastic scattering and fluorescence, and possible mitigation strategies are discussed.
Furthermore, practical aspects such as sample/reactor geometry requirements and the
surrounding environment of the photoelectrode sample during operando RS under PEC
conditions are reviewed. We demonstrate that operando RS can be used to perform product
analysis of solar-driven biomass reforming reactions, showing the approach’s limitations and
discussing possible solutions to overcome them. This work concludes with a discussion on the
current state of operando RS of semiconducting photoelectrodes and devices for
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photoelectrochemistry. We show a new methodology for performing operando RS with
illumination resembling AM 1.5 conditions and with time resolution spanning from tens to
hundreds of milliseconds, suitable timescales for real-time monitoring of chemical reactions and
degradation mechanisms occurring at the photoelectrode under investigation.

Keywords: photoelectrochemical conversion, renewable energy,

semiconducting photoelectrodes, operando Raman spectroscopy,

photoelectrochemical techniques, photoelectrochemical devices

1. Introduction

The world’s growing energy demands call for increased renew-
able energy sources. Photoelectrochemical (PEC) conversion
of cheap, abundant resources, such as water and CO,, into
chemical fuels and value-added products is a highly sought-
after goal in renewable energy production [1-5]. However,
identifying suitable light-absorbing semiconductors for con-
structing photoelectrodes is a major challenge that has yet to
be solved. Despite 50 years of research [6], the requirements
for practical deployment of PEC devices are not yet fulfilled
by a single semiconducting photoabsorber, contrary to the
tremendous technological progress of solid-state photovoltaic
devices [7-11]. However, the growing rate of photoelectrode
materials discovery through new synthesis pathways or com-
positional exploration, often accelerated by high-throughput
experimentation and machine learning, is highly encouraging.
New compounds with the desired properties will likely be
found within vastly unexplored synthesis and composition
spaces, encompassing different material classes (e.g. oxides,
nitrides, chalcogenides, heteroanionic compounds) [12-16].
Regardless of their synthesis and structural nature [17, 18],
new approaches to material characterization under realistic
working conditions are necessary to gain in-depth informa-
tion while remaining up to speed with the accelerated materials
discovery.

A rational multimodal approach is needed to achieve a
molecular-level understanding of how photoelectrodes work
under true PEC conditions (i.e. AM1.5 illumination). Here,
we focus on operando Raman spectroscopy (RS), which
can be used in synergy with x-ray spectroscopies and
(photo)electrochemical techniques to correlate the nature and
energetics of the electronic states at the solid/liquid interface
with the degree of crystallinity/phase purity of the investig-
ate photoelectrodes. Comprehending such a complex interplay
can shed new light on the causes of photovoltage losses and
charge carrier dynamics in the material’s bulk and at inter-
faces. These factors steer the PEC performance and stability
of semiconducting photoelectrodes [16, 19-21].

RS has made significant progress over the last four dec-
ades, with a reawakening in 1986 owing to Fourier transform
RS [22] and the introduction of technological developments
such as charge-coupled detectors (CCD), highly-performing
computers, and near-infrared (NIR) lasers that overcame major
impediments in that era [23]. Since then, the synergism of
these technologies and the ability to locally guide and collect
the excitation light and Raman signal using fiber optics has

stimulated renewed interest in the technique, making it a valu-
able material characterization and analysis tool with applica-
tions in many fields of fundamental and applied research.

A particular strength of RS relies on its adaptability to dif-
ferent experimental configurations, from compact handheld
instruments to high-resolution multistage lab systems. This
non-destructive vibrational spectroscopy can be applied to
samples in solid, liquid, or gas phases at various temperat-
ures and pressures and requires little to no sample preparation
[24-32]. Additionally, RS can be applied to both organic and
inorganic compounds, making it a versatile tool for product
analysis across different fields of application.

Due to its high versatility, RS can provide molecular-
level information about the evolution of the physical/chem-
ical properties of materials undergoing a chemical reaction
or other processes under controlled operando methodology
conditions [33-35], i.e. within reaction environments, allow-
ing real-time monitoring of dynamic processes without dis-
turbing the system. Depending on the particular experimental
conditions, RS allows to detect and analyze transient changes
occurring within a few ms (vide infra) [36], thereby matching
the typical timescale of ionic rearrangement at the electrified
solid/liquid interface and redox reactions [37]. Additionally,
RS can be employed to analyze reaction products under work-
ing conditions since it enables the identification of chem-
ical species present in the sample environment. Each chem-
ical compound exhibits a unique Raman spectrum, which
serves as a molecular fingerprint. The presence and iden-
tity of specific compounds can be determined by comparing
the obtained Raman spectrum to reference spectra in data-
bases or known standards. By correlating the intensity of
Raman bands with the concentration of a specific compon-
ent, it is possible to determine the amount or percentage of
that component in a mixture. This quantitative analysis can
be achieved by employing calibration curves or multivari-
ate analysis techniques such as chemometrics. Moreover, RS
can monitor real-time chemical or (photo)redox reactions. By
continuously acquiring Raman spectra during a reaction, it
is possible to track changes in molecular structure and com-
position, identify reaction intermediates and products, and
study reaction kinetics, helping understand reaction mech-
anisms and optimize reaction conditions [38]. However, it
is essential to highlight that the Raman signal is character-
ized by a weaker intensity concerning other competitive pro-
cesses (e.g. Rayleigh scattering, fluorescence, and photolu-
minescence (PL)) [39]. This requires caution when using RS
for liquid product analysis of solar-driven reactions, where
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the low signals and eventual spectral overlaps can hinder the
investigation. Hence, a case-by-case analysis must be per-
formed, considering the given experimental conditions and
the scattering power of the molecules involved. This perspect-
ive will also provide possible mitigation strategies that can be
applied to amplify the intensity of the Raman signal.

From the view of (photo)electrochemical applications,
vibrational techniques such as Raman and Fourier transform
infrared (FTIR) spectroscopies [40-52] cover a wide range
of wavelengths, allowing the investigation of different energy
scales and vibrational modes in both semiconducting photo-
electrodes and liquid electrolytes. However, RS offers some
advantages over FTIR when performed under operando con-
ditions due to several reasons: (i) RS can investigate samples
immersed in aqueous solution due to the weak active Raman
modes of water molecules; (ii) RS is capable of perform-
ing noninvasive temperature measurements; (iii) RS is not
sensitive to blackbody radiation, allowing for measurements
at high temperatures; (iv) using specialized RS configura-
tions (e.g. confocal Raman microscope), slices of well-defined
volumes of the samples at different distances from the surface
can be measured; (v) Molecules such as O, or Hj, products
of water splitting, are Raman active and, therefore, can be
detected using Raman (albeit high-concentration is required,
vide infra).

Photoelectrodes differ from particulate photocatalysts by
having a photocatalytic semiconducting thin film (with or
without a co-catalyst on its surface) deposited on a transpar-
ent conductive substrate. The alignment between the energy
levels of the semiconductor thin film and the substrate’s work
function is required to allow the contact selectivity for a
particular charge carrier (electrons or holes) and the con-
sequent charge transfer [53]. Using operando RS of semi-
conducting photoelectrodes and devices for photoelectro-
chemistry, in synergism with other x-ray spectroscopies and
(photo)electrochemical techniques, can give valuable inform-
ation essential in studying new materials under different work-
ing conditions. In particular, information such as the formation
of passivation layers, transient structural/chemical changes,
lattice distortions, and differentiation of polymorphs can be
gained, enabling the understanding of the influence of differ-
ent synthesis pathways. Operando RS thus allows correlating
this set of information with the PEC performance and stabil-
ity of the investigated systems. On the other hand, operando
RS is scarcely used in the study of semiconducting photoelec-
trodes and devices for photoelectrochemistry. To the best of
our knowledge, only one report of semiconducting photoelec-
trodes and devices for photoelectrochemistry using in situ and
operando RS exists. Recently, Ramakrishnan et al reported
a competitive photo-oxidation of water and hole scavengers
on hematite photoelectrodes using operando RS [54]. A sim-
ilar approach was conducted in studying a PEC dye-sensitized
solar cell, directly detecting charge transfer processes [55].
Given its relatively straightforward and inexpensive nature,
operando RS is highly regarded as a valuable research
tool. Its utilization in multimodal approaches is crucial for
attaining a molecular-level understanding of PEC processes.

Furthermore, an additional incentive for implementing RS in
operando experiments is represented by the growing use of
machine learning techniques to decode Raman data and con-
tribute to expanding the existing spectral databases [56, 57].

