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catalysts towards solar water splitting
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The efficiency and stability of photo(electro)catalytic devices are the main criteria towards practical solar
fuel production. The efficiency of photocatalysts/photoelectrodes has been intensively pursued and
significant progress has been achieved over the past decades. However, the development of durable
photocatalysts/photoelectrodes remains one of the biggest challenges for solar fuel production.
Moreover, the lack of a feasible and reliable appraisal procedure makes it difficult to evaluate the
durability of photocatalysts/photoelectrodes. Herein, a systematic process is proposed for the stability
evaluation of photocatalysts/photoelectrodes. A standard operational condition should be used for the
stability assessment and the stability results should be reported with the run time, operational stability,
and material stability. A widely adopted standardisation for stability assessment will benefit the reliable
comparison of results from different laboratories. Furthermore, the deactivation of photo(electro)
catalysts is defined as a 50% decrease in productivity. The purpose of the stability assessment should aim
to figure out the deactivation mechanisms of photo(electro)catalysts. A deep understanding of the
deactivation mechanisms is essential for the design and development of efficient and stable
photocatalysts/photoelectrodes. This work will provide insights into the stability assessment of
photo(electro)catalysts and advance practical solar fuel production.

1. Introduction
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the efficiency and device durability of photo(electro)catalytic
devices remain major challenges towards low-cost solar fuel
production.”** The cost of H, is US$1.03-2.16 kg™ produced
from commercial steam methane reforming.® An energy
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efficiency of 10% and a lifetime of up to 5 years are required
accordingly to enable cost-competitive H, production via solar-
driven photocatalytic water splitting.” The overall efficiency of
the photo(electro)catalytic solar energy conversion has been
remarkably enhanced over the past decade but suffers from
poor stability.*® For instance, a photocurrent of 12.1 mA cm ™2
(at 1.23 V vs. reversible hydrogen electrode, RHE) has been
achieved on an integrated Taz;Ns photoanode, nearly reaching
the maximum (12.9 mA cm ™) of this material, but obvious
decay of the photocurrent occurs within 20 minutes.'>" In
addition, techno-economic analysis demonstrates that the life-
time improvement of the photo(electro)catalytic devices is
crucial to make solar hydrogen cost-effective, due to the
enhanced efficiency and decreased manufacturing cost of
devices with the technical development.”” Therefore, the
stability improvement of photocatalysts/photoelectrodes is
challenging yet essential to developing durable devices for
practical solar fuel production.

The stability of photocatalysts and photoelectrodes has
received much less attention compared with efficiency, as
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demonstrated by the number of publications.”*** When
searching the combined topic ‘photocatalytic + stable’, 9057
results are presented while the number is 42 153 for ‘photo-
catalytic + efficient’ in the database of the Web of Science (08/
10/2022). Together with the long feedback loop of stability
measurements, the stability improvement experiences slow
progress.’>*® Recently, a ~3% solar-to-hydrogen conversion
efficiency has been reported on a tandem device using Cu,O as
the photocathode and BiVO, as the photoanode, but only 100 h
of stability has been demonstrated.’” Apparently, a 100 h (0.023
years, 12 h d ) durability of devices is far from the requirement
of a five-year lifetime for cost-competitive H, production.
Furthermore, the stability issue has been a major concern for
some of the most promising candidates, such as metal-organic
frameworks and metal halide perovskites.>'® Although consid-
erable effort has been devoted to improving the stability of
photocatalysts/photoelectrodes, the lack of systematic and
reliable stability assessment hinders the progress of stability
improvement.*** Therefore, the systematic, feasible and reli-
able procedure for stability appraisal is essential to advance the
development of durable devices towards photo(electro)catalytic
solar fuel generation.

Although numerous reviews/perspectives related to solar fuel
production have been reported, most of them focused on the
efficiency or strategies for stability improvement.»**** Up to
date, there is no consensus on the stability evaluation proce-
dure, even though this is a vital practice for the future devel-
opment of efficient and durable photo(electro)catalytic devices.
Here we present a critical discussion to address the stability
assessment of heterogeneous photo(electro)catalysts by taking
the solar-driven water splitting application as an example. This
work begins with a brief introduction of general measurements
for the photo(electro)catalytic water splitting. Next, we propose
a systematic process to evaluate the stability of photocatalysts
and photoelectrodes, and emphasise the purpose of the stability
evaluation. A deep understanding of the deactivation mecha-
nisms is critically important for stability improvement. Finally,
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we recommend performing the ‘accelerating test’ for the most
promising photocatalysts/photoelectrodes, together with some
strategies for stability improvement. This work will initiate the
establishment of the feasible and reliable stability assessment
of photo(electro)catalysts, and pave the way towards practical
solar fuel production.

