
Journal of
Materials Chemistry A

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

4/
02

/2
02

6 
08

:2
1:

11
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Recent advances
He Zhao

H
i
t
r
M
h
M
a
T
C
A
H
i
s

catalysis, 2D materials and photoc

aEnvironmental and Chemical Engineering

University of Oulu, PO Box 4300, FI-90014 O
bMicroelectronics Research Unit, Faculty o

Engineering, University of Oulu, P. O. Box

krisztian.kordas@oulu.

† Electronic supplementary informa
https://doi.org/10.1039/d3ta04994a

Cite this: J. Mater. Chem. A, 2023, 11,
22656

Received 20th August 2023
Accepted 7th October 2023

DOI: 10.1039/d3ta04994a

rsc.li/materials-a

22656 | J. Mater. Chem. A, 2023, 11,
in synthesis of water-stable metal
halide perovskites and photocatalytic applications†

He Zhao, a Krisztian Kordas*b and Satu Ojala *a

Solar-driven photocatalytic reactions have attracted wide interest as a viable method to generate green

energy and alleviate environmental challenges posed by fossil fuels. Although, various classes of

photocatalysts have been explored during the past decades, the pursuit towards even more efficient

ones is still ongoing. Metal halide perovskites (MHPs) have been recently proposed as novel

photocatalysts owing to their wide light absorption range and excellent optoelectronic properties.

However, the instability of MHPs in water is the main obstacle that impedes their applications in practice

and prompts stabilization strategies to be developed. This review focuses on the recent approaches for

stabilizing MHPs in water, including surface engineering, common-ion effect, and intrinsic water stability.

The photocatalytic applications of water-stable MHPs are summarized and an outlook with perspectives

over the current challenges are provided.
1 Introduction

During recent years, the exploration of greener energy sources
has become of utmost importance to alleviate the inordinate
reliance on non-renewable fossil fuel reserves and the
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consequent serious energy shortage and environmental pollu-
tion.1 Specically, solar radiation, as an abundant, virtually
endless, and green source of energy, has been seen as a prom-
ising option for the replacement of fossil fuels.2 In this context,
the question of how to convert solar energy into fuels and value-
added chemicals in an efficient and economic manner is
a pivotal issue. So far, diverse solar-to-chemical energy conver-
sion systems, including conventional heterogeneous photo-
catalysis, photoelectrochemical and combined photovoltaic-
electrocatalytic systems have been proven to meet the require-
ments and developed for practical use.3 Compared with other
reported systems, photocatalytic routes are probably the
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Fig. 1 Basic mechanism of heterogeneous photocatalysis.
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simplest ones and easiest to implement. For example, Domen's
group has already designed a 100 m2 array of panel reactors to
demonstrate hydrogen evolution from water over several
months safely, with a maximum solar-to-hydrogen (STH) energy
conversion efficiency of 0.76%.4 In a recent work of Zhou et al.,
the efficiency has been improved signicantly to 9.2%,5 which is
close to the proposed target for commercialization according to
techno-economic analysis.6 However, compared with the latest
47.6% solar-to-electricity conversion efficiency of the state-of-
the-art four-junction solar cells,7 there is still a long road
ahead to achieve such values in photocatalytic systems.

Exploring efficient, stable photocatalysts is thus one vital
research eld. In photocatalysis, the key component of the
process is the photocatalyst (Fig. 1), whose role is to transform
solar energy to charge carriers (electrons and holes) aer light
absorption, which then dri to the surface of the photocatalyst
and participate in reduction/oxidation reactions.8 To date,
several different photocatalysts either homogenous or hetero-
geneous have been proposed,9 including e.g., transition metal
complexes,10 organic photoredox catalysts,9 titanium
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dioxide,11,12 carbon nitride,13,14 and perovskites.15 As most of the
so far explored photocatalytic materials suffer from (i) limited
photostability, high cost and potential toxicity,16 (ii) narrow
utilizable solar spectral absorption range,17 (iii) sluggish charge
carrier transport from the bulk of a photocatalyst to the surface
and/or (iv) fast charge carrier recombination,11 there is a room
to improve conversion efficiencies.18,19