In this perspective, we focus on using operando RS in
studying semiconducting photoelectrodes and devices for pho-
toelectrochemistry and its coupling with complementary char-
acterization tools based on UV-VIS and x-ray spectroscop-
ies. Despite the great potential held by operando RS, its
application has been hindered by the low quantum efficiency
of the Raman scattering process and the occasional occur-
rence of fluorescence and PL that overshadow the Raman sig-
nal. In the following sections, we discuss these challenges
and others related to (photo)electrochemical applications and
approaches to overcome them. The perspective is divided into
seven sections: (1) etymology of the terms ‘in situ’ and ‘oper-
ando’, (2) principles and theory of RS, (3) challenges of RS
and mitigation strategies, (4) challenges of operando RS for
the characterization of semiconducting photoelectrodes and
devices for photoelectrochemistry, (5) geometry around the
sample and sample environment for operando RS, (6) state of
the art of operando RS of semiconducting photoelectrodes and
devices for photoelectrochemistry, (7) conclusions and future
perspectives.

2. Etymology of the terms ‘in situ’ and ‘operando’

In this section, we want to clarify the etymology of the terms
‘in situ’ and ‘operando’, as they are used and meant through-
out this perspective. Operando spectroscopy expresses a meth-
odology that combines in sifu spectroscopy with simultan-
eous kinetic measurements/product analysis carried out on
the sample and its environment during working conditions.
We emphasize that ‘operando’ (literally working, operating)
means an action, whereas ‘in situ’ means ‘at a location,’
and etymologically, the term has no temporal insights. An
‘operando’ methodology describes an ‘in situ’ spectroscopic
investigation performed under actual (photo)catalytic oper-
ations. Hence, the term ‘operando’ provides a single word
that underlines the simultaneous evaluation of both chem-
ical composition/structure (active catalytic sites/phases and
surface reaction intermediates) and (photo)catalytic activity/
selectivity. Within this definition, note that the term ‘in situ’
itself can describe different types of studies. For instance:

a) The spectroscopic investigation of a (photo)catalytic
sample in the same environment where it has been pre-
treated or activated.

b) The monitoring of the physical/chemical transformations
of the photocatalyst or photoelectrode occurring with
respect to an experimental variable, such as time, temper-
ature, applied potential, light intensity, etc.

c) The spectroscopic investigation of a (photo)catalytic
sample carried out under reaction conditions relevant to the
(photo)catalytic operation without the simultaneous evalu-
ation of the reaction kinetics and products.
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Figure 1. Schematic diagram of an RS measurement setup in backscattering configuration showing the general working principle. Note that
different experimental configurations are possible, especially in the light transfer system; see the text for more details. CCD: charge-coupled

device; MCP: multichannel plate.

3. Principles and theory of RS

In this section, we will outline some basic introductory prin-
ciples of RS. We refer readers to excellent sources [58, 59] for
an in-depth analysis of the theoretical aspect of this technique.

Raman spectroscopy (named after Chandrasekhara Venkata
Raman, Nobel laureate in 1930) [60, 61] measures and ana-
lyzes the inelastic (or Raman) scattering of monochromatic
laser light when guided through a sample. As schematically
shown in figure 1, a typical RS setup is constituted of four main
parts: the sample and its surroundings (positioning system,
environment), the excitation laser source, the spectrometer and
detector (for light analysis and detection), and the transfer sys-
tem that guides the light from the laser source to the sample
and from the sample to the spectrometer. This part is available
in different experimental configurations, depending on the par-
ticular application and targeted versatility of the Raman instru-
ment. It spans from confocal systems implemented on optical
microscopes to fiber-coupled setups where the laser source and
spectrometer are encased in the same volume, and the produc-
tion of the excitation light and the detection of the scattered

radiation are carried out without any moving part. Note that
the working principle of an RS setup shown in figure 1 is gen-
eral and applies to all possible experimental configurations.
The typical wavelengths of lasers used to induce and detect
the Raman scattering range from NIR and visible to near-
ultraviolet radiation (NIR-UV, e.g. A = 1064-248 nm, cor-
responding to an energy range of about 1.2-5 eV). The laser
light interacts with bond or lattice vibrations in the investigated
material, resulting in an upward or downward energy shift of
the laser light. The energy shift (usually measured in cm™!,
1 eV-8065.61 cm~!) depends on the sample response to the
incident laser and not on the wavelength of the excitation light.
The collected spectrum provides a ‘chemical fingerprint’ of
the vibrations or other excitations in the sample, allowing the
identification of the chemical compounds and their structural
characteristics (for instance, RS enables the differentiation
of different isomers and polymorphs). RS gives information
about the sample’s low-frequency (short-range) and collect-
ive vibrational modes (long-range) characteristics. Therefore,
it can also be used to analyze amorphous materials, gasses, and
liquids. Experimental setups allowing to detect Raman shift



J. Phys. D: Appl. Phys. 57 (2024) 103002

Topical Review

between a few tens and about 1500 cm™! provide the neces-
sary flexibility to investigate lattice vibrations (e.g. acoustic
and optical phonons) and molecular modes, thereby enabling
the possibility to investigate both semiconducting photoelec-
trodes and liquid electrolytes used in the PEC devices. Systems
covering extended ranges of Raman shift, up to 4000 cm™!,
offer the highest detection flexibility, as documented by
table 1. Noteworthy, standard low-resolution spectrometers
in many chemistry laboratories allow detecting Raman shifts
starting from 250-300 cm~! from the excitation line, equi-
valent to energy shifts of about 30-40 meV. However, inor-
ganic materials, mainly transition metal oxides as reported in
table 1, possess Raman modes characterized by wavenumbers
below 200 cm ™! within the so-called Tera Hertz (THz) Raman
region (note that the investigation of long-range, low energy
(acoustic) lattice vibrations is also known as Brillouin scat-
tering). Such energy region is extremely valuable for identi-
fying polymorphic forms and quantifying the degree of crys-
tallinity of the material. Hence, a thorough characterization of
photocatalysts and photoelectrodes based on transition metal
oxides requires optical configurations capable of detecting RS
at such low energy shifts.

RS uses a single frequency of radiation to irradiate the
sample, and the multiplexed radiation scattered from the
sample is detected. Thus, unlike infrared absorption, RS does
not require matching the incident radiation to the energy dif-
ference between the ground and excited states of the studied
materials, although this might be useful to increase the sig-
nal’s intensity (see next section). Consequently, in solid mater-
ials, the sample’s microstructure and morphology change the
system’s response to the incident light, enabling RS to detect
subtle synthesis-dependent structural changes.

NIR and UV-VIS radiation interact with matter through
absorption and/or scattering. An absorption process requires
matching the incident photon’s energy with the energy gap
between the two electronic energy levels. On the contrary, the
scattering process does not require suitable energy levels, as
it occurs when a photon interacts with a crystal lattice or a
molecule, inducing a distortion of its electron cloud and chan-
ging the species’ polarization by involving a so-called ‘virtual
state’ (see figure 2). This is an electronic transition from the
electronic ground state to an intermediate electron-hole pair
state, taking place with the annihilation of the incident photon.
For this reason, virtual states are not necessarily true quantum
states of the material. They are short-lived and characterized
by a rapid decay, leaving the electron in the initial electronic
level of the system while a photon is emitted as a response
to the virtual/ground state ‘transition’. Note that the energy is
thus conserved only in the total process. Two types of scatter-
ing events can occur:

1. The photon is elastically scattered (Rayleigh scattering).
This event has the highest probability and occurs when the
energy of the scattered photon matches the incoming one,
and the electron involved returns to a state with the same
energy as the initial one (e.g. from level V| to a virtual state,
and then returns to the V; level).

2. The photon is inelastically scattered (Raman scattering).
During inelastic scattering, the photon energy loss or gain
equals the energy difference between the initial and final
vibrational levels of the ground electronic state. The energy
difference (AV) between the incoming and emitted photon
is called the ‘Raman shift.’ If the scattered photon has a
lower energy than the incoming one, the process is called
Raman Stokes scattering. If the scattered photon has a
higher energy than the incoming one, the process is called
Raman Anti-Stokes scattering. Typically, at room temper-
ature, Stokes scattering would have a higher intensity than
anti-Stokes because of the much lower population of V, _,
levels than the lowest V; level.

RS can be employed for chemical recognition since it iden-
tifies chemical species in the sample and sample environment.
Each chemical compound exhibits a unique Raman spectrum,
which serves as a molecular fingerprint. The presence and
identity of specific compounds can be determined by com-
paring the obtained Raman spectrum to reference spectra in
databases or known standards. Moreover, RS can be used to
quantify the presence of the different chemical species. By cor-
relating the intensity of Raman bands with the concentration
of a specific component, it is possible to determine the amount
or percentage of that component in a mixture. This quantitat-
ive analysis can be achieved by employing calibration curves
of samples with known concentrations or multivariate analysis
techniques such as chemometrics.