2. Measurement of solar water
splitting

Here we introduce general measurements of photocatalytic (PC)
and photoelectrochemical (PEC) water splitting, of which the
operational conditions are important for the stability assess-
ment. Practical large-scale models of PC and PEC water splitting
share similar operational conditions, thus it is valid to transfer
the stability assessment conducted in laboratories to industrial
applications.” It is assumed that readers have the background of
the photo(electro) catalysis, especially heterogeneous photo(-
electro)catalysts for solar energy conversion. The fundamental
working mechanisms of the solar-driven photo(electro)catalytic
water splitting will not be described in this work. For detailed
processes of PC and PEC solar water splitting, we direct readers
to some excellent reviews.***

2.1 Photocatalytic (PC) water splitting

Particulate photocatalysts for the PC water splitting are usually
composed of light absorbers and co-catalysts for the hydrogen
evolution (HER) and/or the oxygen evolution reaction (OER),
respectively. A practical model of PC water splitting demon-
strated by Domen et al. is performed in panel reactors using

(a) (b)

Light absorber
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photocatalyst sheets (Fig. 1a), which shares the same mecha-
nism as that in the laboratory.® Generally, the PC water splitting
measurement in the laboratory is conducted in an air-tight
reactor with a light window on the topside (Fig. 1b).>* To
begin with, a certain amount of the particulate photocatalyst is
dispersed in water and transferred into the reactor. After sealing
the reactor and removing the air in the reactor via the vacuum
pump/gas purge, a solar simulator is put over the top of the
reactor as the light source. After lighting on, the HER and OER
occur simultaneously on the surface of photocatalysts.
Mechanical stirring is usually adopted to keep the suspension
of photocatalyst particles. In addition, a thermostat-controlled
system (cooling jacket) is necessary to minimise the light-
induced temperature fluctuation of the reactor during photo-
catalytic reactions. The amount of generated H, and O, is
analysed regularly using the gas chromatograph. However, most
photocatalysts are not capable of triggering the overall water-
splitting reaction due to thermodynamic/kinetic limitations.”®
Half photocatalytic water splitting reactions, namely HER and
OER, are usually conducted to evaluate the performance of
photocatalysts with the assistance of sacrificial agents (electron
donors for HER and electron acceptors for OER (Fig. 1c)).>®
Those photocatalysts can form Z-scheme systems with proper
redox couples (e.g., Fe*'/Fe’") or solid charge intermediator
(e.g, Au, graphene) to achieve overall water splitting.>”?®
Different from the overall water splitting reaction, H, or O, is
the only product recorded for the photocatalytic HER or OER,
respectively. Here the temperature, pressure, pH value of reac-
tion solutions and concentration of sacrificial agents have been
demonstrated to influence the efficiency and stability of
photocatalysts.*
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Fig. 1 Solar water splitting systems. (a) The predicted commercial model and (b) the general lab-used model for the PC-based overall water
splitting, respectively. (c) Half water splitting. HER: hydrogen evolution reaction, OER: oxygen evolution reaction. D: electron donor, A: electron
acceptor. (d) Possible commercial model for the PEC water splitting. (e) Unbiased photoanode-photocathode cell and (f) biased three-electrode

cell for the PEC water splitting, respectively. TC: transparent conductor,
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2.2 Photoelectrochemical (PEC) water splitting

The predicted practical model of the PEC water splitting is
based on an integrated system, in which the cathode and anode
are deposited on two sides of a piece of a transparent conductor
(TC) respectively to make an artificial leaf (Fig. 1d).”** Under
solar irradiation, H, and O, are generated from the cathode side
and the anode side, respectively. For general single photoanode/
photocathode, the light absorber is deposited on a conductive
substrate and then co-catalysts for target reactions are loaded
on the surface of the light absorber. An ideal PEC water splitting
process is that solar-powered HER and OER occur spontane-
ously on the photocathode and photoanode, respectively
(Fig. 1e).'72%3* However, it is challenging to match proper pho-
toanodes and photocathodes for unbiased water splitting, thus
external bias is applied in most of the case studies.’* Generally,
a three-electrode system is usually used to investigate the
performance of single photoelectrodes (Fig. 1f).** Taking the
photoanode as an example, the photoanode is defined as
aworking electrode (WE) to run the OER and the HER occurs on
the cathode, namely the counter electrode (CE). A fixed area of
the photoanode, where a large area (>1 cm?) is preferred for
practical applications, is exposed to a solar simulator. Different
from adding sacrificial agents in PC half-water splitting reac-
tions, the extra bias is applied to provide sufficient potential for
the water splitting reaction. Meanwhile, a reference electrode
(RE) is applied to calibrate the applied bias. Like all the other
electrochemical cells, conductive electrolytes are necessary for
the photoelectrochemical cell. Here the temperature and the
composition of electrolytes affect the PEC performance
significantly.”