The family of metal halide perovskites (MHPs) appears to
offer features that tackle the aforementioned issues simulta-
neously. Organolead trihalide perovskites (e.g., CH3NH3PbI3)
have emerged as novel high-performance photoactive absorbers
with rocketing power conversion efficiency from 3.8% to certied
25.5% in just a few years.20,21 In general, the remarkable photo-
voltaic performance of MHPs originates from their high
absorption coefficients,22,23 wide absorption window,20 long
electron–hole diffusion lengths22,24 and high carrier mobility.25

All these excellent optical and charge-transport characteristics
predestinate MHPs as ideal candidates for photocatalytic
processes.26However, every coin has two sides, and unfortunately
MHPs are not exceptions either. The ionic nature of MHPs
imparts their vulnerability toward moisture and polar solvents
(especially water), which severely restricts their photocatalytic
applications,27 and remains to be resolved. In 2016, Park et al.
reported the pioneering work concerning the stabilization of
CH3NH3PbI3 (MAPbI3) in aqueous HI solution by exploiting the
common-ion effect; however, this happens under harsh condi-
tions, at pH < −0.5 and −log[I−] < −0.4.28 Nevertheless, envi-
ronmental concerns, costs, and the demand for practical
conditions necessitate photocatalytic processes to be performed
preferably in aqueous systems having less extreme chemistries.29

While MHP-based photocatalysts have been reviewed from
different perspectives, such as photoredox organic synthesis,30–33

CO2 reduction,34–39 and H2 generation,40–47 strategies to synthe-
size water stable MHPs or their photocatalytic applications are
not yet adequately summarized. Therefore, in this review, we
survey and overview the recent progress in stabilizing MHPs
against water, and discuss the encountered challenges and
potential limitations of their applications, with the goal of
providing new ideas and inspiration to advance the design new
generations of efficient MHP-based photocatalytic systems.
J. Mater. Chem. A, 2023, 11, 22656–22687 | 22657
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2 Stabilization methods

Conventional lead-based MHPs are prone to decompose when
exposed to moisture. It is reported that the perovskite solar cells
lose more than 80% of their initial efficiency aer one-day
storage in ambient air, and only 5% is retained aer 6 days.48

Encapsulation of the MHP lms using materials having diffu-
sion barrier properties have been proposed to protect the MHP
solar cells from moisture hence maintaining more than 90% of
their initial performance for almost 2 months.49 This is still far
from the commercial long-term stability expected (25 years is
typical for silicon solar cells),50 thus the challenge in the MHP
development remains to be solved.

To improve the water stability of MHPs, the role of water in
the degradation of MHPs needs to be elucidated. The published
results indicate that the MHPs adsorb water molecules quickly
with a time scale of seconds51 and a single water molecule can
accelerate the degradation of perovskite via acid–base reac-
tion.52 What is even more troublesome, is that the water intake
is not limited only to surface adsorption, but the water mole-
cules also diffuse and penetrate the bulk and even inltrate the
MAPbI3 unit cells (Fig. 2). However, some studies claim that
MHPs have a minor tolerance to water. For example, MAPbI3
was reported to remain intact when exposed to below 2 × 1010

Langmuir of H2O (one Langmuir equals to an exposure of about
1.33 × 10−4 Pa for one second).53 Only ∼1% volume expansion
of the crystal structure is observed although water incorporated
in the perovskite.54 These results are consistent with previous
reports of a reversible process between the hydration and
dehydration stages of MAPbI3.55,56 To gure out the detailed
degradation mechanism under moist conditions, the depen-
dence of spatially resolved external quantum efficiency (EQE)
under various humidity exposure conditions has been investi-
gated by using laser beam induced current mapping, and a four-
stage degradation process has been proposed.57 When a tiny
amount of water (1.6% H2O in N2) is introduced and kept for
a short time (6 min), EQE increases marginally and reaches
a maximum, which is caused by the solvation of CH3NH3

+ (MA+)
Fig. 2 Schematic illustration of MAPbI3 decomposition in water.

