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ABSTRACT: Metal—halide perovskites transformed optoelectronics research and development during the past decade. They have
also gained a foothold in photocatalytic and photoelectrochemical processes recently, but their sensitivity to the most commonly
applied solvents and electrolytes together with their susceptibility to photocorrosion hinders such applications. Understanding the
elementary steps of photocorrosion of these materials can aid the endeavor of realizing stable devices. In this Perspective, we discuss
both thermodynamic and kinetic aspects of photocorrosion processes occurring at the interface of perovskite photocatalysts and
photoelectrodes with different electrolytes. We show how combined in situ and operando electrochemical techniques can reveal the
underlying mechanisms. Finally, we also discuss emerging strategies to mitigate photocorrosion (such as surface protection, materials
and electrolyte engineering, etc.).

1. INTRODUCTION surface hydroxyl groups of 7n0,”® or the interaction with the
dopants from the organic hole-extraction layers are all relevant
examples.”’ The effect of these factors on the stability and
performance of PC/PEC systems is yet to be understood, not
even mentioning the role of liquid electrolyte present.

Decomposition pathways of perovskites are regarded as
purely chemical in nature, involving at least one external reactant
species (such as H,0 or O,)."* Light can further accelerate the
decomposition process (by photogenerated charge carriers) or
even open additional degradation pathways (that involve redox
reactions).””** Furthermore, under operating conditions, the
presence of electric field and the accumulation of charge carriers
at different interfaces cannot be neglected.'***** Notably,
significant ion traffic was observed even in the case of solid/solid
interfaces. While the perovskite constituents often migrate deep
into the charge extraction layers, reactive degradation products
(such as L) can corrode the back contacts, leading to device
failure.”**” Simultaneously, the organic cations (such as
CH;NH;" (MA")) can be electrochemically reduced forming
volatile products.” In the case of PC/PEC devices, a further
complication arises because of mass transfer through the SC/
liquid junction. Specifically, migrating ions can leave the
perovskite lattice and dissolve in the solution, making the
light-driven processes irreversible.”* ™" Combined electro-
chemical techniques are powerful tools to study these corrosion
events in a fast and reliable manner. Once the elementary
processes are uncovered, effective corrosion-mitigation strat-
egies can be developed.

While photocorrosion studies on perovskites are still absent,
much can be learned from precedent work on other SCs.*”

Photovoltaic (PV), photocatalytic (PC), and photoelectro-
chemical (PEC) systems offer the promise to efficiently convert
solar energy either directly to electricity or to industrially
relevant chemicals and fuels.' The active component is a
semiconductor (SC) that can generate free charge carriers under
illumination with higher energy than the bandgap (hv > Egg).
The major differentiator between PV and PC/PEC applications
is the type of interfaces employed to extract and utilize these
charge carriers. In PC/PEC devices, a SC/liquid interface is
present that adds more functionality (and complexity)
compared to the solid/solid interfaces in PV technologies.
Even though the pioneering studies on illuminated SC/liquid
interfaces date back to the 1970s, an industrially relevant
photocatalyst/photoelectrode still remains elusive (apart from
the use of TiO,-coated self-cleaning surfaces).”

Metal-halide perovskites (referred to as perovskites) possess
optoelectronic properties that makes them ideal in solar energy
harvesting, such as large extinction coefficient,™* large carrier
diffusion length and lifetime,™° tunable bandgap,7’8 and mild
synthesis conditions.” Perovskite PVs have already reached a
certified efficiency of 25.5%, which can be boosted to 29.1%
when applied in tandem with Si."’ This performance, however,
has not been translated to their photocatalyst/photoelectrode
counterparts.'’ Unfortunately, perovskites are extremely
sensitive to most environmental factors (e.g., oxygen, moisture,
heat, UV light, and especially the combination of these),'” and
this instability still inhibits and complicates their practical use
(even in the field of PVs). Degradation of perovskites is generally
considered to be a surface- or interface-initiated process that
propagates toward the bulk material.'>'* So far, the composition
and morphology of the perovskite layer (grain boundaries),"
choice of device constituents (charge extraction, electrode, and
encapsulation layers)'® and the passivation of various interfacial
defects were scrutinized in this regard.'” Charge extraction
layer/perovskite interfaces also influence the corrosion path-
ways.'#'® UV light activated surface trap states of TiO,," the
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During corrosion, either complete self-decomposition or the
formation of active or inactive surface layers can occur. We can
approach the underlying processes from a thermodynamics
perspective (i.e., whether it can happen or not); however, the
convoluted reaction kinetics (i.e., multiple steps, chemical
transitions) must also be considered. Corrosion events can be
divided into four categories: (i) chemical, where no net charge
transfer occurs at the interface; (ii) electrochemical, where the
selectively injected charge carriers induce corrosion; (iii)
photoelectrochemical, where the photoexcited minority carriers
are predominantly responsible for the corrosion; (iv) photo-
chemical, where both the minority and majority charge carriers
can induce chemical changes. In the case of photochemical
corrosion there is no external driving force that removes the
majority carriers (as opposed to photoelectrochemical corro-
sion). Therefore, a larger fraction of majority carriers can reach
the photocatalyst surface and can induce corrosion processes.

In this Perspective, we discuss the last three corrosion
processes from the above list, highlighting the peculiar features
of perovskites. First, we present some general thermodynamic
and kinetics aspects of photocorrosion. Selected examples of
corrosion processes of perovskite photocatalysts and photo-
electrodes form the main body of the article, where photo-
(electro)catalytic and photo(electro)synthetic examples are
both scrutinized. This is followed by a compilation of in situ/
operando methods, which provide mechanistic insights with
spatial and temporal resolution. Finally, we discuss possible
mitigation strategies, which also outline future research and
development avenues.