3. Stability evaluation

The definition of ‘catalyst’ is a substance that alters the rate of
a chemical reaction but is itself unchanged at the end of the
reaction, according to the Oxford Dictionary. This definition
should also apply to photo(electro)catalysts, which are a branch
of catalysts.*® A stable photocatalyst/photoelectrode should
work normally under operational conditions without composite
changes (crystal structure and chemical formula) during its
lifetime. Therefore, the stability assessment should generally
include the long-term operating measurement and the charac-
terisation of structural properties of the applied materials after

View Article Online
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the durability test. A systematic process for the stability
assessment of PC/PEC devices is proposed to advance the reli-
able report of the stability of photocatalysts and photo-
electrodes (Fig. 2). For long-term testing, the stability of
photocatalysts/photoelectrodes should be reported by three
figures of metrics: run time, operational stability, and material
stability. The properties of the catalyst material should be fully
characterised, which mainly include morphology, crystal
structure, composition, and photoelectronic properties. Addi-
tionally, the reaction solution should also be investigated to
confirm the operational stability and material stability of pho-
to(electro)catalytic devices. More details will be discussed
below.

3.1 Long-term testing

3.1.1 Run time. When conducting the long-term measure-
ment, the first question is how long the stability test should last.
For the practical application of PC and PEC water-splitting
systems, at least a five-year lifetime (21900 h, 12 h d7%) is
required for photocatalysts/photoelectrodes.'” A stability test of
less than 24 h is usually too short to indicate what may happen
to photocatalysts/photoelectrodes after one year, while it is
impractical to conduct a five-year measurement. It seems that
the photocatalysis community has not reached a consensus on
how long the stability test should be performed.” A period of at
least 100 h is suggested for the early-stage stability assessment,
which is time-efficient and feasible in most laboratories.

3.1.2 Operational condition. Another important question
is the operational conditions for long-term testing. It is well
recognised the equal importance of stability and efficiency for
water splitting. Operational conditions, such as light intensity,
temperature, and loading amount of catalysts, not only influ-
ence the solar conversion efficiency but also make a significant
impact on the stability of photocatalysts and photoelectrodes,
of which the details will be discussed in section 4.2.2°3% Thus, it
is proposed to perform the long-term testing under a standard
condition as that proposed for the efficiency evaluation.*

3.1.3 Operational model. Various kinds of models have
been designed to assess the stability of photocatalysts and
photoelectrodes. The long-term photocatalytic measurement
with continuous light irradiation is a direct way to evaluate the
stability of PC water-splitting systems (Fig. 3a).***®* However, the
accumulation of gas products may result in reverse reactions

Photocatalyst Characterisation ——>| Long-termtesting { * Runtime
7y * Operational stability
 + Material stability
. Stability Deactivation Mo Constant productivity
improvement analysis
* Morphology
No Yes * Crystal structure
4 + Composition
ctahla Structure & property <«——! Characterisation |4 * Photoelectronicproperty
maintenance L . .
* Reaction solution

Fig. 2 Proposed stability assessment process of photocatalysts/photoelectrodes for solar fuel production.
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Fig. 3 Schematic models for stability measurement of the PC/PEC water splitting reaction. (a) Continuous and (b) cycling long-term stability
tests for the PC water splitting, respectively. (c) Intermittent and (d) continuous J—t curves of the photoanode in a three-electrode system,
respectively. (f) Comparison of detected gas products and calculated gas products from the photocurrent of photoelectrodes.

and impede the water-splitting reaction. Moreover, the
consumption of sacrificial agents will lead to a decrease in
reaction rate for half-water splitting reactions because an
optimal concentration of sacrificial agents usually exists to
achieve the highest reaction rate.*® It is not reasonable to add
sacrificial agents during continuous testing because it may be
difficult to identify the consumed amount of sacrificial agents.
Therefore, the cycling test is more appropriate for PC water-
splitting systems (Fig. 3b).**** The continuous test with
a certain period is defined as one cycle, and several to tens of
cycles can be run using the same photocatalyst. Before starting
a new cycle, gas products from the previous cycle can be
removed, while photocatalysts can be collected and redispersed
in fresh solutions. During the long-term measurement, the H,
evolution rate and O, evolution rate are the major descriptors of
stability. The H,/O, evolution rate should keep constant under
fixed reaction conditions. As for PEC water splitting systems,
the collection of intermittent j-¢ curves (Fig. 3c) is preferred
rather than continuous J-t curves (Fig. 3d), because product
removal and electrolyte refreshment should also be required
during the long-term testing.**** No obvious decrease in
photocurrent density usually demonstrates the operational
stability of photoelectrodes. In addition, the gas products
should be analysed to calculate the Faraday Efficiency (FE) of
photoelectrodes (Fig. 3e). A nearly 100% FE indicates an entire
utilisation of photogenerated charge carriers in water-splitting
reactions, except for e /h" recombination loss.” However,
some side reactions may compete with the water splitting
reaction, resulting in a less than 100% FE for the photo(electro)
catalytic water splitting.*®*”