22658 | J. Mater. Chem. A, 2023, 11, 22656–22687
and I− ions,58 that heals some defects, reduces the trap density,
and thus improves the uniformity of perovskite lms (Stage 1).
As the time increases, a slow drop in EQE is observed due to the
change of the electronic structure and carrier mobility of hole-
transporting materials (Stage 2). In the next stage (Stage 3),
a sharp decrease of EQE indicates the breakdown of 3D struc-
ture, while monohydrated 1-dimensional (1D) chains of CH3-
NH3PbI3$H2O or 0-dimensional (0D) dots of dihydrates
(CH3NH3)4PbI6$2H2O are formed (Stage 3). Finally, the degra-
dation of MHPs results in the formation of CH3NH3I (MAI), PbI2
and water (Stage 4). In general, the decomposition starts at the
surface, especially at the MAI-terminations.54 The loss of MA+

results in an open inorganic framework to form vacancies
inside the crystal lattice that nally leads to a rapid deteriora-
tion or decomposition of the perovskite structure.59 The disso-
lution of I− ions in water is easier than that of MA+ ions since
the hydrophobicity of –CH3 group in MA+ requires higher
dissolution energy.60 These studies indicate that water mole-
cules penetrate easily into the bulk of MHPs and the removal of
ions (especially the I− ions due to the lower energy barrier) is the
main cause of the degradation. Based on the observations
above, thus, the main strategies to obtain water stable MHPs
are: (i) preventing the structure from the contact of water, (ii)
compensating for the depletion of ions from the surrounding,
and (iii) reducing the solubility of organic cations. In these
efforts, three different strategies have been proposed, including
surface engineering, utilization of the common-ion effect, and
enhancement of the intrinsic stability of perovskites.

2.1 Surface engineering

Surface engineering has been explored to generate protecting
layers on the MHPs, thus avoiding the direct contact of water
with MHPs. In this section, six surface passivation methods are
discussed: (1) organic ligands, (2) organic polymers, (3) inor-
ganic materials, (4) metal–organic frameworks (MOFs), (5)
phase engineering, and (6) water-assisted engineering.

2.1.1 Organic ligands. The application of organic ligands is
a well-established strategy to manipulate the shape and size of
This journal is © The Royal Society of Chemistry 2023
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MHP nanocrystals (NCs),61 and also to stabilize MHPs.62 Nor-
mally, frequently used ligands in synthesis of MHP NCs are
oleic acid (OA) and oleylamine (OAm), which improve the
dispersion of MHP NCs in nonpolar solvents, such as toluene
and hexane. However, the dynamic adsorption–desorption
process between the ligands and MHP NCs render the easy
detachment63 and removal of ligands in proton-donating
solvents, causing the degradation of MHP NCs,64 and conse-
quent deterioration of their luminescent properties (including
the electron density of states of emission bands, and the pho-
toluminescence quantum yield).

The introduction of hydrophobic ligands on the surface of
MHPs is one of the most efficient and convenient approaches to
stabilize MHPs. A post-surface functionalization with hydro-
phobic cations via simple ligand exchange process can substi-
tute surface methylammonium (MA+) ions and enhance the
stability of MHPs. Many studies have indicated that the pres-
ence of hydrophobic quaternary ammonium cations, such as
tetra-methyl ammonium, (CH3)4N

+;65–67 tetra-ethyl ammonium,
(C2H5)4N

+;68 tetra-butyl ammonium, (C4H9)4N
+;69,70 and tetra-

hexyl ammonium, (C6H13)4N
+;71 have a vital inuence on the

moisture-stability of MHPs. These quaternary ammonium
cations adsorb chemically on the surface of MHPs, and inhibit
the water intake of the lattice thus keeping the perovskite lms
stable under 90 ± 5% relative humidity (RH) for more than 30
days without a photovoltaic loss. This happens because the
Fig. 3 Ligand engineering for water-stable MHPs. (a) Length of Pb–I b
Adapted from ref. 72. (b) Formation of (C4H9)4NPbI3 layers over MHP from
crystals after 5 days immersion in water and toluene. Adapted from ref. 76
fluorocarbon-coating CsPbBr3/Cs4PbBr6 NCs in water. Adapted from
evolution of succinic acid-capping CsPbBr3 QDs in N-hydroxy succinim
from ref. 93. Copyright 2021 Elsevier.