2. GENERAL CONSIDERATIONS

2.1. Thermodynamics of Photocorrosion. During
electrochemical charge carrier injection, the effect of one type
of charge carrier (i.e., electron or hole) can be probed selectively.
In stark contrast, under light illumination, both electrons and
holes are generated in SCs simultaneously, and both can induce
(photo)corrosion. By comparing the electrochemical potential
of these charge carriers (conduction band (CB) position for
electrons and valence band (VB) position for holes) with the
redox potential of the respective decomposition reaction, the
stability of the SC can be evaluated.”” > During anodic
(oxidative) corrosion reactions, the potential of holes should be
more negative (on the vacuum scale), than the decomposition
potential of the SC (eq 1). Meanwhile, for cathodic (reductive)
corrosion reactions, the potential of electrons should be less
negative than the decomposition potential (eq 2). Figure 1
illustrates the four different scenarios: (A) stable against overall
photocorrosion, (B) susceptible to cathodic corrosion, (C)
susceptible to anodic corrosion, (D) sensitive toward both
cathodic and anodic corrosions. Based on this classification, the
prototypical MAPbI, likely falls into the B category, where the
direc;c( decomposition proceeds through cathodic photocorro-
sion.™
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The band diagram of a p-type SC electrode (category B,
common case for perovskites) is shown in Figure 2. Under
equilibrium conditions (without illumination), the Fermi level
(Eg) of the SC and the redox potential of the electrolyte (E,.qo,)
equalizes (Figure 2A). Under illumination, the quasi-Fermi level
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Figure 1. Photocorrosion stability of SCs based on the position of the
decomposition potentials relative to the band edge energies. (A) Stable
against photocorrosion, (B) stable against anodic but susceptible to
cathodic corrosion, (C) stable against cathodic but sensitive to anodic
corrosion, and (D) sensitive toward both cathodic and anodic
corrosion. Adapted from ref 33 with permission from Elsevier,
copyright 1977. ,E and _E stands for negative and positive charge
induced decomposition process, respectively.

of electrons deviates from the equilibrium value (Figure 2B). In
the case of a slow redox reaction the surface concentration of
electrons, and thus the quasi-Fermi levels are only slightly
affected. In this situation, both the cathodic corrosion and the
redox reaction can occur simultaneously. Therefore, stability can
only be achieved if the corrosion kinetics is slow (scenario 1). If
the redox reaction is fast, however, it can consume the surface
electrons to such an extent, that the quasi-Fermi level drops
below the electrochemical potential necessary to induce
cathodic corrosion (scenario 2).

In realistic situations, perovskite surfaces are not perfectly flat
on the atomic scale and contain various surface structures (e.g,
grain boundaries, dislocations, terraces, and valleys).37 Such
structural features are pronounced in nanostructured materials.
As the coordination of the atoms occupying these surface
imperfections is lower, compared to the ones situated in the
bulk, they become thermodynamically more susceptible to
corrosion. These sites can be the initiators of the corrosion
processes, which proceed in an accelerated fashion as the surface
becomes more defective in the process. It is difficult to predict
the exact corrosion potential of these sites, as it requires the
complete understanding of the corrosion mechanism. Fur-
thermore, these states can also act as recombination centers,
promote dark reactions, or even cause Fermi-level pinning.*”
Finally, the species present in the electrolyte can coordinate to
these surface atoms weakening their back-bonds to the bulk and
ultimately changing their corrosion potential.>® At the same
time, nanostructured perovskites can also offer beneficial
properties that increase efficiency such as (i) short or directional
charge carrier collection, (ii) tunable light distribution, (ii)
quantum size effects, and (iv) increased surface area.’”*’

2.2. Kinetics of Photocorrosion. Different kinetic models
were developed to describe the mechanism of photocorrosion
and to evaluate the photostability of SCs.*' These models
exclusively focus on hole-induced decomposition (anodic
decomposition) and also take into account the charge carrier
generation and recombination (surface or bulk) processes. As
multiple participating species*”*’ and interdependent steps**
can be involved in the overall reaction scheme, it often becomes
complex. Models rely on the description of the stepwise breaking
of the back-bonds of surface atoms (following charge carrier
generation). In the initial step, charge carriers generated in the
bulk are captured by these back-bonds. In a subsequent chemical
step, a component of the electrolyte stabilizes the radical-like
intermediate. The capture of a second charge carrier results in
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Figure 2. (A) p-type SC electrode in the dark in contact with an electrolyte with a redox active species (E,q,,) present, showing a depletion layer with
arbitrary depth. (B) p-type SC electrode under illumination and in contact with an electrolyte with a redox active species, where the redox reaction is
(1) slow and (2) fast. Adapted from ref 35 with permission from Royal Society of Chemistry.

the cleavage of the back bonds of the surface atoms, resulting in
decomposition. Some sophisticated models consider these
intermediates to be mobile on the surface.*”** These elaborate
models have im_})ortant implications for perovskites, where light
irradiation,*™* applied electrical bias,"**™*° or heat®" induce
halide ion migration even within the perovskite lattice. Further
complications arise when solution chemistry considerations
(e.g, complexation, solution phase equilibria, multigle charge
carrier redox processes) are taken into account.”**7%° A
detailed discussion of the different steps is given in the SI.
Although these studies were exclusively conducted on single
crystal surfaces, the profound effect of surface imperfections on
the corrosion rate was realized early on.>*>*’

The stabilization effect of redox couples can also be included
in kinetic models, as either competing reactions for surface
charge carriers or reactants that regenerate the partially broken
surface bonds. Generally, the stabilization efficiency of a given
redox pair is light intensity dependent.”**®*” As the light
intensity increases, the branching ratio between photocorrosion
and the redox reaction shifts in favor of the decomposition
process. In comparison, the stabilization efficiency of redox
couples in the case of layered 2D materials was independent
from the light intensity.*® This behavior was explained by (i) the
reversibility of the first charge carrier capture step and (ii) the
fact that orbitals involved in driving the redox reaction, were not
involved in bond formation.”* Similar enhanced stability was
found for 2D perovskites compared to their 3D counterparts.*’

Importantly, redox couples cannot be used (unless as
mediators) in solar chemical or fuel production scenarios, as
their presence will also suppress the desired reaction. In these
situations, the kinetics (i.e., the branching ratio) will determine
the degree of suppression. Therefore, the “holy grail” would be
to drive an industrially relevant redox reaction that simulta-
neously is able to suppress photocorrosion. The thermodynamic
criteria toward this reaction (i.e., redox potential) is ultimately
limited by (i) the band positions, (ii) the corrosion potentials,
and (iii) the bandgap of the perovskite.”' At this point, it is
important to distinguish between photo(electro)catalytic or
photo(electro)synthetic processes.””> Light-driven reactions
that are thermodynamically “downhill” (AG < 0) can be termed
photo(electro)catalytic, while thermodynamically “uphill” (AG
< 0) reactions are considered photo(electro)synthetic pro-
cesses. In the case of photo(electro)catalytic systems, no net
energy is stored in the formation of chemical bonds, the role of
light is only to accelerate the otherwise sluggish reaction.