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.2 Characterisation of photocatalysts/photoelectrodes and
reaction solution after testing

Although the constant productivity directly demonstrates the
stability of photo(electro)catalytic devices, it may not always
reflect the actual stability of photocatalysts/photoelectrodes. If,
for example, the self-decomposition of photocatalysts generates
the same product as the target catalytic reaction, the initial
instability of photocatalysts may be masked in this case.*®
Therefore, the characterisation of catalyst materials and reac-
tion solutions before and after durable testing is necessary to
identify the stability of photocatalysts/photoelectrodes.**
Detailed structure-property relationships are usually investi-
gated before the photocatalytic measurement to understand the
mechanisms of unique/excellent performance, while the char-
acterisation of photocatalysts/photoelectrodes after testing is
generally oversimplified.*>*>*® The catalyst materials of a pho-
tocatalyst/photoelectrode mainly include a light absorber and
co-catalysts for target reactions (HER/OER), which should be
investigated after the stability test.>® A systematic character-
isation of the structure and properties of photocatalysts/
photoelectrodes should include but not be limited to
morphology, crystal structure, composition, and photoelec-
tronic properties. In addition, the reaction solution should also
be investigated, which may indicate factors controlling the
stability of photocatalysts/photoelectrodes.®*

3.2.1 Morphology. Morphology change usually comes with
the degradation of photocatalysts/photoelectrodes.” Scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM) are powerful techniques to ascertain the
morphology of photocatalysts/photoelectrodes before and after

Chem. Sci, 2023, 14, 3415-3427 | 3419
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PC/PEC reactions. High-resolution SEM and TEM are even ready
to identify the local structure of materials at the nanoscale.** In
particular, the high-resolution TEM can add information on the
particle size and distribution of co-catalysts on the surface of
light absorbers.**** To evaluate the morphology of the group,
the specific surface area of particulate photocatalysts should be
measured by using the N, adsorption and desorption (Bru-
nauer-Emmett-Teller theory).**

3.2.2 Crystal structure. X-ray diffraction (XRD) is a typical
technique for the characterisation of crystal structures and
phases. For photocatalysts/photoelectrodes, the XRD pattern is
mainly related to the light absorber.”® The unchanged XRD
patterns of photocatalysts/photoelectrodes before and after PC/
PEC measurements usually demonstrate structural stability.*>>*
Catalyst materials with poor crystallinity or even amorphous
phase may be characterised using selected-area electron
diffraction (SAED) integrated with TEM.*® The detection of XRD
patterns of co-catalysts may be difficult, due to the relatively low
loading amount (0.05-5 wt%) and small particle size (>5 nm) of
co-catalysts.””

3.2.3 Composition. Compared to the direct morphology or
structural changes, surface reconstruction and the formation of
defects more easily occur during the water redox reactions.**>
Therefore, the composition of photocatalysts/photoelectrodes,
including the element ratio, the chemical state and distribu-
tion of all elements should be fully investigated after long-term
testing: (1) the inductively coupled plasma atomic emission
spectroscopy (ICP-AES), element analysis (EA), and X-ray
photoelectron spectroscopy (XPS) are recommended to
measure the element ratio of the tested materials;***>*® (2) the
X-ray fluorescence (XRF) and energy dispersive spectroscopy
(EDS) can collect the details of the element distribution; (3) the
combination of Raman spectroscopy and XPS can gain detailed
information about the chemical state of elements composed of
photocatalysts/photoelectrodes.®®*

3.2.4 Photoelectronic properties. The light absorption,
charge separation and transfer properties of photocatalysts and
photoelectrodes play a key role in the photo(electro)catalytic
water splitting. On the other hand, the morphology, crystal
structure, and composition changes of catalytic materials
usually have a significant impact on the photoelectronic prop-
erties of photocatalysts and photoelectrodes.*®*** Hence, the
characterisation of photoelectronic properties of photocatalysts
and photoelectrodes is indispensable to the stability assess-
ment. UV-vis spectroscopy and photoluminescence (PL) spec-
troscopy have been generally used to measure the light
absorption, charge separation and transfer, and the lifetime of
charge carriers of photocatalysts and photoelectrodes, of which
the data should be compared before and after the long-term
stability test.*"*>%°