This journal is © The Royal Society of Chemistry 2023
bulky organic cations shi the surface Pb5C–I1c (I1c represents
the surface I atom coordinated with one Pb atom) bonds owing
to the steric effects and impede the water adsorption on the ve-
coordinated surface Pb atoms (Pb5c).71 In addition, these
molecules can also suppress the iodide migration,72 evidenced
by the shortened Pb–I bond (from 3.17 Å to 3.07 Å, Fig. 3a).
Besides these factors, the formation of water-stable quaternary
ammonium lead iodide shell may also contribute to the
enhanced stability.66,73,74 For example, with (C4H9)4NI post-
treatment over CsPbI3, the (C4H9)4N

+ cations can intercalate
the inorganic framework of MHP and exchange Cs+ ions,
forming a one-dimensional (C4H9)4NPbI3 layer75 exhibiting
intrinsic water stability (Fig. 3b).76

Sufficient interactions between MHPs and ligands should
also be considered because the instability MHP NCs partly
originates from the easy detachment of ligands as described
above.77 Clearly, introducing reactive groups in the capping
ligands and forming a covalent or ionic bonding between
ligands and MHPs are deemed to improve the water stability of
MHPs. For example, polyhedral oligomeric silsesquioxane
(POSS) having a mercaptopropyl anchor group attaches to the
surface of MHP NCs and forms a cage-like structure. Such POSS-
protected CsPbX3 (X= Br and/or I) NCs were shown to maintain
the original green light emission and stability in water for 10
weeks.78 Unlike the physical encapsulation strategy with
hydrocarbons,79,80 the impressive enhancement of water
ond over FA0.83Cs0.17PbI3 after adding phenylmethylammonium ions.
a (C4H9)4NI post-treatment and XRD patterns of (C4H9)4NPbI3 single

. Copyright 2021 JohnWiley and Sons. (c) Variations of PL intensity over
ref. 86. Copyright 2018 American Chemical Society. (d) PL intensity
ide water and the formation of tridentate ligands over QDs. Adapted

J. Mater. Chem. A, 2023, 11, 22656–22687 | 22659
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stability results from the strong metal–thiol interactions
between POSS and MHPs.81,82

Compared with metal–thiol interaction, the uorine in
uorocarbons is expected to form a stronger interaction with
MHPs owing to its high electronegativity.83 The uorocarbon
agents (FCAs) have a low surface energy, featuring superior
hydrophobicity compared to the corresponding hydrocarbons.84

In addition, the abundance of –CF2– and –CF3 groups and the
amphiphilic nature trigger the self-assembly in aqueous solu-
tion.85 As an example, aer coating with FCAs ((C6F13CH2CH2-
Si(OCH2CH3)3, C6F13CH2CH2OOCCH]CH2,
C6F6H7Si(OCH2CH3)3 or C3F6CH2CH2OOCCH]CH2)), the
CsPbBr3/Cs4PbBr6 NCs exhibited a high absolute photo-
luminescence quantum yield (PLQY) of ∼80% in water for
weeks as expected (Fig. 3c). Because of their excellent perfor-
mance, short uorocarbon chains (down to C4) of FACs are also
able to stabilize the perovskite NCs in water. Aer additional
coating with BaSO4, the CsPbBr3/Cs4PbBr6/BaSO4 NCs retain
90% of the initial uorescence intensity aer 1 day storage at
room temperature in saline solution, which broadens the
potential applications in biology.86 Among the above FCAs, C3-
F6CH2CH2OOCCH]CH2 can be further transformed to
amphiphilic hexauorobutanol (HFBO) with a polar C–OH head
in the presence of water resulting in good water solubility and
long-term stability in aqueous solution for more than 100
hours.87 The concentrated hydroxyl ligands may also serve as
a water-proof layer to avoid further water attack.88

Efforts to explore ligands with dual functions, namely,
hydrophobicity and bonding property, have been also extended
to metal stearates (e.g., AlSt3, ZnSt2, NaSt). The long carbon
chains protect MHPs from the surrounding environment,
meanwhile, the coordinate bonding of St–Pb,89 St–Cs90 or ionic
bonding of Al3+–Br− also provides a stronger interaction than
the van der Waals bonds between OA (or OAm) and MHPs. The
CsPbBr3-AlSt3 nanocomposite suspension exhibited bright
photoluminescence (PL) aer 25 min sonication in water or
overnight storage91 and excellent stability in water for more than
60 days.92