3. SPECIFICS OF PEROVSKITE PHOTOCORROSION

Perovskites are nonconventional intrinsic semiconductors.
Through the introduction of cation vacancies (lead and
methylammonium) p-type behavior can be achieved, while
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from the presence of anion vacancies (iodide), n-type behavior
can be achieved.”® These defect sites can also be formed at the
charge extraction layer/perovskite interfaces during the
operation of solar energy conversion devices, pointing toward
the active ion conducting nature of these materials.”* The anion
in the perovskite lattice affects the activation energy of ion
migration, because of the difference in the Pb—X bond strength
and the vacancy density (which are the active participants in ion
migration).65 For example, halide ion migration is more
pronounced in MAPbI; compared to MAPbBr;. Interestingly,
the migration of MA" is also faster as a result of the expanded
lattice of MAPbI,.®> While these mobile ions in the “soft”
perovskite lattice are the main reasons behind the instability,
they also allow the synthesis of perovskites with defect-free bulk
structure using solution phase processes.” Furthermore, these
mobile ions are found to be the key reason for the self-healing
properties of perovskites.”® The ambipolar charge carrier
transport (with charge carrier diffusion length in the micrometer
range) allows efficient electron or hole extraction from the bulk.
Therefore, both oxidation and reduction reactions can be driven
on perovskite surfaces, especially when appropriate charge
extraction interfaces are used.”’

3.1. Corrosion of Perovskite Photocatalysts. To enable
efficient PC or photosynthetic reactions, photogenerated charge
carriers must be efficiently transported to catalytic sites where
they must live long enough (without recombining) to be
consumed in the catalytic reactions. Consequently, the long
charge carrier diffusion length®® and lifetime®® coupled with the
suppressed surface recombination®® of perovskites sparked an
interest in their possible PC application. Furthermore, by
incorporation of different anions into the perovskite structure,
the band edge position can be tailored, to activate (oxidize or
reduce) different organic substrates. This allows fine-tuning of
reaction mechanisms.”””" The stability of perovskite-based PCs
has been exclusively assessed through monitoring the product
output and occasionally performing postrun measurements (X-
ray diffraction (XRD), energy-dispersive X-ray microanalysis
(EDX), X-ray photoelectron spectroscopy (XPS)).

3.1.1. CO, Reduction. In PC CO, reduction, mild polarity
solvents such as ethyl-acetate’””"® or acetonitrile”>”’” have
been used as the media to ensure the stability of the perovskites.
A further advantage is that CO, is highly soluble in these
solvents (240 mM in ethyl acetate’” and 270 mM in
acetonitrile””). Interestingly, small quantities of water (<0.3%
v/v) was also added as a proton source and hole scavenger,
without seemingly compromising the stability. The other half
reaction in such PC systems is oxygen evolution from the added
water.”” This aspect is often overlooked, although both water
and oxygen can compromise the stability of perovskites.

https://dx.doi.org/10.1021/jacs.0c10348
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Figure 3. (A) Illustration of the mechanism of photocatalytic benzyl alcohol oxidation process over TiO,/FAPbBr; heterojunction. (B) Recyclability
of FAPbBr; and 15% FAPbBr;/TiO, in the photocatalytic oxidation of benzyl alcohol. Reproduced with permission from ref 83. Copyright 2018

American Chemical Society.

Interestin;ly, the catalytic performance was relatively stable for
hours.”*~"*

PC CO, reduction was boosted by tailoring the shape of
CsPbBr; quantum dots. Through the introduction of
thermodynamically less favored facets, enhanced CO and CH,
generation was detected. After PC experiments, the facet
distribution was altered, yet the catalytic output remained
stable.”® Fe(II) incorporation into CsPbBr; was also performed
to control the product distribution, but most of the Fe(Il)
leached out from the perovskite structure during the experi-
ment.”* In the case of a MAPbI;/Fe-based metal—organic
framework (MOF), the hybrid material was more stable than the
MOF itself.

A heterojunction of g-C;N, and CsPbBr; nanocubes (NCs)
was prepared to enhance the efficiency of charge separation.
Poor recyclability was observed when the hybrid PCs were
prepared via simple physical mixing.”” When the CsPbBr; NCs
were anchored on amino functionalized g-C;N, through N—Br
bonds, better adhesion and recyclability were achieved.”” Similar
grafting strategies were employed in the case of graphene-oxide/
CsPbBr; NC' and MXene/CsPbBr;.”* A common feature of
these studies is the slight decomposition of the ethyl acetate
solvent or the ligand shell, which might form CO or CH, during
the PC reaction.”*”®”” While considered “insignificant” in the
studies, the resulting reactive reaction products can be either
participants in the CO2R reaction (like the scavengers in water
splittin§80) or detected as reaction products (e.g, CO and
CH,).”® The contribution of these unintended side reactions
shall be quantified. Furthermore, there are no experiments on
the formation of liquid phase products. Currently isotope
labeling studies are only carried out in a small fraction of the
studies.””~"” Such protocols for both reduction (C'*0,)*" and
oxidation (H,0'®)" reactions are well-established. Further-
more, the PC CO,R mechanism on perovskite NCs is still
unknown, and simply observing steady product generation is not
a sufficient indicator of stability.

3.1.2. PC Reactions in Organic Synthesis. A perovskite-
friendly environment has to be ensured during PC organic
syntheses as well. Different co-reactants and various inter-
mediate ?roducts can all compromise the stability of the active
material.”** Highly nonpolar solvents have to be used (e.g,,
dichloromethane (DCM), hexane, toluene) that are rigorously
purified from water and stabilizing agents.”” Interestingly, upon
prolonged illumination (>24 h), the decomposition of DCM can
yield chloride ions, which also participate in halide ion exchange

with the perovskite.”"** Even easier halide ion exchange occurs
using the halide salt of organic reactants.”’ This can change the
band edges of perovskite NCs during the PC reaction in situ,
opening new reaction pathways.”" Acid binding on perovskite
surfaces can passivate surface defects that participate as active
sites in the organic reaction.*> The C—C bond formation
between tertiary amines and aldehydes is dependent on the
acidity of compounds in the reaction mixture.”" Furthermore,
smaller sized perovskite NCs had higher initial reaction rate
(due to the increased surface area) but their catalytic activity
diminished quickly.”' These alterations can be monitored
following the shift in the photoluminescence peak, the UV—
vis absorbance onset, and the reflections on the XRD patterns.