3.2.5 Reaction solution. Undesirable side reactions,
unbalanced reaction rates between the HER and OER, and the
dissolution of photocatalysts/photoelectrodes may change the
pH value and composition of reaction solutions during long-
term testing." Thus, the investigation of the reaction solution
is important to confirm the operational stability and material
stability. The ICP-AES and liquid nuclear magnetic resonance
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(NMR) can be used to identify the components of the reaction
solution, while a pH meter rather than pH test strips is sug-
gested to detect the pH value of the reaction solution
accurately.>

4. |dentification of deactivation
mechanisms

We define the deactivation of photo(electro)catalytic devices as
a 50% decrease in productivity, which refers to classic catalytic
systems.”® The deactivation of photocatalysts and photo-
electrodes can be mainly divided into intrinsic instability of
catalyst materials and photo/redox-induced instability. Most
photo(electro)catalysts investigated show excellent intrinsic
stability, thus the identification of deactivation mechanisms
will focus on the photo/chemical-induced instability.”* The
photo-generated electrons and holes in semiconducting light
absorbers have been demonstrated to possess strong reducing
and oxidising potentials, respectively.** These electrons and
holes may reduce or oxidise the catalyst itself rather than drive
the HER or OER, namely photo-corrosion, causing the deacti-
vation of photo(electro)catalytic reactions.*®* The photo-
corrosion is becoming one of the main challenges in PC and
PEC water splitting with the continuous enhancement of effi-
ciency.****%* As stated by Landsmann et al., ‘A general strategy
can be applied: identification and analysis of loss mechanisms
in photoelectrodes and selection and deposition of specifically
designed materials to address these problems.’®* Therefore, we
would like to emphasise the purpose of long-term testing at the
early stage of the photo(electro)catalytic technology, which is to
find out possible unstable factors rather than demonstrate the
stability of targeted materials. Comprehensive character-
isations of deactivated photocatalysts and photoelectrodes and
a deep understanding of deactivation mechanisms play a key
role in guiding the photostability improvement of PC/PEC
devices.

4.1 Degradation of catalyst materials

The decrease of photocurrent and the H,/O, evolution rate
variation during long-term stability tests are generally derived
from the physical and/or chemical changes of photocatalysts/
photoelectrodes.'>*** The characterisation of deactivated
photocatalysts/photoelectrodes gain a fundamental under-
standing of deactivation processes under operational condi-
tions. A good model has been demonstrated based on the
GaN:ZnO solid solution for PC water splitting.>*

After studying the effect of reaction conditions on photo-
catalytic performance, the Rh,_,Cr,05/GaN:ZnO photocatalyst
showed stable water-splitting activity for 3 days (72 hjunder
optimal reaction conditions.®® To further investigate the long-
term durability of the Rh,_,Cr;0;/GaN:ZnO photocatalyst, the
photocatalytic overall water splitting measurement was con-
ducted within 0.5 years.’® The photocatalysts exhibited stable
photocatalytic activity for over 3 months (2160 h) while losing
50% of the initial activity after 6 months (Fig. 4a). Through
detailed characterisation of catalysts before and after the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a) Long-term measurement of Rh,_,Cr,O3/GaN:ZnO photocatalyst for overall water splitting under visible light. (b and c) Combination of
TEM and EDS analysis for the Rh,_,Cr,O3/GaN photocatalyst (b) before and (c) after deactivation. Reproduced from ref. 51, copyright 2012,

American Chemical Society.

reaction, the catalyst deactivation was mainly attributed to the
collapse of active sites (e.g., Rh,_,Cr,O;) for the HER and the
oxidation of the nitride component by holes, together with the
mechanical damage by stirring the reactant solution (Fig. 4b
and c). Meanwhile, “accelerated deactivation” was performed
using more intense light, of which the deactivation mechanism
was consistent with that of the 6 month deactivation test.
Furthermore, possible strategies have been proposed to
improve the stability of the Rh,_,Cr;0;/GaN:ZnO photocatalyst,
such as the reloading of Rh,_,Cr, O3 and the co-loading of co-
catalysts for the OER to retard the self-oxidation process.
Notably, it is suggested to investigate the degradation processes
of the material fabricated by different methods, which can find
out unstable factors induced by the material synthesis.®”
General PC/PEC water splitting processes convolve catalytic
activities with light absorption and charge transfer, meanwhile,
the photocatalyst/photoelectrode is a complex of the light
absorber and the co-catalyst.>** The multi-step process and
multi-component feature make it challenging to figure out
deactivation mechanisms by characterisations of deactivated
photocatalysts/photoelectrodes.®® Therefore, the delicate design
of characterisation experiments with the assistance of sophis-
ticated techniques provides a more accurate and thorough
understanding of deactivation processes.””®” Molybdenum
disulfide (MoS,), with excellent catalytic activity for the HER, is
regarded as one of the most promising candidates to replace Pt,
while the stability of metal sulphides is a major concern for
photocatalytic applications.® Atomic force microscopy (AFM) is
combined with micro-Raman spectroscopy to reveal the photo-
induced degradation of MoS, in fresh water. It is found that
edge sites of MoS, flakes are more vulnerable to photo-