Raman scattering is inherently a low-yield process, where
only one in every 10°~108 scattered photons is inelastically
scattered. This does not make the process insensitive because
modern lasers and microscopes can deliver high-power dens-
ities to small sample volumes. However, other processes, such
as sample degradation and fluorescence, can readily occur. In
the next section, these challenges are discussed, and possible
mitigation strategies are presented.

4. Challenges of RS and mitigation strategies

RS is characterized by two main challenges: (i) occasionally
occurring fluorescence, which can overlap with Raman spec-
tral features, and (ii) relatively low sensitivity. The detection
sensitivity of the spontaneous Raman signal can be increased,
and the background fluorescence can be avoided (or min-
imized), by using different approaches. The Raman signal-
enhancing mechanisms can be discussed by considering the
factors that determine the intensity of the Stokes—Raman
scattered light, Isykes, given in equation (1):

Islokes OC10 (w _wo,q)4 | « |2 (1)

where [ is the incident light intensity with frequency v
(w = 2mv), wy 4 is the vibrational frequency, and « is the sys-
tem’s polarizability that determines the response of the elec-
tron cloud to the electric field of the incident laser light. The
scattering intensity can increase at shorter wavelengths due
to its fourth power proportionality to the frequency of the
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Table 1. Wavenumbers of vibrations for common organic molecular functional groups and transition metal oxides at room temperature

(25 °C). Note that the values reported in the table can vary based on sample preparation, environmental conditions, and material form
(powders, thin films, single crystals, nanostructures etc.). Sources: (a) Smith and Dent [58]; (b) Senthilkumar et al [62]; (c) Szatkowski et al
[63]; (d) Tsay et al [64]; (e) Davies [65].

Lattice vibrations (phonons)*
e Acustic modes: 0-300 cm™
e Optical modes: 300-1500 cm ™

1

Molecular vibrations (Organic Compounds)*

e C—C stretching (ring breathing): 1000-1600 cm ™!
C—C stretching (aliphatic): 1000-1600 cm ™"
C—H stretching: 2800-3100 cm ™!

C-H bending: 1000-1600 cm ™!
C—0 stretching: 900-1800 cm ™!
C=O stretching: 1600-1800 cm ™!
N-H stretching: 3100-3500 cm ™!
O-H stretching: 3000-3800 cm ™!

Inorganic vibrations (Inorganic Compounds)®
e Metal-O stretching: 400-900 cm ™!
e Metal-O bending: 400-800 cm ™'
e Metal-N stretching: 300=700 cm ™!

Polymers and other carbon-based materials®
e CH?2 wagging and twisting modes: 1200-1400 cm™
CH2 symmetric and asymmetric stretching: 2800-3000 cm ™!
C—C and C=C stretching: 1600-1700 cm ™!
Graphitic carbon nitride (g-C3N4): 1200-1300 cm™!
Graphene, G band (in-plane vibrational modes): 1550-1600 cm ™
Graphene, D band (disordered or defect-induced modes): 1300—1400 cm ™!
Graphene, 2D band (second-order mode): 2600-2700 em™!
Carbon nanotubes, radial breathing modes (RBM): 100-300 cm ™!
Carbon nanotubes, tangential modes (G band): 1550-1600 cm ™!
Carbon nanotubes, disordered modes (D band): 1300-1400 cm ™!

1

Oxide semiconducting photoabsorbers

Rutile TiO; (n-type, E; ~ 3.0 eV)*

Bj¢ mode (symmetric stretching): 142-144 cm™
Multi-photon process: 235-245 cm ™!

E; mode (symmetric stretching): 443-448 cm™
A1, mode (symmetric bending): 610-615 em™!
B3¢ mode (antisymmetric bending): 825-835 cm™

1

1

Anatase TiO; (n-type, E; ~ 3.2 eV)?

E, mode (symmetric stretching): 145-155 em™!
E,; mode (antisymmetric stretching): 194-202 cm™
Bj¢ mode (symmetric stretching): 395-405 em™!
Ajg, Big mode (symmetric bending): 515-525 cm™
E, mode (antisymmetric bending): 635-645 em™!

1

1

Tungsten trioxide (WO3) (n-type, E; ~ 2.7 eV)°
O-W-0 bending: 290-295 cm ™!

0-W-0 bending: 344-350 cm ™!

0-W-O stretching: 715-720 cm ™"

0-W-O stretching: 805-810 cm ™!

Hematite (x-Fe;03) (n-type, E; ~ 2.2 eV)°
A}, mode: 225-230 cm ™!
E, mode: 242-248 cm !
E, mode: 290-295 cm ™!
E, mode: 297-300 cm !

(Continued.)
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Table 1. (Continued.)

E, mode: 410415 cm ™!
A, mode: 495-500 cm ™!
E, mode: 610-615 cm ™!

Bismuth vanadate (BiVOy) (n-type, E; ~ 2.4 eV)!

External mode (1): 120-125 cm ™
External mode (2): 205-210 cm ™!

5(VO)43_(antisymmetric stretching): 320-325 cm™!
6(VO)43*(symmetric stretching): 360-365 em™!

Vas(V=0) (Ag mode, V-0 antisymmetric stretching): 710-715 cm ™!
vs(V-0) (Ag mode, V-O symmetric stretching): 820-825 em™!

Bismuth oxyiodide (BiOI) (p-type, E; ~ 1.9 eV)°

A1, mode (symmetric stretching): 82-87 cm™

1

E, mode (antisymmetric stretching): 150-155 em™!
Bj, mode (symmetric bending): 338-342 em™!

Energy
A Vi
A [ & Vis
V’,
S1 V’1
Virtual A
states {
A A
hvg - hvyip hvy + hvy
hv, hvy hy, hv,
Va
v v 3 ¥
A . A " "’T Va
s, h 4 v h 4 A 4 v,
Rayleigh Stokes Anti-Stokes Resonance IR
< Raman >

Figure 2. Energy diagram showing the transitions during Rayleigh, Raman Stokes, anti-Stokes, and resonance Raman scattering. The
transition during IR absorption is shown for comparison purposes. Vibrational states (Vy,) in the ground electronic state (Sp) can be probed
by directly measuring the Raman shift (Stokes and anti-Stokes) of the allowed transitions. Resonance Raman also involves the vibrational
states (V') of the excited electronic state (S). hvy = incident laser energy, hvy;, = vibrational energy, Av = Raman shift, and

Vyib = vibrational frequencies. Reproduced from [66]. CC BY 4.0.

incident laser light. Equation (1) also shows that the Stokes—
Raman intensity can be enhanced by increasing either « or /.
The polarizability « can be efficiently increased, and therefore,
the overall Stokes intensity, using the most common enhance-
ment technique, resonance Raman scattering (see figure 2).
During resonant RS, the excitation wavelength of the incident
light is tuned to match the electronic transition energy of the
sample of interest (e.g. from V| to V’;). Matching the excita-
tion wavelength to an electronic transition from the electronic
ground to an excited state enhances the Raman scattering pro-
cess by increasing the system’s polarizability, hence leading
to higher-intensity Raman signals (in quantum mechanics’
terms); the resonant excitation photon is efficiently absorbed
by the system with a probability, or cross-section, higher
than a non-resonant photon, resulting in increased Raman