Various perovskite-based heterojunctions (both type Il and Z-
scheme) were employed for the photooxidation of benzyl
alcohol to benzaldehyde.****®” In the type II case, the
perovskite acts as a sensitizer that inéjects photoexcited electrons
to the CB of TiO, (Figure 3A).** These electrons react with
molecular oxygen and form reactive superoxide radicals. The
holes, remaining on the VB of perovskite, oxidize benzyl alcohol
to carbocations. These react in a subsequent step with the
superoxide radical, forming initially benzyl aldehyde and
ultimately benzoic acid. In these PC reactions, only bromide-
based (or chloride) perovskites are viable as the iodide-based
counterparts are sensitive to the formed superoxide radical (eq
3). The superoxide radical can deprotonate the organic cation in
the perovskite lattice and oxidize the iodide in the lattice forming
iodine (which can be released into the solution phase).
Importantly, this reaction also forms the basis of the light and
oxygen induced degradation of perovskite solar cells.*”

deprotonation

4CH,NH,PbL, + O,°” ———— 4CH,NH, + 4Pbl,
+ 21, + 2H,0 (3)

At its current state, all perovskite photocatalysts show poor
recyclability; an example is shown in Figure 3B.*** The
formation of the polar reaction product (benzaldehyde) can also
degrade the catalysts, as shown in the case of FAPbBr;.*
CsPbBr; recycling experiments showed fading after 4 h, while
the benzyl alcohol conversion decreased from 21% to 13%. In
this case, the activity decrease was attributed to the loss of
catalytically active sites.*

A Z-scheme heterojunction was formed in the case of
Bi,WO,/FAPbBr,.*” Upon photoexcitation and subsequent
vertical charge separation, the electrons in the perovskite CB

https://dx.doi.org/10.1021/jacs.0c10348
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Society.

drive CO, reduction to CO, while the holes in the VB of Bi;WO,
facilitate direct benzyl alcohol oxidation, skipping the super-
oxide formation step. The product evolution rates did not match
the expected 1:1 stoichiometry, and superoxide formation from
0, was also shown.®” Furthermore, the pristine FAPbBr,
showed signs of degradation, yielding CO, which calls for
turther studies. Perovskite PCs with varying amount of iodide
vacancies were also evaluated in the PC degradation of organic
compounds, and the beneficial role of iodide vacancies via the
increased production of radical O,*~ species was claimed.*”
Surface termination can also play a role in the PC
performance.”” When MAPbI; was used for the PC conversion
of 1,3-dihydroxyacetone to butyl lactate, MAI and Pbl,
terminated surfaces were synthesized. The MAI terminated
surface corroded rapidly to expose Pb(II) sites, which are
photocatalytically active in the reaction. As expected, the
catalytic activity initially increased but soon diminished as
MAPDI; was converted to PbL,.”" The importance of surface
characteristics was further highlighted when poly(3,4-ethyl-
enedioxythiophene) (PEDOT) was deposited on the surface of
CsPbBr,I,_, NCs.”"”> When the oleic acid in the shell was
replaced with methyl acetate, faster PEDOT deposition was
achieved, due to the increased number of surface defects and the
shorter ligand shell. The importance of the ligand shell in PC
reactions was further demonstrated when the reduction of
ferrocenium* (Fc*) was only observed when the oleic acid/oleyl
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amine was exchanged to didodecyldimethylammonium bromide
(in the case, the spontaneous reduction of Fc* occurred).”

3.1.3. Hydrogen Evolution from Hydrogen Halide Sol-
utions. When MAPbX, interacts with water, monohydrate (eq
4) and dihydrate (eq 5) phases are formed.”* This is followed by
the decomposition of the perovskite lattice, ultimately yielding
insoluble PbX,.

4CH,NH,PbL; + 4H,0 = 4[CH,NH,Pbl;-H,0] (4)
4[CH;NH,PbL,-H,0] = (CH,NH,),Pbl;-2H,0 + 3Pbl,
+ 2H,0 (5)

These chemical corrosion steps are the basis of the moisture
sensitivity of perovskite-based devices. In aqueous media, in the
presence of X7, different soluble plumbate complexes form
(mainly [PbX;]~ and [PbX,]*") from the water-insoluble PbX,.
In concentrated aqueous hydrogen halide solutions, these
plumbate complexes form MAPbX;, rather than the corrosion
products (i.e, PbX, or the hydrated species). This dynamic
equilibrium (illustrated in Figure 4A) between the corrosion
(dissolution) and the reformation restructures the surface of the
perovskite particles.”” The precipitation of the perovskite occurs
in a narrow pH and [X~] window (Figure 4B). The favorable
band positions of perovskites (see also Figure 9) make these
pseudostable systems capable of driving PC hydrogen evolution
reaction (HER), which is accompanied by the respective halide
oxidation reaction (a thermodynamically downhill gross

https://dx.doi.org/10.1021/jacs.0c10348
J. Am. Chem. Soc. 2020, 142, 21595-21614
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Figure 6. Band diagram of the prototypical perovskite MAPDI,, together with the experimentally determined corrosion potentials. Different redox
couples that have suitable redox potential to suppress corrosion processes are also shown. Adapted with permission from ref 112. Copyright 2015

American Chemical Society.

reaction). As HER progresses, X~ is simultaneously depleted
from the solution and the addition of selective reducing agents
(such as H;PO,) becomes necessary to reform the perovskite
phase.

To enhance the performance (activity, selectivity, and
stability) of perovskite photocatalysts in HX splitting reactions,
different strategies were employed: (i) preparing mixed halide
com ositions,9 97 (ii) anchoring various HER catalysts (e.g.,
Pt,”>?*% black-P,'*° rGO,” Ni3C,101 CoP,'** MOZSI(B), or (iii)
grafting additional hole extraction materials (e.g., PE-
DOT:PSS,"** carbonized polymer dots'*®) on the perovskite
surface. In the case of TiO,/MAPDbI; hybrids, a distinct
difference was found in both efficiency and stability between
loading the Pt on the stable TiO, or on the dynamically changing
MAPDI, surface.” It was proposed that when the Pt is deposited
on MAPbI; and then combined with TiO, in a subsequent step,
the dissolution of the MAPDI; surface removes the Pt catalyst.
This was not the case when the Pt catalyst was predeposited on
the TiO, and then added to the MAPbI; containing solution
(Figure SA,B). This difference was also observed in the H,
evolution rate (Figure SC). Interestingly, no such behavior was
observed in other cases, where Pt was directly deposited on
MAPbI;.”>?*~'> When one adapts this strategy to PEC
applications,'”° care must be exercised as the free-standing
perovskite films can be slowly dissolved into the concentrated
HI solution.”