However, introducing long chain ligands on the surface of
MHPs usually deteriorates the charge transfer fromMHPs to the
coating and the adsorption of reactants, which is unfavorable to
the photocatalytic activity.95–100 It is found that the employment
of short chain ligands over NCs or QDs can enhance charge
transfer rate101,102 and subsequently improve the photocatalytic
activity of CsPbBr3 NCs.103 These ndings indicate that utilizing
short chain ligands is an exciting means for improving the
stabilization of the MHPs without a compromised charge
mobility. Up to now, a series of short chainmultidentate ligands
have been explored, which can be classied as acids (succinic
acid,93 2,2′-iminodibenzoic acid,104 4-mercaptobenzoic acid,105

octadecanedioic acid106,107), amino acids (aminocaproic acid108),
pyridines (2,2′-bipyridine, 2,2′:6′,2′′-terpyridine,109 2-mercapto-
pyridine107,110,111), salts (potassium dichloroacetate,112 N1,N2-
didodecyl-N1,N1,N2,N2-tetramethylethane-1,2-diaminium
bromide113), and zwitterions.114 One example is succinic acid,
which has two carboxylic acid groups. Aer coupling with
CsPbBr3 QDs, the composites exhibit enhanced water-stability
22660 | J. Mater. Chem. A, 2023, 11, 22656–22687
because of the improved crystallinity and stronger bonding
with CsPbBr3 QDs.93 Further activating the carboxyl groups with
N-hydroxy succinimide (NHS) in water would form a tridentate
ligand over CsPbBr3 QDs as depicted in Fig. 3d. The light
emission over the composites lasts for 24 h and 48 h at 25 °C
and 15 °C, respectively, and expands to two weeks at 5 °C. The
reviewed various ligand strategies and their water stabilities are
summarized in Table 1.

2.1.2 Organic polymers. Polymer-based coating materials
have several merits, such as solution processability, mechanical
performance, and chemical functionalization. More impor-
tantly, polymers with abundant functional groups are good
candidates to bond with surface ions of MHPs, improving both
PLQYs and stability simultaneously115–117 without compro-
mising light absorption.118 In addition, polymer matrices are
capable of water uptake via water-induced swelling process119

and thus alleviate the direct contact of water and MHPs to
a degree.120

Photopolymers, such as Norland Optical Adhesive (NOA)
63,121 NOA 61,7 and Ergo® optical adhesive 8500 (Ergo),122 have
been exploited rstly to stabilize MHPs because of their popu-
larity in optoelectronic devices. They are polyurethane-related
polymers, which can form crosslinked networks quickly upon
UV curing. For instance, the Ergo-coated CsPbBr0.6I2.4 lm
maintained 91% PL intensity aer soaking in water for 24 hours
with only 6% loss of PLQY. Although the photocuring process
improves the robustness of MHPs,123 this physical blending
strategy may cause heterogeneous phase aggregation and can
lead to instability.124 This is because of the specic surface area
and volume effects of MHP NCs125 as well as the large difference
in polarity of perovskites and polymers.126

In contrast to ligand modications occurred on the surface
of MHPs, most polymer–MHP NC composites have been
produced by swelling–deswelling process of polymers. During
the dynamic process,127 the dissolved solutes (mainly MHP's
precursors) can penetrate into the polymer and the MHPs then
grow inside the 3D network of polymer, aer which the polymer
shrinks during solvent evaporation or the addition of theta
solvent. Therefore, MHPs become conned within the polymer
thus limiting their contact with the surrounding environment.
One important parameter to be optimized for such composites
is the ratio of polymer and MHP constituents. Too small
amounts of the polymer phase lead to insufficient protection
and consequent degradation, whereas the other extreme results
in turbid mixtures. As one example, the ratio of
poly(isobutylene-alt-maleic anhydride)-gra-dodecyl (PMA) and
MHP NCs showed a signicant effect on the nal water stability
of the composites. It is found that the polymer-to-nanoparticle
ratio (Rpol/area, number of monomers of polymer per nano-
particle area [nm2]) should be controlled in the range of 1000–
3000. CsPbBr3 NCs-PMA composites with a Rpol/area of 1500
show good water stability for at least 8 months.128 The ratio also
seems to inuence the PL intensity of the composites. Too high
MHP NC content will reduce the PL intensity due to the uo-
rescence self-quenching of NCs.124