scattering). The exact magnitude of the intensity enhancement
in resonant RS can vary significantly depending on the spe-
cific material and the details of the experimental setup. In some
cases, resonance Raman signals can be several orders of mag-
nitude stronger than non-resonance Raman signals, enabling
the detection of weak Raman signals even in the presence of
fluorescence. Surface-enhanced Raman scattering (SERS) can
also be used to increase the detection sensitivity by the local
increase of Iy, regarding equation (1). SERS is a technique
that utilizes nanostructured metal surfaces (such as silver or
gold) to enhance the Raman signal. The incident laser light
induces the formation of synchronous plasmons (i.e. collective
oscillations of free electrons) within the metal nanostructures,
thereby amplifying the electric field. When the sample is near
the metal surface, the amplified electric field around the metal
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nanostructures can enhance the Raman scattering signal by
several orders of magnitude [67]. SERS improves the sensit-
ivity and reduces the influence of background fluorescence, as
the enhancement mechanism selectively enhances the Raman
signal rather than the fluorescence emission [68, 69]. Another
experimental solution to increase the technique’s sensitivity
by suppressing fluorescence is known as time-gated RS [70].
[REF] This technique involves delaying the detection of the
Raman signal relative to the excitation pulse, taking advant-
age of the differences in the fluorescence and Raman life-
times (inelastic scattering timescales being faster than fluor-
escence or PL de-excitation mechanisms). By employing a
time-delayed gate window, the fluorescence emission can be
temporally separated from the Raman signal, allowing for
the selective detection of the Raman scattering and minim-
izing the fluorescence background. Carefully selecting the
excitation wavelength can also help minimize fluorescence
interference. This can be achieved by choosing an excita-
tion wavelength corresponding to a region where the typ-
ical samples under investigation exhibit minimal or negligible
fluorescence. Using NIR excitations can help alleviate the
fluorescence interference since the frequency (energy) is too
low to excite fluorescence [43]. However, despite using high-
power lasers, NIR light may not be sufficient to attain reas-
onable Raman scattering in the case of very diluted samples
or molecules with low scattering powers (i.e. scattering cross
section). An enhancement in sensitivity can be achieved by
using high laser fluencies. However, great care has to be taken
to avoid sample damage, ranging from an increase in the
sample’s temperature and structural modification to its degrad-
ation. Typical approaches to avoid damage when investigating
solid samples rely on periodically moving the position of the
laser spot on the sample and decreasing the data acquisition
time while maintaining an acceptable signal-to-noise ratio.
Finally, a separate discussion must be conducted for the
qualitative and quantitative analysis of liquid reaction products
using RS. In the literature, many excellent examples are repor-
ted on chemical analysis of liquid reaction environments per-
formed using RS [39, 71-75]. These studies predominantly
deal with relatively concentrated solutions and products, with
concentrations up to hundreds of mmoles 17! [39]. However, a
limitation of PEC reactions is the relatively low current dens-
ities generated by the process. Figure 3(a) shows a transient
(light on/light off) j—V curve obtained from a polycrystalline,
un-doped BiVO, sample prepared by electrodeposition [76],
in contact with an aqueous electrolyte (pH 2) containing 0.5 M
NaNOs;, with glycerol (0.5 M) as a hole scavenger/electron
donor (green curve) and without glycerol (dark curve). Solar-
driven biomass reforming offers a potential solution to replace
the sluggish oxygen evolution reaction at photoanode with the
more favorable organic molecule oxidation due to lower kin-
etic overpotentials and increased contact selectivity for minor-
ity carriers (i.e. holes) [77-79]. The data were obtained using
the flow cell described in detail in the ‘State of the art of oper-
ando RS of semiconducting photoelectrodes and devices for
photoelectrochemistry’ section at a flow rate of 10 ml min~—!.
It is noticeable that the addition of glycerol decreases the
onset of the anodic potential and increases the photocurrent

and the overall fill factor due to the drastic reduction of
the kinetic overpotentials required to oxidize glycerol com-
pared to water [77-79] and for the increased extraction rate
of holes, respectively. This is well-documented by fixing the
electrode potential (AEwg_rg) at +1.23 V vs. RHE for both
solutions. Without glycerol, the photocurrent and the cell
voltage (AEwg_cg) were equal to about 1.1 mA cm™? and
2.07 V, respectively. For the electrolyte containing instead
0.5 M of glycerol, the photocurrent and the cell voltage
were equal to about 3.2 mA cm™ and 1.72 V, respectively,
with a net gain of about 290% in terms of photocurrent and
350 mV in the overall cell voltage. In figure 3(b), a simpli-
fied schematic of the reaction mechanism of glycerol oxid-
ation is provided, highlighting the two major products, gly-
ceric acid (GA) and dihydroxyacetone (DHA) [80, 81]. The
liquid stream leaving the PEC cell was analyzed with RS
at the beginning and end of an electrolysis experiment per-
formed at a fixed current density of 3.2 mA cm™2. The two
spectra and their spectral difference (i.e. the spectrum after
12 h of electrolysis—the spectrum at t = O h) are reported
in figures 3(c) and (d), respectively. Note that the difference
spectrum was obtained after normalizing the Raman spectra
for the intensity of the NO3 band centered at about 1048 cm !,
As shown in figure 3(d), the difference spectrum exhibits pos-
itive intensity, particularly at around 600 and 800 cm~!. In
this region, an overlap exists between the glycerol and the
GA and DHA C-C stretching mode bands. Despite this over-
lap, observing a positive intensity for wavenumbers below
800 cm~! (where pure glycerol does not exhibit a Raman sig-
nal) allows us to conclude that the oxidation reaction most
likely generates both GA and DHA. However, it is important
to recognize that in-depth chemical speciation and quantific-
ation are rather complex, given the spectral overlap between
the reactant and the reaction products and their low concen-
trations. A simple calculation based on Faraday’s law of elec-
trolysis can be done to estimate an upper limit for the reac-
tion yield. The total charge (Q) passed during the 12 h of
electrolysis was approximately 213 C (given the photoelec-
trode area of 1.54 cm? and the constant current density of
3.2 mA cm2, the electrolysis current was about 4.93 mA).
Assuming a 100% Faradaic efficiency toward DHA (one elec-
tron transfer), the number of moles of DHA (1, = Q/VF)
produced during the electrolysis is approximately 2.2 mmol,
with v being the number of electrons exchanged during the
electron transfer (1 for the oxidation of glycerol to DHA) and
F being the Faraday constant (~96485.33 C mol~1). Hence,
depending on the electrolyte volumes used in the PEC device
(typically ranging from tens to hundreds of mL), the concen-
tration of products after a few hours of electrolysis could be
up to some tens of mM (i.e. mmol 1~') at most, making a
quantitative analysis with RS not trivial. This also strongly
depends on the scattering power of the molecules involved
in the process, where very Raman-active organic substrates
might facilitate the analysis, despite the relatively diluted con-
centrations. In addition, reliable quantifications of relatively
diluted products can be performed using advanced analysis
methods such as partial least squares (PLS), asymmetrically
reweighted penalized least squares (arPLS), or indirect hard
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Figure 3. (A) Transient (light on/light off) j—V curve obtained from a polycrystalline, un-doped BiVO4 sample prepared by

electrodeposition on fluorine-doped tin oxide (FTO), in contact with an aqueous electrolyte (pH 2) containing 0.5 M NaNOs, with glycerol
(0.5 M) as a hole scavenger/electron donor (green curve) and without glycerol (grey curve). The flow rate was kept constant at 10 ml min ",
while the scan rate and chopping frequency were equal to 20 mV s~! and 0.5 Hz for both measurements. (B) Simplified schematic of the

reaction mechanism of glycerol oxidation, highlighting the two major products, glyceric acid (GA) and dihydroxyacetone (DHA) (after [80,
81]). (C) Raman spectra of the electrolyte leaving the flow cell at the beginning of the electrolysis experiment (blue curve) and after 12 h of
electrolysis at a constant current density of 3.2 mA cm™ (red curve). The spectra are normalized for the intensity of the NO3™ band centered
at a Raman shift of about 1048 cm ™. (D) Difference spectrum (DS) (spectrum after 12 h of electrolysis—spectrum at ¢ = 0 h) and spectral
references (GLY: glycerol; DHA: dihydroxyacetone; GA: glyceric acid). The spectral references have been obtained from aqueous solutions

of the abovementioned compounds at a concentration of 1.0 M. The reference spectra are normalized for the intensity of the water
antisymmetric stretching mode centered at 1640 cm ™! and reported with a vertical offset.

modeling (IHM). A detailed description of these methods is
beyond the scope of this perspective, and we refer readers to
the [82—85] for the details of these analytical procedures. We
also want to highlight the availability of excellent commer-
cial software that allows performing the above analyses, for
instance, PEAXACT [86], used in the authors’ laboratories.

5. Challenges of operando RS for the
characterization of semiconducting
photoelectrodes and devices for
photoelectrochemistry

Additional difficulties arise when a semiconducting photo-
electrode is measured under PEC conditions (i.e. an aqueous

solution, under a potential bias, and illuminated by a simu-
lated 1 sun intensity). Semiconducting materials may undergo
(photo)electrochemical corrosion due to underdeveloped syn-
thesis pathways, non-optimized pH or local pH gradients at
the semiconductor/liquid interface, and limited charge trans-
fer kinetics, leading to the accumulation of charge carriers at
the interface. It is known that different materials have faster
reaction times than others under PEC conditions (i.e. Fe,O3
vs. BiVO,). Therefore, to investigate such transient phenom-
ena, time-resolved studies are needed, with the possibility to
investigate the system in a wide range of time scales, from
minutes/hours down to ms. This will help understand how
(photo)electrochemical reactions occurring at the ms time
scale are coupled to slower dynamics that, in turn, influence
photoelectrodes’ stability and long-term performance under
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working conditions. However, RS typically operates at longer
acquisition times, making capturing rapid changes in the sys-
tem difficult. Specialized techniques, such as time-resolved
RS, can overcome this challenge but may introduce additional
complexity to the experimental setup.