3.2. Corrosion of Perovskite Photoelectrodes. The
existence of a photocurrent response is not sufficient to assess
the stability of a given photoelectrode and might even be
misleading, as photocorrosion can be a major contributor to the
photocurrent."””'%® Still, this is the widely used practice in the
case of perovskite photoelectrodes. It is therefore vital to
implement other characterization techniques (either ex situ or in
situ) to assess their (in)stability. From the photoelectrode
perspective, the initial stages of corrosion affect the surface,
therefore surface-sensitive techniques (e.g., XPS) are of prime
importance. As for the electrolyte solution, simple UV—vis
spectroscopy can identify expelled halide species in the solution
phase in micromolar concentrations.”® More sophisticated
methods such as ion chromatography or inductively coupled
plasma atomic emission spectroscopy (ICP-AES) can also
detect degradation products in the electrolyte.'*”"' '

PEC studies carried out on unprotected perovskite photo-
electrodes are summarized in Table 1. To ensure stability, most
were performed in nonaqueous media (such as DCM or ethyl
acetate) in the presence of different redox couples. PEC studies
using benzoquinone (BQ) were superior in terms of perform-
ance and stability, as the rapid electron transfer from the

perovskite to BQ_(rate of 1.0 X 10'® s™! from CsPbBr;) can
effectively suppress the cathodic photocorrosion.''" Interest-
ingly, other redox couples that have also suitable redox potential
to suppress the cathodic corrosion (see Figure 6) have not been
investigated thoroughly.''” Similarly fast electron transfer rate
from perovskites to different redox compounds was determined:
1.64 X 10" s to Fc*,”* 0.3 X 10'%s™" to tetracyano-ethylene,'
or 3.6 X 10" s™! to methylviologen (MV?)."'*15 1n a similar
fashion, the reduced forms of these species can accept holes from
the VB of perovskites. If the binding of the redox active molecule
to the surface of perovskites is strong enough and the lifetime of
the charge-transfer state is long, it can participate in back-
electron or hole transfer reactions.”” These studies always focus
on the charge transfer from the perovskite to the redox active
molecule. The fate of the other charge carrier that is left behind is
often neglected, although it can also induce corrosion. Light
screening effect of these redox couple containing electrolytes has
to be also addressed, either by using dilute electrolytes or
through the minimization of the optical path length of the PEC
cell. So far, PEC cells with MAPbI; and BQ/BQ°® redox couple
performed best (—5.0 mA cm™ at —0.4 V vs Fc/Fc" under 1
).""* In comparison, lead-free tin-containing perovskites
with varying halide composition (MASnBr,I;_,) showed inferior
performance and stability in a similar setup.''®

Interestingly, PEC studies on perovskite photoelectrodes
were only used to characterize the interaction among the
constituents of the photoelectrode assemblies so far. Even
during short PEC testing, some current decay was visible, which
might become detrimental when translated to longer operations
(Table 1). When charge-transporting layers were also employed,
slightly increased current densities were observed, because of the
enhanced charge carrier extraction.””'°*"'”~'*! Importantly,
the photocurrent densities are still orders of magnitude smaller,
compared to perovskite solar cells (~20 mA cm ™ with 1 Sun
illumination (100 mW cm™> AM1.5G)) for all but two entries in
Table 1. This is especially striking for the CO2R and HER
studies (1—100 xA cm™?). Sluggish reaction kinetics or mass
transport limitations alone cannot explain this behavior, as
perovskite photoelectrodes with deposited catalysts also show
similarly low performance. This large difference is absent in the
case of other photoelectrode materials that transitioned from
solar cell applications (e.g., Si and GaAs). In many studies, the
exact origin of the photocurrent is unknown, as no redox couples
were added to the electrolyte, and reaction products were not
analyzed. In these instances, several processes can be responsible
for the photocurrent such as (i) slow corrosion of the perovskite
layer, (ii) decomposition of the ligand shell, or (iii)
decomposition of trace amount of water or impurities in the

https://dx.doi.org/10.1021/jacs.0c10348
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electrolyte. In cases where CO, saturated electrolytes are
employed, reference measurements should be carried out
(under Ar-saturated conditions) as a minimum, but monitoring
of the products (with isotopic labeling studies) is preferred.®’ As
CO, often binds to the surface of the perovskite, the possibility
of carbonate formation should also be addressed.'*” As noted
earlier, perovskite NCs are generally stabilized with non-
conductive organic molecules; therefore charge transfer through
this shell is often hindered and can contribute to photocurrent
losses." '

Perovskite-saturated hydro%en—halide electrolytes were also
studied in the PEC scenario.””'”'?"'%° As the electrolyte is
complex and contains different species, it is difficult to assign the
photocurrent to any given process. Furthermore, the photo-
electrode surface is constantly dissolving and redepositing in this
media. It was also shown that perovskite layers instantly
dissolved when immersed in this media.”®

In mixed halide perovskites the bandgap monotonously
decreases in the series of CI” > Br~ > I". For MAPbBr,I;_,, this
translates to a bandgap variation between 1.6 eV (x = 0) and 2.3
eV (x = 3). Continuous light irradiation results in phase
segreggation, where iodide- and bromide-rich domains form (eq
6)."* This process is not confined to the iodide/bromide
system but was also encountered for the bromide/chloride
composition.'*” Interestingly, this process is reversible, as the
original mixed phase can be restored when segregated devices
are stored in the dark and no solid/liquid interface is
present.zg’zg’45

hi
2MAPbBr, I, ; — MAPbBr, + MAPbI, (6)

This behavior was explained by either defect'*"'** or polaron-

induced"**"** lattice strain driven migration of halide ions in the
perovskite lattice. Migration can be accelerated by illumina-
tion,45’46’49 electrical bias,"*™° or heat.>"'*> This unique
instability has a deleterious effect on the stability of perovskite
PV devices;'*® however, in PC and PEC applications, it is often
ignored. This is indeed surprising, because phase segregation
becomes irreversible when a solid/liquid interface is also
present.”*” Initially, the photogenerated holes trap at the
iodide sites. The forming iodine/triiodide species are unstable
and migrate toward the grain boundaries (phase-segregation),
where they can cross the solid/liquid interface (expulsion).”>*’

4. ELECTROCHEMICAL METHODS TO DIAGNOSE
CORROSION

Electrochemistry allows selective electron or hole injection to
the electrode material, which can help to uncover the elementary
steps of the photocorrosion processes.”***'"” So far, the
stability of unprotected perovskite electrodes was assessed
through spectroelectrochemical experiments without external
illumination.”***'3” The sensitivity of perovskite electrodes
toward both electrons*®'*” and holes®®*® was demonstrated.
When electrons were injected to MABr-doped FAPbI; electro-
des, selective dissolution was observed at the grain boundaries,
followed by seemingly random intragrain pitting (Figure 7). The
chemical composition of the grain boundaries were identified as
a FAPbI;-DMSO complex that can be easily corroded. Planes
terminated in Pb*" were identified as corrosion sites, and the
formation of B-PbO through the oxidation of metallic Pb
intermediates was proposed. This corrosion pathway was
signiﬁcantll?; suppressed by adding BQ as an electron
scavenger.