Besides the molar ratio, the chemical structure of polymer
also dominates the stability. Many polymers have been
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Polymer encapsulation over MHPs. (a) Fluorescent photos of polystyrene, polycarbonate, acrylonitrile butadiene styrene, cellulose
acetate and poly(methyl methacrylate)–MAPbBr3 composites at different periods. Adapted from ref. 129. Copyright 2016 John Wiley and Sons.
(b) Comparison of PL spectra over MAPbBr3 NC–V18 composites before and after a 90 days immersion in water. Adapted from ref. 133. Copyright
2017 John Wiley and Sons. (c) TEM image and photos of CsPbBr3/Cs4PbBr6 NCs protected by fluoropolymer shell. Adapted from ref. 138.
Copyright 2022 American Chemical Society. (d) Visible light photopolymerization synthesis of CsPbBr3/polypyrrole composites and XRD patterns
after 30 days water immersion. Adapted from ref. 145. Copyright 2020 Elsevier.
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examined as hosts, including polystyrene (PS), polycarbonate
(PC), acrylonitrile butadiene styrene (ABS), cellulose acetate
(CA), polyvinyl chloride (PVC), poly(methyl methacrylate)
(PMMA) and poly(styrene/acrylamide).129 Among those, PS, PC,
PVC and ABS can protect MHP NCs from being attacked by
water for periods of months, while the CA loses stability aer
two days, and PMMA-protected MHP NCs fail instantly (Fig. 4a).
The failure of CA originates from its hydrophilic character and
thus its high-water permeability, whereas the reason of PMMA
is likely stemming from its low swelling ratio of PMMA in DMF
solvent and weak bonding interaction with MHPs. Specically,
the MAPbBr3–PS and MAPbBr3–PC composite lms can survive
in boiling water for 30 min with less than 15% and 7% of decay
in PLQY, respectively.129 The protecting effect of crosslinked PS
is much better than other uncross-linked polymers because it
cannot swell in polar solvents. For instance, the CsPbBr3@PS
composites maintain 65.7% of the absolute PLQYs aer stirring
in water for 3 days, and still exhibit strong green luminescence
aer 9 months storage.130 Note that the composites have a good
stability in acid/alkali aqueous solution, and even biologic
buffers, showing advantages in monitoring pH, urea, and
urease.131

Usually, the dissolution or swelling of polymers is time-
consuming, especially for those of high-molecular-weight.
Hence, the MHPs need to be prepared prior to coupling;
however, serious degradation or aggregation may occur during
the storage of MHP NCs or QDs. Through adding crosslinkable
monomers into the MHP's precursor solution, polymer–MHPs
composites can be achieved in a one-pot reaction assisted by
heating or UV irradiation.132 For example, a crosslinked 4-
22662 | J. Mater. Chem. A, 2023, 11, 22656–22687
vinylbenzyl-dimethyloctadecylammonium chloride (V18)-
MAPbBr3 NC composite has been prepared via in situ poly-
merization under 90 °C for 30 min by employing azobisisobu-
tyronitrile (AIBN) as an initiator.133 The crosslinked MAPbBr3
NC–V18 retains about 85% of PL intensity aer immersion in
water for 120 min. Aer copolymerization with methyl meth-
acrylate, the water-resistance extends to 90 days without the
change of its PL (Fig. 4b). However, the decomposition products
of remaining photo-initiator may have an unintended conse-
quence on the property of polymers and MHPs.147 The alterna-
tive approach is to utilize polymers (for example, copolymer
micelles) as nanoreactors and grow the MHPs inside the poly-
mers. In contrast to random growth of MHPs during swelling–
deswelling process, block copolymer micelles are highly
ordered structures, featuring superior size uniformity and high
stability of individual micellar building blocks, which are oen
employed as templates and scaffolds for producing arrays and
ordered structures of nanomaterials.134,148,149 One good example
is employing polystyrene-poly(2-vinlypyridine) (PS-b-P2VP)
diblock copolymer micelles as nanoreactors to prepare mono-
disperse polymer–MHP NCs. The resultant composites display
strong stability against water over 75 days.134