A technical challenge of performing in situ/operando RS
is coupling the broadband light source used to simulate 1-
sun illumination with the Raman setup without saturating the
detector. Different solutions can be used:

e For photocatalysis investigations, where relatively wide
band gap (=2.5-3 eV) photoabsorbers are typically stud-
ied (e.g. TiO,, ZnO, WO3, BiVOy,) an excitation laser with
wavelengths lower than ~500 nm (corresponding to ener-
gies greater than ~2.5 eV) can be used to induce the charge
separation in the photocatalyst. The RS can be, therefore,
performed using a higher wavelength laser (namely 532 nm,
633 nm, 785 nm, 830 nm, and 1064 nm), acquiring the
Stokes lines and using a high-pass filter in front of the
detector to eliminate the spectral component of the excit-
ation laser (A ~ 500 nm) from the multiplexed signal. The
notch filter used to suppress the Rayleigh line might also
serve that purpose, depending on the specifications of the
particular optical analysis system. In general, careful consid-
eration must be given to the choice of the laser wavelength
and power used to perform RS on the photocatalyst/photo-
electrode to avoid interfering with the sample’s existing pho-
toexcitation or causing unwanted photochemical reactions.

e PEC investigations involve photoelectrodes or tandem
devices requiring an ample range of wavelengths to pro-
mote the charge separation in the material. Such investig-
ations typically use broadband light sources (bias lights)
that mimic the solar spectrum (e.g. AM1.5 irradiation con-
ditions). Therefore, a spectral overlap between the frequen-
cies contained in the bias light and the scattered laser
light exists, thereby complicating the RS detection dur-
ing illumination (known as ‘background interference’). This
background interference can mask or distort the Raman
spectra, making it challenging to extract meaningful inform-
ation. A possible technical solution to this challenge is
outlined below in the section ‘State of the art of oper-
ando RS of semiconducting photoelectrodes and devices for
photoelectrochemistry.’

Additionally, it is important to remember that Raman sig-
nals are inherently weak; typically, one ppm of the overall
photon flux directed to the sample undergoes inelastic scatter-
ing. In situ/operando conditions can further affect the signal-
to-noise ratio of the measurements, for instance, due to the
electrolyte’s or bubbles’ scattering during working operations.
Achieving a good signal-to-noise ratio can be challenging,
especially when dealing with low concentrations of analytes or
studying subtle changes in the Raman spectra. Signal enhance-
ment techniques, such as SERS or resonance Raman scatter-
ing, may be employed to improve sensitivity.

Despite these challenges, in situ/operando RS during PEC
investigations provides valuable information about molecu-
lar vibrations, adsorbates, and structural changes occurring

at the electrode/electrolyte interface. With careful experi-
mental design, optimization of measurement conditions, and
appropriate data analysis techniques, meaningful insights can
be obtained regarding the PEC processes and the structure/
function relationships of the studied materials.

6. Geometry around the sample and sample
environment for operando RS

Dedicated in situ/operando cells play a crucial role in pho-
tocatalysis and PEC studies by providing a controlled envir-
onment for studying the electrochemical and PEC processes
occurring at the (electrified) semiconductor/liquid electrolyte
interface. This section outlines why controlling the geometry
around the sample and its surrounding environment is para-
mount, followed by the required experimental geometrical
configurations to achieve that.

Reasons for controlling the geometry around the sample
and its surrounding environment:

e Real-time analysis: in situ/operando cells/devices allow
researchers to observe materials’ electrochemical and PEC
behavior in real-time. Researchers can monitor the mater-
ial’s performance under specific operating conditions by
incorporating light sources and (photo)electrochemical
measurement techniques, gaining valuable insights into
charge transfer dynamics, reaction kinetics, and material
degradation/photocorrosion.

e Environmental control: PEC processes are very suscept-
ible to environmental factors such as temperature, humidity,
and electrolyte/gas composition. Dedicated in situ/operando
cells provide a controlled and tunable environment, allowing
researchers to study materials under specific conditions rel-
evant to practical applications. By varying parameters such
as light intensity, temperature, or electrolyte/gas composi-
tion, researchers can investigate the impact of these factors
on the performance and stability of photocatalysts and
photoelectrodes.

e Long-term stability assessment: stability is crucial in devel-
oping PEC materials for practical applications. In situ/
operando cells allow researchers to assess the stability of
materials over extended periods. By subjecting the materials
to continuous illumination and (photo)electrochemical cyc-
ling, it is possible to monitor their performance, degradation
mechanisms, and overall durability changes. This informa-
tion is essential for optimizing material compositions and
designs to enhance stability.

e Device optimization: in situ/operando cells facilitate the
optimization of PEC devices by providing a platform for
systematic testing and characterization. Different material
combinations, electrode architectures, and operating condi-
tions can be screened and evaluated in a controlled manner.
This iterative process helps identify the most efficient and
stable configurations, leading to the development of high-
performance and stable PEC devices.

Below we describe several key characteristics of the required
experimental and geometrical configuration of PEC devices
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Figure 4. Fluid dynamics of three different electrolyte inlet/outlet configurations investigated with finite element analysis for three flow
rates (1, 5, 10 ml min~"). Configuration 2 provides a better flow homogeneity with respect to configurations 1 and 3 and was therefore

selected for the geometry of the PEC flow cell described below. Note that the color bars report the velocity of the fluid in cm-s~! and that
the simulation of the velocity fields was performed for stationary flow conditions. Inlets and outlets have a diameter of 1.6 mm.

to ensure reliable and accurate results in the investigation of
photoelectrodes under working conditions:

e Controlled flow: the electrolyte flow through the PEC cell
should be well-controlled. This allows for uniform distri-
bution of reactants and efficient mass transport to and from
the photoelectrode surface and stable operation [87, 88]. The
flow rate should be optimized to ensure an adequate supply
of reactants to the photoelectrode surface while minimizing
undesired side reactions and depletion effects. Additionally,
the flow rate should be optimized to efficiently remove gas
bubbles from the photoelectrode surfaces to minimize the
optical losses due to the gas evolution and accumulation of
bubbles at the electrodes [89]. Simulations of the device’s
fluid dynamic properties, for instance, carried out with finite
element analysis (FEA) tools, provide valuable insights for
the careful design of flow devices [90]. An example is
presented in figure 4, which shows three different configur-
ations of the inlet and outlet ports (while keeping the dimen-
sions and volume of the flow chamber constant). The motion
of the liquid electrolyte was simulated using COMSOL soft-
ware to solve the Navier-Stokes equations (conservation of

1

momentum) and the continuity equation (conservation of
mass), with the boundary conditions imposed by the three
selected configurations. Liquid velocity fields are depic-
ted for three different flow rates (1, 5, and 10 ml min—).
Noteworthy, no stagnant electrolyte regions (i.e. the velo-
city of the fluid equal to zero) on the working electrode sur-
face are observed for configuration 2 compared to configur-
ations 1 and 3, likely due to the overall lower fluid velocity
that allows a more homogeneous circulation of the liquid
in the flow chamber. Additionally, configuration 2 provides
better flow homogeneity across the working electrode sur-
face than the other configurations for flow rates of 5 and
10 ml min~!. Configurations 1 and 3 generate, for the same
flow rates, tight jet streams that hinder a homogeneous dis-
tribution of the liquid electrolyte over the working electrode
surface. Thus, geometry 2 was chosen for the configuration
of the liquid inlet/outlet of the in situ/operando PEC flow
cell, which is detailed in the ‘State of the art of operando
RS of semiconducting photoelectrodes and devices for pho-
toelectrochemistry’ section.

Optical transparency: the cell components, particularly the
windows or transparent electrodes through which light
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enters the cell, should possess high optical transparency over
the desired spectral range. This ensures that a significant
fraction of incident light can reach the photoactive electrode
and generate photocurrent or drive PEC reactions. Selecting
materials with low absorption and high transmittance is
crucial for accurately characterizing the photoelectrode’s
performance.

Electrical contact: proper electrical contact between the
photoactive electrode and external circuitry is essential for
accurately measuring the PEC response. The cell design
should incorporate robust electrical connections to ensure
low resistance pathways and minimize contact potential
drops. This allows for precise measurement of the photocur-
rent and photovoltage-related observables, such as the half-
cell open circuit potential, generated by the photoelectrode.
Gas management: the PEC cell and the overall setup design
should facilitate efficient gas management if the PEC pro-
cesses involve gas evolution or consumption. This includes
provisions for gas supply, collection, and separation, as well
as the removal of gas bubbles from the electrolyte flow.
As mentioned above, adequate gas management prevents
gas bubble accumulation at the electrode surface, which can
impede PEC reactions, increase kinetic overpotentials, limit
light absorption, or cause uncontrolled system performance
variations [89].