Pb?* + X === PbX"

*X=1"and Br

*A=MA:* and FA*
Ky || X
? KS{).PDX? KPVSK

PbX sy =—=PbXy) + AX5;<—= FAPbX;,
Ky

PbXy

Ks
PbX,?

[FA* + PbXy)cs, iy + 26— FA" + 3X" + Pb°
|0,
PbO

Dissolution/Transformation

Figure 7. Summary of the reaction mechanism of formation and
electrochemical corrosion of FAPbI; perovskite electrodes. SEM
images showing the initial removal of the material located at the
grain boundary, followed by pitting and subsequent destruction of the
grains. Reproduced with permission from ref 137. Copyright 2017
American Chemical Society.

Electrochemical hole injection to CsPbBr; and MAPDI; can
oxidize the halide anions in the perovskite lattice, resulting in its
decomposition.”® The situation becomes more complex in the
case of mixed halide perovskites. Controlled hole injection to
MAPDBr, I,  reveled two distinct processes.”® The initial step
of hole-trapping is not accompanied by any spectral changes
(region 1 in Figure 8A). When sufficient electrochemical
potential is reached to achieve hole injection into the VB of
MAPDBr, ¢, 5 (region 2 in Figure 8A), however, the absorbance
decreased and the bandgap changed. Hole injection gradually
expelled iodide from the perovskite lattice into the solution
phase, ultimately yielding pure MAPbBr; (Figure 8B), as
described by eq 7.**" The process possesses the hallmarks of
electrochemical corrosion (Figure 8C—E). Similarly to electron
injection, the corrosion also propagates from the grain
boundaries.

4MAPbB, ([, s + 2h" — 2MAPbBr; + 2Pbl,
+2MA" + 1, 7)

While detailed mechanistic studies on the photocorrosion of
perovskite photoelectrodes are still lacking, different tools are
available to overcome this shortcoming (see a summary in Table
2, and detailed description in the SI). Briefly, the branching ratio
between corrosion and a given redox reaction can be determined
by using a rotating ring disk electrode method to properly select
the appropriate redox active components,***>°%3%138=14¢ The
response of a photoelectrode to periodic alteration of the
incident light (studied by intensity modulated photocurrent
spectroscopy, IMPS) can reveal the underlying kinetics and
competition between surface recombination and the photo-
corrosion reaction.*”'** Operando electrochemical techniques
offer the possibility to monitor the accompanying chemical
changes and evolution of corrosion intermediates during PEC
reaction (either on the surface of the electrode or in the solution
phase).'?!1%1497136 Byrthermore, accelerated stability tests can
be carried out by using ultrafast transient spectroscopic

https://dx.doi.org/10.1021/jacs.0c10348
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Table 2. Techniques to Evaluate Photocorrosion Processes

technique

photoelectrochemistry with illuminated rotating
ring disk electrode

electrochemical photocapacitance spectroscopy

PEC impedance spectroscopy

band edge shift measurements with corrosion
current (“Tafel-plot” like representation)

photocorrosion quantum efficienc
measurements (monochromatic

intensity modulated photocurrent/
photovoltage spectroscopy

PEC quartz crystal nanogravimetry
in situ IR spectroelectrochemistry
in situ Raman spectroelectrochemistry

in situ UV—vis spectroelectrochemistry

in situ photoluminescence
spectroelectrochemistry

in situ PEC ICP-MS

in situ PEC X-ray photoelectron spectroscopy

in situ UV—vis ellipsometry

in situ scanning electrochemical microscopy

obtainable information refs
stabilization efficiency, reorganization energy of redox couple, active site identification of corrosion 38, 42, 58, 59,
reactions 138—146
energy and distribution of surface states, and identification of states responsible for corrosion, 161-164
efficiency of defect passivation, separation of bulk and surface states
position of band edges, position of interband states participating in corrosion 38, 52, 146,
165—169
stabilization efficiency, corrosion mechanism validation 38, 44, 53, 54
percentage of photocurrent attributed to corrosion (stabilization efficiency) S3, 146, 147
determination of the rate constants of distinct steps in photocorrosion, charge carrier capture cross 147, 148
section and activation energy of steps, mechanism evaluation
mass changes during PEC operation (overlayer formation, corrosion) 156, 170
identification of adsorbed species on the electrode surface, corrosion intermediate identification 155,171
photocorrosion product/intermediate detection 153, 154, 156
material loss related to corrosion with the simultaneous evolution of dissolved species in the 28, 36, 137,
electrolyte; surface roughening of the electrode 172
monitoring the formation of corrosion states, kinetics of surface corrosion state emptying and 173—-175
refilling
dissolution rate during PEC operation, stoichiometry change of complex materials 109, 110
identification of chemical alteration of the surface/electrolyte during photocorrosion, time-evolution ~ 149—152

of corrosion products, band-alignment measurements under operating conditions
change in surface layer thickness, morphology, and composition during photocorrosion

kinetics of photocorrosion processes

171
176

techniques, where the (sub-)femtosecond-pulsed irradiation can
greatly accelerate the corrosion process.'>” Even subtle changes
in the quality of the interfaces (trap state formation, presence of
corrosion intermediates) might have an immediate impact on
the charge carrier dynamics of the photoelectrode.'**"** Careful
analysis can also reveal the role of dynamically forming and

. . . 160
recovering trap states in corrosion processes.
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5. DESIGN STRATEGIES TO ENHANCE STABILITY

The high degree of interchangeability of all components within
the ABX; perovskite lattice and the vast number of different
components used in related devices (e.g, charge transfer
materials, surface/defect passivation agents, hydrophobic
capping layers) offer different strategies to inhibit photo-
corrosion. Many of these are yet to be implemented in PC and
PEC systems. As the first step, the relative energy positions of
the components and the redox potential of the target redox

https://dx.doi.org/10.1021/jacs.0c10348
J. Am. Chem. Soc. 2020, 142, 21595-21614
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reaction as well as the corrosion process have to be compared
(Figure 9). To suppress corrosion, redox reactions should be
introduced that are more favorable than the corrosion levels
(Figure 6). As an example, through the exchange of bromide to
iodide in the lattice, apart from the decrease in the optical
bandgap, both band edges shift (as halogen orbitals contribute
to both)."”” This decreases the pool of redox processes that can
be used to stabilize iodide-containing perovskites.