© 2023 The Author(s). Published by the Royal Society of Chemistry

corrosion, compared to the basal plane (Fig. 5a and b). More
interestingly, the edge sites of single-layer MoS, are demon-
strated to be more robust than that of the multi-layer MoS,
(Fig. 5c-e). As a result, single-layer MoS, is preferred for PC/PEC
water-splitting applications. Another example is the compar-
ison of Ga-terminate and N-terminated GaN nanowires, which
identifies the relationship between atomic configuration and
the long-term stability of the p-GaN photoelectrode.” Sophis-
ticated characterisations clarify the essential role of nitrogen
termination in preventing GaN nanowires from (photo)oxida-
tion in air and aqueous electrolyte together with the efficient
hole extraction in p-GaN.

Recently, in situ or operando techniques have been emerging
as powerful characterisation methods to complement the
understanding of the degradation mechanisms of photo-
catalysts/photoelectrodes.®””>7> Typically, in situ electro-
chemical atomic force microscopy (EC-AFM) is applied to gain
more information on the photocorrosion of the BiVO, photo-
anode. It confirms the film-dissolution-induced degradation
and reveals nearly uniform etching on the surface exposed to
the electrolyte (Fig. 6a).” To further measure the dissolution
rate of photoelectrodes in operando, the combination of the
inductively coupled plasma mass spectrometry (ICP-MS) and an
illuminated scanning flow cell (SFC) is designed, which enables
time-resolved tracking of the dissolution rate of multiple
elements in various kinds of electrolytes (Fig. 6b).” Moreover, in
situ spectroscopies have been demonstrated to identify chem-
ical states of elements, local coordination geometries, and
radicals of photocatalysts/photoelectrodes under operational
conditions, including diffuse reflectance infrared Fourier-
transform spectroscopy (DRIFTS), surface-enhance Raman

Chem. Sci., 2023, 14, 3415-3427 | 3421
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Fig. 5 (aland bl) Optical microscopy (100x) and (a2 and b2) AFM images of exfoliated single- and trilayer flake of MoS, on a Si/SiO, substrate
before (top) and after (bottom) laser line scan immersed in the electrolyte. (c) Optical microscopy image (100x) of exfoliated single-(1L) and
trilayer (3L) MoS, on a Si/SiO, substrate. (d) Monochromatic reflectivity map of before (left) and after (right) a laser scan in the electrolyte of the
region of interest (ROI) defined in (c). (€) Raman spectra of the spots marked in (d) of untreated, unaffected, and photodegraded regions.
Reprinted with permission from ref. 61, copyright 2015, American Chemical Society.

spectroscopy (SERS), irradiated X-ray photoelectron spectros- techniques provide crucial information to recognise the early-
copy (XPS), X-ray absorption spectroscopy (XAS), electron para- state degradation of photocatalysts/photoelectrodes, such as
magnetic resonance (EPR) and so on.”*”® These operando the formation of electronic defects. In addition, computational
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Fig. 6 (a) In situ EC-AFM images of the BiVO,4 photoanode. Three coloured boxes represent area 1 (yellow), area 2 (green) and area 3 (blue), of
which operando scans are recorded in detail. Reprinted with permission from ref. 67, copyright 2016, Nature Publishing Group. (b) Schematic
combination of the inductively coupled plasma mass spectrometry (ICP-MS) and the illuminated scan flow cell (SFC). Reprinted with permission
from ref. 71, copyright 2018 Elsevier B.V.
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methods have been developed to analyse the photocorrosion of
photocatalysts/photoelectrodes in recent years.®” It is important
to note that photocatalysts/photoelectrodes should be charac-
terised under conditions related to the practical devices.