Temperature control: temperature has a significant influ-
ence on PEC processes, affecting reaction rates, charge car-
rier mobility, charge transfer kinetics, and material stabil-
ity. Therefore, a flow PEC cell should incorporate temperat-
ure control mechanisms. This may involve a temperature-
controlled bath or a Peltier-based cooling/heating system
to maintain the desired operating temperature. Additionally,
the electrolyte temperature should be monitored in different
locations of the liquid circuit to allow the quantification of
eventual heat losses. Precise temperature control allows for
systematic investigations and accurate comparison of results
under different conditions.

Stability and leak prevention: the cell design should be
robust and leak-proof to ensure consistent and reliable oper-
ation. Sealing of the cell components, such as O-rings or
gaskets, should be chosen carefully to withstand the corros-
ive nature of the electrolyte and avoid unwanted leakage that
can compromise experimental results and safety.
Versatility and modularity: a well-designed flow PEC cell
should allow for easy modifications and adaptability to
accommodate different electrode materials, catalysts, and
experimental configurations (such as electrode size scale-
up or operations with pressurized liquid electrolytes).
This versatility enables systematic studies and comparisons
between various systems, facilitating the advancement of
PEC research.

Ability to implement in situ/operando characterization
tools: PEC systems involve complex interfaces between
the semiconductor electrode, electrolyte, and eventual co-
catalysts. The ability to interface complementary in situ/
operando characterization tools in the same flow device
enables the characterization of these interfaces during the
electrochemical and PEC processes [91]. For instance, RS

can be used for real-time monitoring of structural changes
and phase transitions in active materials during PEC reac-
tions. RS can also reveal vibrational signatures of reaction
intermediates and identify specific reaction products in the
electrolyte. These combined capabilities are essential for
understanding the mechanisms and kinetics of PEC reac-
tions, gaining valuable information on the materials’ degrad-
ation mechanisms, and, consequently, designing strategies
to enhance the stability and lifetime of PEC flow devices. RS
can be effectively used together with electron spectroscop-
ies (e.g. x-ray photoelectron spectroscopy, XPS, and x-ray
absorption spectroscopy, XAS), the latter primarily provid-
ing information about the electronic structure, chemical
composition, and local bonding in materials [92]. Hence, the
combination of operando RS with electron spectroscopies
in PEC flow devices provides a means to establish correla-
tions between structural/electronic properties and chemical
composition of the materials involved and to explore their
combined effects on the overall device performance. This
knowledge is crucial for rational materials design and optim-
ization, facilitating the development of more efficient PEC
materials and devices.

Considering these characteristics, a flow PEC cell can provide
meaningful and reproducible results, enabling accurate char-
acterization and optimization of photoelectrodes for various
applications and light-driven reactions. A practical example of
such a flow PEC device is reported below in the section ‘State
of the art of operando RS of semiconducting photoelectrodes
and devices for photoelectrochemistry.’

7. State of the art of operando RS of
semiconducting photoelectrodes and devices for
photoelectrochemistry

Operando RS for investigating semiconducting photoelec-
trodes and devices for photoelectrochemistry has not been
applied yet to many scientific cases. All these (few) studies
share a common experimental approach, named in this per-
spective as the ‘continuous irradiation method’: an external
laser with a wavelength lower than that used to induce and
detect the Raman scattering is used to promote free charge car-
riers in the photoabsorbers under investigation. As the name
suggests, in this approach, the irradiation by the external laser
is kept constant throughout the experiment. Similarly to what
has been described above for photocatalysis investigations, the
RS can be performed using a higher wavelength laser, acquir-
ing the Stokes lines, and using a high-pass (long wave pass,
LWP) edge filter in front of the detector to eliminate the spec-
tral component of the excitation laser from the multiplexed
signal. Note that the notch/LWP filters installed in any Raman
setup dedicated to the detection of the Stokes lines and used to
suppress the Rayleigh line can also serve this purpose, depend-
ing on the specifications of the particular optical analysis sys-
tem in use. Adopting this approach, Ramakrishnan and co-
workers recently investigated the role of hole-trapping sur-
face states in hematite photoanodes as reaction intermediates
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using sacrificial reducing compounds such as HO, and FeCN
as hole scavengers [54]. Using operando RS coupled with a
PEC investigation of the system above, the authors observed a
competitive photo-oxidation between H,O,, FeCN, and water
at low scavenger concentrations and intermediate potentials.
Such competition leads to non-linear behavior and hysteresis
in photocurrent voltammograms. Steady-state and transient
operando RS confirmed that the detected transient spectral
features were associated with both the scavenger adsorption
and the involvement of surface species in the photo-oxidation
of the hole scavenger and water [54]. These findings represent
a promising application of operando RS to the field of photo-
electrochemistry, particularly enhancing the understanding of
the role of surface species in water splitting and contributing
to the optimization of hematite photoelectrode performance.
For their investigations, the authors used a confocal micro-
Raman system equipped with a light source of 633 nm (red
laser), operating at a total spectral power of 12 mW. Given
the energy band gap of hematite (~1.8-2.2 eV), an external
532 nm laser (~2.3 eV) was used as an excitation source, set
to a power density of ~100 mW cm™2 at the sample surface
to simulate the sunlight power. Figure 5(A) reports a schem-
atic of the described continuous irradiation method, while
the optical transmission for a typical notch/LWP filter sys-
tem used for Raman applications is shown in figure 5(B). As
observed, any external laser with a wavelength at least 50 nm
below that used to induce and collect the Raman signal can
be adopted without perturbing the detection since the trans-
mitted fraction eventually reaching the detector is less than
10 ppm, at most. This is well-documented by the wavelength
shift (A\) for an external 532 nm laser with respect to 633 nm
(AX = 101 nm) and 785 nm (AX = 253 nm), two stand-
ard wavelengths used to induce and detect the Raman signal.

Similarly, in the author’s laboratory blue (450 nm) and green
(532 nm) lasers are available to perform in situ/operando RS
of wide band gap (~1.8-2.5 eV) light absorbers under con-
tinuous irradiation, using a 785 nm laser to detect the Raman
signal. It is important to highlight that the working principle
described above for the continuous irradiation method is only
valid for Raman setups detecting the Stokes lines. Systems
allowing the possibility to detect the Anti-Stokes lines are not
equipped with LWP filters since the scattered light is analyzed
for energies above and below the excitation. Hence, only the
notch edge filter is present to remove the excitation line that
would saturate the detector selectively. However, most Raman
setups allow detecting the Stokes lines since they are charac-
terized by a higher intensity compared to Anti-Stokes lines at
room temperature, as described in the ‘Principles and theory
of RS’ section.

It is important to note that benchmarking PEC invest-
igations are performed using broadband light sources (bias
lights) that mimic the solar spectrum (e.g. AM 1.5 illumination
conditions) regarding spectral components and correspond-
ing intensities. In addition, it is well-reported in the literature
that light of different wavelengths can impact on the selectiv-
ity of light-driven chemical reactions [93-97]. For reactions
involving homogeneous co-catalysts and more complex mech-
anisms than water splitting, such as biomass reforming, which
include various intermediates and products, the use of a single,
selected wavelength to excite charge carriers in the photoelec-
trode may yield different outcomes compared to conducting
the same experiment under broadband light conditions resem-
bling AM1.5. Moreover, when tandem or multi-junction pho-
toelectrode systems are used, multiple materials with differ-
ent bandgaps (and therefore different absorption cut offs) are
integrated into a single device [98, 99]. This setup enables



J. Phys. D: Appl. Phys. 57 (2024) 103002

Topical Review

— A
% Dark Bias light ON Bias light OFF
2 ) NIR Laser
g umeopSndant (hv=785nm- E ~ 1.58 eV)
= investigation
‘8 Pulse i Laser diode
3 " duration (W) control unit
= g
o Y
3
Material (L Tir'ne . ( Spectrometer & Detector \
aterial's Tref T1 Ta T3 Ty Ts Fiber-coupled (Litt figuration)
reference state THToW:Contg
Notch
Volume phase
Shutter Objective filter . Olographi’; (VPH)
Bias light source Samp ik transmission grating
(AM1.5 filtered = ™
Xe lamp)
11 mm Dichroic beam LWP
splitter crystal filter

Shutter

J

control unit

Y
Raman probe

TTL signal (fax = 100 Hz)f

Oscilloscope  Function generator

A

Screen/MCP/Screen
CCD camera
(1064x64)

—————————
Peltier cell

N S/

Figure 6. Schematic diagram of the fiber-coupled RS setup developed at the Institute for Solar Fuels at the Helmholtz-Zentrum Berlin. The
setup is built around the Wasatch Photonics WP 785 ER spectrometer.