The use of protective coatings is a widely employed strategy in
both PC and PEC energy conversion. Possible materials
combinations for driving reduction reactions are shown in
Figure 9. In PC and PEC applications, however, apart from
efficient charge extraction, fast transfer kinetics toward the
desired substrate is also required. To overcome kinetic
limitations, catalysts are often deposited on the protecting
layer, which also influences the product distribution of the
reactions. As shown previously, the current focus is on HER,
CO2R, or oxygen evolution reaction (OER) on perovskites.
Thermodynamically, these reactions are feasible, as many
perovskites have proper CB and VB positions for these reactions,
except for FAPbI;. Notably, the reported redox potentials are
generally determined in aqueous media, and deviations can
occur in organic solvents. In unprotected cases, interference
from the reduction of lead is expected in the HER and CO2R. In
a similar manner, iodide oxidation can be problematic during
OER, while bromide oxidation is less favored thermodynami-
cally.

5.1. Compositional Engineering. The chemical instability
of perovskites is mainly ascribed to the volatile organic cations
(MA*, FA") in the structure."’®'”” The incorporation of
inorganic elements (Cs*, Rb") into the structure can enhance
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the stability'®”'®" and also suppresses phase segregation in

mixed halide perovskites."*”'*®* In terms of PC and PEC
applications, only the mixed halide variants were stud-
ied 57607 HTIES Wit increasing bromide content in the
MAPbI, lattice, the resistance to moisture was improved.'** The
susceptibility to reactive oxygen, however, remains the same.'**
The simultaneous incorporation of mixed cations, where
improved stability would be expected, however, is yet to be
explored. The addition of small quantities of chloride during the
synthesis can suppress phase segregation.””'**'*” It influences
the perovskite film quality (morphology,'® lattice strain,"*’
grain size,'” and crystallinity'”') and halide defect density.'”
With decrease of the available sites that participate in phase
segregation, the stability is increased in an indirect manner.
Recently, triple halide perovskites were shown to be resilient
toward phase segregation and operate under 100-sun intensity
with less than 4% degradation for 1000 h."*®

5.2. Crystal Facet Engineering. The various facets of
perovskite crystals, which inherently have different atomic
terminations, behave differently under PC or PEC operation.
Properties such as (i) electronic structure, (ii) built-in electric
fields, (iii) specific adsorption, (iv) reaction kinetics, (v)
reaction product distribution, and (vi) stability are all affected
by the exposed facets.”>*”'” Furthermore, when multiple facets
are simultaneously present, the formed heterojunction must also
be considered. This can affect the charge carrier dynamics by
either facilitating charge separation or enhancing charge carrier
trapping.'”” The specific accumulation of charge carriers on low
stability facets can accelerate corrosion. Facets with low surface
energy tend to form under mild conditions, while excess energy
or external stabilization (through the utilization of capping

https://dx.doi.org/10.1021/jacs.0c10348
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agents) is necessary to form facets with high energy.
Consequently, tailored exposure of selected facets can be
achieved,””>'”* exploiting the difference in adsorption of
capping agents on the various facets. Finally, when ionic species
are involved in the specific adsorption, the formed electric
double layer will also affect the separation of charge carriers and
ultimately the kinetics of corrosion.”® Studies on single crystal
perovskites have been mainly focused on PV cells and
photodetectors,'”*'”> which can be later extended to PC and
PEC studies.

5.3.2D Perovskites. A unique combination of materials and
crystal facet engineering is the preparation of 2D perovskite
derivatives.'”® In these 2D materials, the inorganic network is
disconnected along one axis, which in turn restricts charge
transport to a specific plane. The perovskite lattice can be cut at
crystallographic planes of (100), (110), and (111), resulting in
the over-representation of that particular orientation (Figure
10). The (100) cut perovskite lattice is the most popular, as the
optoelectronic properties can be varied through control over the
inorganic slab thickness.'”” Two further subclasses (Rud-
dlesden—Popper and Dion—Jacobson perovskites) exist for
the (100) deconstructed perovskite, based on the stacking of the
inorganic layers. The large organic cations, separating the
inorganic layers of the perovskite lattice, can bestow increased
resistance toward humidity.*”'**'*” These organic ligands can
be tailored toward specific PEC applications, providing catalytic
sites for the desired reactions. Four different photoelectrode
architectures can be envisioned: (i) self-standing 2D, (ii) mixed
2D/3D, (iii) 3D with 2D capping layer, and (iv) 2D passivated
3D perovskites.'”® These combinations have already attracted
significant attention in the PV community, as they show superior
stability but slightly inferior efficiency compared to their 3D
counterparts.éo’ 00,201

5.4. Surface Passivation. The ionic nature of perovskites
inherently produce defects with positive (undercoordinated
Pb(II) sites) or negative (undercoordinated halide ion) charge.
Therefore, surface passivation is a convenient strategy to reduce
the density of potentially corrosion susceptible defect states on
the surface.””” Different electron donor (Lewis-base) or
acceptor (Lewis-acid) molecules can be employed to neutralize
these defects. Halide containing compounds were studied as
surface passivating agents, such as metal halides,?*~2°°
quaternary ammonium halides,”***"” and phenylethylammo-
nium iodide.””***” As an additional benefit, the efficiency of
surface-passivated devices also increases, as recombination
through these passivated energy levels is suppressed (Figure
11). Finally, a further physical barrier is formed against the
penetration of moisture into the perovskite structure when
hydrophobic ligands are employed.”"’
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Corrosion processes propagate from defect sites as the
chemical makeup of the intergranular layer is often susceptible
to chemical attack or corrosion.'*”*"" Surface passivating agents
can be effectively used in the corrosion inhibition of PC and
PEC systems (if their electrical conductivity is ensured).
Furthermore, bifunctional molecules that possess inherent
catalytic property can be also employed, therefore merging
two functionalities.