For photocatalysts and photoelectrodes, the stability of light
absorbers and co-catalysts is usually investigated separately.
However, the relationship between the light absorber and the
co-catalyst determines that they will affect the stability of each
other. The decomposition or dissolution of light absorbers has
been demonstrated to loosen the interfacial structure between
the light absorber and the co-catalyst or even detach the co-
catalyst from the light absorber, resulting in the deactivation
of the photo(electro)catalytic activities.*® On the other hand, the
loading of proper co-catalysts on the surface of light absorbers
promotes charge separation and accelerates the consumption
of charge carriers for the water splitting reaction, which allevi-
ates the charge-carrier-induced photocorrosion of light
absorbers.”” Therefore, evaluating the stability of photocatalysts
and photoelectrodes in their entirety is necessary to gain a full
picture of the deactivation mechanism.

4.2 Impact of the operational environment

The degradation process is the interaction between active
materials and environmental stimulations, which mainly
include light intensity, O,, pressure, reaction solution and
temperature for the solar-driven water-splitting reaction.* In
turn, proper control of the operational environment is possible
to stabilise the photocatalysts/photoelectrodes.”® Thus, envi-
ronmental stimulations should be analysed together with active
materials when investigating the deactivation of photocatalysts
and photoelectrodes. Generally, environmental stimulations do
not work independently but are affected to a greater or lesser
extent by each other (Fig. 7).2°*>% The deep understanding of
how environmental stimulations influence the stability of
catalyst materials is essential to guide the design of durable PC/
PEC devices.

Light

@_ EC

Fig. 7 Schematic illustration of the relationship between the photo(-
electro)catalyst stability and various environmental factors. EC: elec-
trolyte composition.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.2.1 Light intensity. The light intensity has been demon-
strated to influence the PC/PEC performance remarkably, which
is why a solar simulator with one-sun intensity (AM 1.5G, 100
mW cm?) is recommended to mimic the sunlight irradiation
for standard measurements.*® However, understanding the
impact of light intensity on the photo-corrosion of
photocatalysts/photoelectrodes is necessary to reveal the deac-
tivation mechanisms. Strong light intensity usually results in
fast reaction rates, due to the enhanced number of photo-
excited charge carriers. In other words, the high intensity of
the light may speed up the photo-corrosion compared to that of
sunlight. In addition, ultra-violet (UV) light has been demon-
strated to aggravate the decomposition of materials, such as
metal halide perovskites.”

4.2.2 0,. O, has been demonstrated as an unstable factor for
most metal sulphides and metal (oxy)nitrides.****® Reactions of O,
with water and photo-generated electrons/holes result in the
formation of reactive oxygen species, including superoxide anion
radical, singlet oxygen, hydroxyl radical, and hydrogen peroxide.*
These reactive oxygen species have been shown to oxidise metal
sulphide/nitride materials.** The O, source mainly includes dis-
solved O, from the air and produced O, from the photocatalytic
water oxidation reaction.' The solubility of O, in pure or fresh
water is about 9 mg L ™" at 25 °C, which decreases with the rise of
temperature.® Proper strategies have been developed to remove
the dissolved O, from water, while the production of O, on the
surface of photocatalysts/photoelectrodes seems to be inevitable
for the PC/PEC water splitting.*

4.2.3 Pressure. According to Henry's law, the lower pres-
sure, the lower the H,/O, solubility in water.** An enhanced H,/
O, evolution rate is detected with the decrease of the pressure in
the reactor, which is attributed to the fast release of H, and O,
from the aqueous solution and the inhibition of the back
reaction between H, and O,."** Moreover, the lower pressure
results in less dissolved O, from the air in water.®? It seems that
a low-pressure environment is preferred for high efficiency and
stability. However, the operation of the PC/PEC water splitting
under atmosphere pressure should be pursued to minimise the
setup and operation costs.

4.2.4 pH value. Theoretically, PC and PEC water splitting
can be conducted in pure water and neutral aqueous electro-
Iytes, respectively, but it is not always the case. Most photo-
catalysts and photoelectrodes work at a proper pH range and pH
buffers are usually used to maintain the pH values during the
PC/PEC water splitting measurement.®*”>#* The identification of
a proper pH range for specific photocatalysts/photoelectrodes is
necessary to improve long-term stability.*>*¢

4.2.5 Electrolyte composition (EC). The composition of
aqueous solutions has a significant impact on the stability of
photocatalysts/photoelectrodes.”®” The composition engi-
neering of electrolytes has been demonstrated to slow down or
even inhibit the photo-corrosion of photocatalysts and photo-
electrodes.”?” Compared with the PEC water splitting, the
composition of aqueous solutions for the PC water splitting has
attracted much less attention, which may provide significant
influence on the photocatalytic performance.>***
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4.2.6 Temperature. According to the Arrhenius equation,
increased temperature not only promotes target reactions but
also accelerates photo-corrosion reactions, and vice versa.*
Meanwhile, the temperature-dependent electron-hole recom-
bination kinetics should be taken into consideration because
the increased temperature has been demonstrated to promote
non-radiative recombination.®*"** In addition, the solubility of
H, and O, in water decreases with increasing temperature.*
Therefore, the proper control of the light-induced heating is
required to make a balance between efficiency and stability.