the sequential absorption of light at various wavelengths, pro-
moting efficient charge separation and utilization of the entire
solar spectrum. Hence, in situ/operando RS investigations
would greatly benefit from closely resembling the illumina-
tion conditions used in PEC devices, since it will enable the
investigation of complex sample architectures and a broader
portfolio of light-driven chemical reactions. The disadvant-
age of using a broadband light source in combination with
RS is the spectral overlap existing between the frequencies
of the bias light and the scattered laser light, making oper-
ando RS challenging to perform under actual PEC condi-
tions (AM1.5). A possible solution, enabled by an experi-
mental configuration developed at the Institute for Solar Fuels
of the Helmholtz Zentrum Berlin and schematically reported
in figure 6, is to detect the Raman spectra in ‘dark’ conditions
(to avoid the aforementioned spectral overlap) immediately
after a ‘pulse’ of bias light directed to the sample. The invest-
igation of the spectral differences existing between the time-
dependent spectra taken after the bias light pulse and those
taken before the pulse of bias light (i.e. the ‘reference state’
of the investigated material) allows detecting possible tran-
sient material instabilities (i.e. photocorrosion), the presence
of reaction intermediates/products adsorbed on the photoelec-
trode, or local changes in the pH at the semiconductor/liquid
electrolyte interface due to the ongoing reaction [100].
Transient Raman spectra are obtained by synchronously
triggering the bias light shutter (tuning the pulse duration), the
laser diode, the RS setup’s laser diode, and the CCD detector.
The triggering signal, fed to the transistor-transistor-logic

(TTL) gate of the components mentioned above, is an ana-
logic sinusoidal voltage signal with an amplitude of 5 V pro-
duced by a function generator. The electronic chain is set up
in a way that the reference for the time base (i.e. the ‘time
zer0’ T,) of the Raman spectra detection is when the shut-
ter closes. The statistics of the measurements (i.e. signal-to-
noise ratio on the detected signals) can be increased by tak-
ing the average over multiple repeated cycles. By tuning the
duration of the bias light pulse W (i.e. by changing the fre-
quency of the triggering signal) and the time delay along the
time-dependent polarization curve of the photoelectrode (see
schematic reported in figure 6), it is possible to gain inform-
ation on the relaxation/degradation mechanisms occurring at
the semiconductor/liquid electrolyte interface for time scales
spanning from 10 ms (100 Hz) up to hours. Additionally,
working in the range of tens to hundreds of milliseconds, real-
time monitoring of chemical reactions occurring at the photo-
electrode surface under investigation can be enabled.

In addition to the detection stage of the Raman signal, a
coupled multimodal in situ/operando device has been recently
developed at the Institute for Solar Fuels. Figure 7 reports
a schematic process flow diagram (PFD) for such a device.
Here, photoelectrodes are investigated in a dedicated and fully
customized PEC cell. The liquid electrolyte is circulated by
an 8-rotor peristaltic pump, providing low pulsation even at
relatively high flow rates (typical flow rates range between
0.5 ml min~!' and 50 ml min~!). A fluid capacitor/liquid
mixer is inserted in the circuit after the pump to dampen
any pulsation, providing a continuous and stable flow stream.
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equipping the photoelectrochemical (PEC) cell.

Next, the liquid enters the customized PEC cell, as detailed
in figures 8(A)—(F). The single-compartment cell can operate
in a two- or three-electrode configuration. Even when used in
a three-electrode configuration, the cell voltage (AEwg_cE) is
monitored and logged by a 6 1/2 digit digital multimeter con-
nected to the sample (working electrode) and the counter elec-
trode. To minimize the load on the circuit during the meas-
urements (i.e. current flowing between the two electrodes),
the input resistance of the multimeter is set between 10 M{2
and 10 G{2, depending on the cell voltage values and cur-
rents achieved during the measurements (note that for an input
resistance of 1 G{2 and a cell voltage of about 2 V, a typ-
ical value in PEC measurements, the ‘leakage’ current will
be about 2 nA. With respect to a photocurrent of few mA, as
showed in figure 3(a), the leakage current is therefore below
1 ppm). The cell is provided with two quartz optical feed-
throughs to enable front or back illumination of the photoelec-
trodes, additionally allowing the coupling of different optical
spectroscopies as described below. Immediately after the cell,
a miniaturized Clark electrode detects the amount of oxygen
in the liquid stream, thus allowing the real-time determination
of the solar-to-hydrogen efficiency. The electrolyte can flow
back to the same feeding reservoir, enabling recirculation of
the liquid, or it can be collected on an independent vessel. The

electrolyte reservoirs can be cooled and heated in a temperat-
ure range of 10 °C-80 °C to perform electrokinetic studies.
As reported in figure 7, the electrolyte temperature is mon-
itored at four different locations along the liquid circuit using
local probes (figure 8(G)): at the fluid capacitor downstream
of the peristaltic pump, before the PEC cell, within the PEC
cell, and immediately after it. These four temperature val-
ues are automatically logged throughout the investigations.
PEC measurements are performed using an AM 1.5 filtered Xe
lamp. During illumination, a high-performance UV-VIS spec-
trometer operating in the 200—1000 nm range allows for per-
forming in situ/operando optical transmittance analysis (OTA)
of the transmitted light fraction through the photoelectrode.
OTA enables observing the evolution of the sample’s trans-
mittance as a function of light intensity/time/current density/
flow patterns, thereby providing valuable information on the
stability and degradation mechanisms of the investigated pho-
toelectrodes. Finally, in situ/operando time-resolved RS can
be performed as described above.

As a proof of concept measurement, figure 9 demonstrates
an operando RS performed with the experimental setup and
working principle described above, where a paradigmatic pho-
toanode (bismuth vanadate, BiVO,) was investigated under
PEC conditions with a time resolution of 100 ms, without
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liquid electrolyte in different circuit locations.

sacrificing the S/N ratio. A single crystalline Mo:BiVO4(010)
(Mo doping ~1 at.% [101]) was placed in contact with an
aqueous solution containing 0.5 mol 1-! of potassium phos-
phate (KPi, used as a buffering supporting electrolyte) and
0.1 mol 17! of glycerol as a hole scavenger. The flow rate was
kept constant at 10 ml min~'. A Pt wire and a miniaturized
Ag/AgCl/Cl k¢ 3.5Mm electrode were used as counter and ref-
erence electrodes, respectively. The Raman spectrum of the
photoanode immersed in the aqueous electrolyte, shown in
figure 9(A) (trace a), was taken at the half-cell open circuit
potential in dark conditions (i.e. no bias light). Figure 9(A) also
reports the different spectral references taken during the exper-
iment, namely the Raman spectrum of a pristine single crys-
talline Mo:BiVO4(010) prior to the exposure to the solution
(trace b), the Raman spectrum of the aqueous solution con-
taining 0.5 mol 1=! of KPi and 0.1 mol 1=! of glycerol (trace
¢), the Raman spectrum of an aqueous solution containing
0.1 mol 1=! of glycerol (trace d), and the Raman spectrum of
pure glycerol (trace e). Figure 9(B) reports the time-resolved
operando Raman spectra taken on the system mentioned above
after subtracting the spectral contribution due to the liquid

electrolyte (i.e. trace a—trace c for the indicated time delays).
If no changes occur in the electrolyte, as in this reported
example, such different spectra can be used to highlight bet-
ter the time dependency of the sample’s spectral features,
thereby identifying time-dependent responses of the photo-
absorber under investigation. To allow a better comparison,
note that the intensity of the spectra reported in figure 9(B)
was normalized to the highest intensity band, i.e. the V-O
symmetric stretching mode band (vide infra). The measure-
ments were performed at the half-cell open circuit potential
after a pulse of bias light of 10 s, recording the Raman spectra
for 1 s after closing the shutter. The spectra were taken con-
tinuously with an integration time of 100 ms, thereby obtain-
ing ten spectra with an increasing delay time from the first
spectrum of the series. Note that the laser wavelength was
785 nm, and the power was set to 300 mW. The Raman spec-
trum of Mo:BiVO4(010) exhibits three distinct spectral fea-
tures. The lowest energy band, centered at 345.5 cm~!, is
attributed to the symmetric and anti-symmetric bending modes
(045 and &) of the vanadate anion (VO3 ) [64]. Typically, these
two modes are reported well separated in energy, centered
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Figure 9. (A) Raman spectra of different samples taken with the experimental configuration described in the text at room temperature