5.5. Physical Coatings. Perovskite-based photoelectrodes
dominantly use physically protected architectures, because with
this approach the light absorber perovskite surface can be
isolated from the electrolyte (buried junction concept).”'?
Protection layers include metals (e.g, Ni, 237" Ti,*'¢ Field’s
meta1217_225), carbon-based materials,”****” and atomic layer
deposited TiO,.”*® These protected photoelectrode designs
employ a full (or partial) perovskite solar cell buried beneath the
protective coatings. Based on the structure (n-i-p or p-i-n), both
reduction and oxidation reactions can be driven on these
photoelectrodes. The target reaction will dictate which charge
transport layer and catalyst need to be used. Device failures are
mainly caused by the penetration of electrolyte through the
protective layer, due to structural imperfections. A mitigation
strategy can be the incorporation of additional hydrophobic
layer(s) into the structure, that can prolong the stability during
PEC operation.ms’226 Further protection layers (such as
polyethylenimine) were used to prevent the iodide migration
to the metal contacts.””"***7**°

Field’s metal is a nontoxic eutectic alloy of bismuth (32.5%),
indium (51%), and tin (16.5%), which has received considerable
attention as a protective and catalytic coating. The low melting
point of the alloy allows the fabrication of thick protective layers
on top of the sensitive perovskite electrodes. Its use in PEC
HER,*'772*1223 OER,*'**'® and CO2R********° reactions was
demonstrated. Field’s metal inherently possesses catalytic
activity; for example, the alloy composition had a pronounced
effect on the product distribution in CO2R.*** Furthermore,
different catalytically active materials such as Pt,”'” cobalt(II)-
based molecular catalysts,””* hydrogenase enzyme,”** or
Cug,In,”* can also be loaded on the surface of the photo-
electrode assembly. Field’s metals, however, suffer from low
stability in acidic media and high cost. As a cheaper alternative, a
hybrid layer of mesoporous graphite/hydrophobic graphite
sheets was employed to perform OER with CsPbBr; perovskite
photoanodes.””” In this design, the mesoporous layer was
responsible for charge collection, while the hydrophobic
graphite sheet was used as a protective layer. An operational
stability of 7—30 h (in a pH range of 2—13 in aqueous
electrolyte) was demonstrated.
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Atomic layer deposition (ALD) has been widely used to
deposit different components of perovskite solar cells.”*”**
Care must be exercised when using ALD on perovskite surfaces
for the deposition of (i) passivation layers, (ii) charge transfer
overlayers, or (iii) encapsulation layers. The sensitivity of the
perovskite surfaces toward temperature and reactants (e.g.,
H,0, O,, ozone, metal precursor), and the volatile nature of
different components of perovskites (MA* and the I”) have to
be considered when designing the ALD protocol.”*” While ALD
is considered as the state-of-the-art in depositing uniform and
thin protective coatings, so far only an ALD deposited TiO,
layer was used in the case of perovskite photoelectrodes.”*” This
photocathode assembly with Pt HER catalyst (Figure 12A) was
stable for 2 h in highly acidic media (pH = 0.32) under 0.5 Sun
illumination (~70% activity retention) (Figure 12B). The
semitransparency will enable the integration of this design into
tandem PEC cells for overall solar-driven water splitting.

6. SUMMARY AND FUTURE DIRECTIONS

PC and PEC scenarios are recent additions to the potential
research arenas where the optoelectronic properties of perov-
skites can be harnessed. Elaborating on the experience gathered
from pioneering studies on photocorrosion processes and from
stabilizing perovskite layers in PV devices will greatly accelerate
the progress of this field. As the first step, careful characterization
protocols are necessary for both PC and PEC studies (with
quantitative product detection), to understand reasons and
processes behind the instability. Furthermore, combined in situ
electrochemical measurements will furnish mechanistic insights,
with the possibility of revealing the elementary steps of
corrosion. For nanoscale studies, in situ electrochemical atomic
force microscopy””'~*** and PEC transmission electron
microscopy will be useful to visualize morphological changes
that occur on the surface of photocatalysts and photoelectrodes.
Pinpointing structural weaknesses in these systems (e.g.,
sensitive facets, morphological features) will guide better design
of stable solar energy conversion devices. In a similar fashion,
coupled ultrafast techniques can shed light on how corrosion
affects the charge carrier dynamics of these complex
systems.'**>*° Ultrafast spectroscopic studies under electro-
chemical control have just been employed for perovskite
electrodes recently, and further breakthroughs are expected
once the pulse duration is decreased. With setups allowing few
femtoseconds (or even sub-femtosecond) resolution,”* the
initial stages of charge carrier generation can be followed,
providing new insights for subsequent rational materials design.
While single crystal surfaces can be used to identify elementary
steps in photocorrosion processes (including identification of
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stable and active facets), crystal facet engineering will help to
translate this knowledge to nanostructured materials of practical
importance.

Once the elementary steps of the photocorrosion process are
uncovered, different strategies can be employed to stabilize
perovskites. Compositional engineering, various surface pro-
tection approaches and the preparation of 2D perovskites are all
viable options. As a particularly promising direction, bifunc-
tional coatings can be developed, where the catalytic and
protective functions are merged. Clearly, there is room for
optimization, as protective coatings other than TiO,, catalysts,
and reactions (CO,R, OER, HER) are yet to be explored (see
Figure 9 for potential candidates). In this regard, emerging ALD
methods will provide thin and homogeneous coatings of a
rapidly broadening materials portfolio. Finally, the gathered
insights on both the photocorrosion process itself and the
efficiency of the mitigation strategies will provide feedback from
a fresh perspective to the PV community.

Notably, corrosion processes can also be turned to our
advantage. Selective removal of photoirradiated portions of
samples can micropattern photoelectrodes. Furthermore, in the
case of certain photoelectrodes (e.g, Cu,O), the delicate
balance between photocorrosion and the desired redox reaction
is responsible for creating and maintaining the catalytically
active surface (self-healing).””” These aspects are yet to be
explored in perovskite-based systems. Finally, while discussions
in this Perspective focused on perovskite/electrolyte interfaces,
there is a growing field of PC and PEC studies on solid/gas
interfaces. Concepts borrowed from “dark” electrochemistry
(such as gas-diffusion electrodes) are fueling the growth of this
area, and some initial studies on perovskites are already
available.”*****
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