4.2.7 Others. In addition to the general environmental
stimulations, some factors for specific reactions should also be
taken into consideration, such as mechanical stirring, sacrifi-
cial agents, and applied bias. Long-term mechanical stirring of
the reactant solution has been identified to contribute to the
deactivation of PC water splitting by damaging the surface of
photocatalysts, which may loosen the contact between light
absorbers and co-catalysts, and produce charge recombination
centres.” > Therefore, the fabrication of photocatalyst sheets is
highly desirable to avoid the impact of mechanical stirring.*®
For half-water splitting reactions, sacrificial agents have shown
significant influence on the stability of photocatalysts, which
may be attributed to the pH value and the redox potential of
different sacrificial agents.”® The applied bias for PEC water
splitting has been demonstrated to be a driving force for the
photocorrosion of photoelectrodes, which should be well
investigated to understand the deactivation mechanism.”

5. Conclusion and outlook

The conclusions section should come in this section at the end
of the article, before the acknowledgements. The stability
challenge of the photo(electro)catalytic devices becomes
a major obstacle towards practical solar fuel production. A
reliable report of stability results is a prerequisite for the
stability improvement of photocatalysts/photoelectrodes. To
address the stability challenges effectively, we propose
a systematic process for the stability evaluation of photo(-
electro)catalytic devices, which is expected to advance the reli-
able evaluation and report of stability results from different
laboratories. Furthermore, the purpose of the early-stage
stability evaluation is mainly to understand the deactivation
mechanisms of photocatalysts/photoelectrodes, which will lay
the foundation for the mitigation of unstable issues. Therefore,
delicate development and design of experiments and ex/in situ
techniques are necessary to enable a comprehensive under-
standing of the deactivation mechanisms of photocatalysts/
photoelectrodes. Particular attention should be paid to the
impact of the operational conditions on the stability of pho-
to(electro)catalytic devices. This work is expected to initiate
wide and intensive debates on stability assessment among the
photo(electro)catalysis community, which will ensure contin-
uous and meaningful improvement in this area of research.
Further suggestions are proposed to address the stability chal-
lenges of photo(electro)catalysts.

The longterm stability assessment is
consuming, and the long feedback loop

time/resource-
impedes the
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development of stable photo(electro)catalytic devices towards solar
fuel production. Therefore, the long-term stability assessment
should be reserved for the most promising catalyst candidates,
which have the best combination of stability and efficiency.
Another possible strategy is to shorten the feedback loop by
running the ‘accelerating test’, which has been demonstrated by
some pioneering works.” For instance, the replacement of visible
light with intensive UV light speed up the deactivation of the
Rh,_,Cr;05/GaN:ZnO photocatalyst from a period of 4320 h to less
than 100 h.”* Since the mechanisms of deactivation probably are
not the same for different photocatalysts/photoelectrodes and are
not yet thoroughly understood, it is not clear what acceleration
factors are important. Continuous effort is required to clarify the
deactivation mechanisms before reliable ‘accelerating tests’ can be
performed.

Based on the understanding of deactivation mechanisms,
the ongoing development of effective strategies is required to
improve the stability of photocatalysts/photoelectrodes. As dis-
cussed in section 4, the photocorrosion of photocatalysts/
photoelectrodes is mainly caused by the accumulation of
photo-excited charge carriers. Therefore, the fast extraction of
photo-generated electrons and holes from active materials
should inhibit photocorrosion effectively. Facet engineering is
a promising strategy to improve stability, due to the facet-
dependent charge separation, catalytic activity, and
stability.”*** In addition, the electron transfer layer and hole
transfer layer in perovskite solar cell devices may be a good
reference for charge extraction.” Moreover, the delicate design
of co-catalysts should be pursued to accelerate water redox
reactions and enhance the charge consumption rate.'* Mean-
while, photo-corrosion mostly involves the contact of active
materials with water/electrolyte/O,. Thus, surface coating may
be a proper strategy to isolate active materials from those
unstable factors. With proper coating layers, metal halide
perovskites can work as photoelectrodes for water splitting.®®
Facial methods and advanced materials for surface coating are
desirable to make durable and cost-effective photo(electro)
catalytic devices.”” If a substantial fraction of the photo(electro)
catalysis community continues to address the stability chal-
lenges of photo(electro)catalysts, it is believed that the advanced
technology of photo(electro)catalytic solar to fuel conversion
will emerge much faster.
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