(22 °C). Trace a: single crystalline Mo:BiVO4(010) in contact with an aqueous solution containing 0.5 mol 1~ of potassium phosphate
(KPi) and 0.1 mol 17! of glycerol as a hole scavenger. The Raman spectrum was taken at the half-cell open circuit potential in dark before
the pulse of bias light (i.e. the material’s reference state); Trace b: Raman spectrum of a pristine single crystalline Mo:BiVO4(010) prior to
the exposure to the solution; Trace c: Raman spectrum of the aqueous solution containing 0.5 mol 1~! of KPi and 0.1 mol 1™ of glycerol;

Trace d: Raman spectrum of an aqueous solution containing 0.1 mol 1™~

! of glycerol; Trace e: Raman spectrum of pure glycerol. The

investigation of the solutions was conducted in dedicated quartz cuvettes. The energy axis was calibrated using the 520 cm™! mode of Si.
(B) Time-resolved operando Raman spectra obtained after subtracting the spectral contribution of the liquid electrolyte. The measurements
were performed at the half-cell open circuit potential after a pulse of bias light of 10 s, recording the Raman spectra for 1 s after closing the
shutter. The spectra were taken continuously with an integration time of 100 ms, thereby obtaining ten spectra with an increasing delay time

from the first spectrum of the series. The laser wavelength was 785 nm,

and the power was 300 mW. For a better comparison, the intensity of

the spectra was normalized to the highest intensity band (V-0 symmetric stretching mode at 816.3 cm™ ') and reported with a vertical offset.

at about 321 cm~! and 363 cm™!, respectively [64]. In our
case, we can observe that the band is characterized by a relat-
ively high spectral broadening (full width at half maximum,
FWHM, about 55 cm™!); although both modes are likely
present, the energy resolution of our setup does not allow to
detect them as individual bands. At higher energy, we observe
the two modes generated by the antisymmetric (,5) and sym-
metric (v5) stretching of the V-O bond, centered at about
700 cm™! and 816.3, respectively. We note that both modes
are centered at slightly lower wavenumbers compared to the
values reported in the literature (see table 1 and [64]). As
shown by the spectra reported in figure 9(B), the photoelec-
trode immersed in the solution was stable after the expos-
ure to the bias light, exhibiting no evident changes (i.e. shift
or broadening) of the spectral bands described above with
respect to trace b. These findings conclude that no photo-
corrosion was present on the timescales explored during this
experiment.

Finally, the system and its operating principle described
in this paragraph allow the detection of the operando PL of
semiconductors with energy band gaps smaller than 1.58 eV
(this being the energy of the laser used to induce the

Raman scattering and/or PL in the investigated materials).
Figure 10(A) reports the PL detected at the half-cell open
circuit potential for three different III-V semiconductors in
contact with an aqueous solution containing 0.5 mol 17!
of KPi as a supporting electrolyte. The flow rate was kept
constant at 10 ml min~—'. A Pt wire and a miniaturized
Ag/AgCl/Cl k¢ 3.5Mm electrode were used as counter and ref-
erence electrodes, respectively. The PL was detected 10 ms
after a pulse of bias light of 10 s. The integration time was
10 ms, and the laser power was 50 mW. The PL obtained from
n-doped Si (n-Si(110)) under the same conditions is repor-
ted as a reference. As proof of the capabilities of the setup,
figure 10(B) reports the time-resolved operando PL spectra
of InP/n-Si(110). The data were recorded for 100 ms after a
pulse of bias light of 10 s with an integration time of 10 ms,
thereby obtaining ten spectra with an increasing delay time
from the first spectrum of the series. This capability can be
used to observe transient changes in the electronic structure,
particularly in the energy band gap of the investigated photo-
absorbers as a function of the explored experimental condi-
tions (light exposure and intensity, temperature and nature of
the electrolyte, etc).
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Figure 10. (A) Example of operando photoluminescence (PL) measurements of narrow band gap semiconductors (Eg < 1.5 eV), detected
at room temperature (22 °C) with the setup and working principle described in the text. The PL was detected using a laser wavelength of
785 nm (~1.58 eV), with the power set to 50 mW. The spectra were acquired at the half-cell open circuit potential with the semiconductors
in contact with an aqueous solution containing 0.5 mol 1~! of KPi as a supporting electrolyte. The flow rate was kept constant at

10 ml min~!. (A) PL spectra of n-Si(110) (taken as reference), InP/n-Si(110), n-GaAs(100, and ZnTe/n-GaAs(100), detected 10 ms after a
pulse of bias light of 10 s with an integration time of 10 ms. (B) Time-resolved operando PL spectra of InP/n-Si(110), taken after a pulse of
bias light of 10 s. The spectra were continuously recorded for 100 ms after closing the shutter with an integration time of 10 ms, thereby
obtaining ten spectra with an increasing delay time from the first spectrum of the series. Note that for both figures (A) and (B), the spectra
have been normalized to the maximum PL intensity and reported with a vertical offset for a better comparison.

8. Conclusion and future perspective

RS can be applied under various in situ and operando
conditions. However, its use and implementation are still
underdeveloped in the study and the characterization of semi-
conducting photoelectrodes and devices for photoelectro-
chemistry. With the development in recent years of versat-
ile, compact, all-in-one Raman spectrometers, material sci-
entists have more flexibility in designing experimental setups
to investigate novel material systems and reactions. Our ana-
lysis examined the challenges in applying operando RS to
PEC reactions, encompassing potential limitations such as
the limited quantum efficiency of inelastic scattering and
fluorescence. We reviewed standard signal enhancement tech-
niques that can improve sensitivity, such as SERS or res-
onance Raman scattering. An essential aspect of performing
meaningful in situ/operando analysis of PEC processes is the
reactor geometry prerequisites and the environmental condi-
tions surrounding the photoelectrode sample. We showed that
using FEA can direct the reactor optimization via the sim-
ulation of the fluid dynamics at the photoelectrode surface
to obtain homogeneous liquid flows that can maximize the
mass transport and, in turn, the performance of the reactor.
With such an optimized cell configuration, we showed that

RS could be employed to analyze the liquid stream leaving
the PEC cell when other reactions, such as the reduction or
oxidation of organic substrates, substitute the usual water-
splitting reaction. Conducting quantitative analysis with RS
can be challenging due to the inherent low intensity of the
Raman signal and the eventual spectral overlap between the
reactants and products. This requires a case-by-case evalu-
ation that considers the scattering power of the molecules
involved in the process and the concentration of the products.
Advanced analysis methods such as PLS, arPLS, or IHM
can be used to mitigate these challenges. However, we want
to highlight that product analysis performed with RS should
always be benchmarked against other analytical techniques,
such as nuclear magnetic resonance spectroscopy and high-
performance liquid chromatography. Finally, we described a
new methodology for performing operando RS with illumina-
tion resembling AM 1.5 conditions. The time resolution spans
from tens to hundreds of milliseconds, suitable timescales for
real-time monitoring of chemical reactions and degradation
mechanisms occurring at the photoelectrode under investig-
ation. We showcased the possibility of investigating a photo-
electrode surface in a working environment subjected to cycles
of dark and illumination conditions without compromising on
the S/N ratio of the measurements. Future applications of this
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method will encompass pulsing the bias light with different
frequencies and shapes of the pulse train while holding con-
stant the potential or current at the photoelectrode.

RS offers insights into the molecular vibrations, crystal
structure, and composition of materials. It can be used to probe
changes in the lattice structure, the presence of impurities or
defects, and surface species. PEC techniques involve meas-
uring various parameters, such as photocurrent, open-circuit
voltage, kinetic overpotentials, and electrochemical imped-
ance, to evaluate the performance and stability of PEC devices.
These techniques provide insights into the device’s charge
transport mechanisms, interfacial processes, and reaction kin-
etics. Hence, combining these techniques in synergy can com-
prehensively understand the relationship between the chem-
ical composition, surface electronic states, crystal structure
and degree of crystallinity, and PEC performance. Therefore,
rational multimodal operando investigations will help identify
key factors influencing PEC devices’ efficiency, selectivity,
and stability and their relationship with synthesis pathways
and crystallographic structure. For instance, x-ray photoelec-
tron and absorption spectroscopy (XPS, XAS) provide valu-
able insights into materials’ electronic properties and chem-
ical composition. XPS can identify the elemental composition
and chemical/oxidation state of the surface species and the
energetics of a semiconductor surface in terms of Fermi level,
work function, and valence band maximum. XAS provides
information on the local electronic and structural environ-
ment. Examining the electronic states at the solid/liquid inter-
face using x-ray spectroscopies makes it possible to under-
stand the charge transfer processes, surface reactions, and
redox reactions occurring during PEC reactions. This can
be efficiently combined with RS. Such knowledge can then
be exploited to develop new, improved materials and device
designs to minimize photovoltage losses and optimize charge
carrier extraction. Both are essential requirements for the
practical deployment and scale-up of PEC energy conversion
devices.
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