Similar to the strategies with ligands, improving the inter-
face interactions between MHPs and polymers by introducing
anchoring groups, such as –COOH groups139,150 and –CF2
groups,136 can enhance the stability of polymer–MHPs.151 For
example, PMMA has been widely used as passivation to protect
solar cells from oxygen andmoisture.152–154 On the other hand, it
fails to stabilize MHPs in water owing to the too weak interac-
tion between those. Jiang et al. found that partially hydrolyzing
This journal is © The Royal Society of Chemistry 2023
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PMMA (below 10%, h-PMMA) would form methacrylic acid
anchors in PMMA chain.137,150 These anchors work as ligands
and enhance the PMMA–MHP interaction, thus improving the
water stability. Thus, a good interaction between the MHPs and
polymers is a prerequisite to the success of good stability. For
example, a uoropolymer (Hyon) was used to stabilize
CsPbBr3/Cs4PbBr6 NCs and it was found that the CF2 groups
from Hyon are strongly bonded on the surface of MHPs
(Fig. 4c), forming a ligand shell over CsPbBr3/Cs4PbBr6 NCs core
having good stability for at least one month.138

The strength of interaction at the polymer–MHP interface is
also inuenced by the compatibility of surface organic ligands
on MHPs and hydrophobic polymers.155 For instance, OA and
OAm ligands capped MHP particles can be stabilized by poly-
mers having long alkyl chain ligands because the similar alkyl
chains has a good compatibility and thus create a better MHP–
polymer interface.143 Introducing interfacial layers (e.g., poly-
vinyl pyrrolidone, PVP) can not only serve as an additional
barrier, but also improve the compatibility of MHP with poly-
mermatrix. For PVP, it is a widely used coupling agent. Owing to
the amphiphilic characteristics, PVP can be adsorbed on
different surfaces, including metals, metal oxides, polymers
(e.g., PS, cellulose).156 Inspired by this, PVP has been employed
serving as an effective interfacial layer between MHP NCs and
polymer for the design of water-stable MHPs.140,141 Similar to the
multidentate ligands, block copolymers have inherently
different domains and provide more functional features. As an
example, polystyrene-block-poly(ethylene-ran-butylene)-block-
polystyrene (PS-PEB-PS) and poly(ethylene glycol)-block-poly(-
propylene glycol)-block-poly(ethylene glycol) (PEG-PPG-PEG)
have been applied to encapsulate the CsPbBr3 QDs. The ob-
tained nanocomposites display luminescence in water for 8
days.142 The results suggested that the PS blocks interact with
the hydrophobic parts (surface ligands) of QDs; the PEGmoiety,
as Lewis base, would have a strong interaction with Lewis acid
(PbBr2) and acts as water protection barrier.182

In addition to the interfacial interaction, the thickness of
coating also has a signicant effect on water-resistance.183While
thicker coatings provide better stability, those can seriously
compromise charge transport (tunneling), when the coating
thickness exceeds a few nanometers.184,185 Thus, tailoring the
thickness to balance the water-resistance and charge trans-
portation is necessary. By chemical crosslinking the polymer
chains, a thinner dense covalent-bonded 3D polymer network
can be formed. Therefore, molecules having multiple sites for
crosslinking, such as, 2-((acryloyloxy)methyl)-2-(((12-
guanidinododecanoyl)oxy)methyl)propane-1,3-diyl diacrylate
(PETA-G) can be polymerized efficiently to provide a sufficiently
thin shell around MHPs without compromising the charge
transport property.144

Based on the above analysis, polymers offer a good strategy
to form protecting layers onMHPs for stabilization. However, in
most cases, their limited electrical transport properties impede
the extraction and transfer of charge, and consequently can
compromise their applications in photocatalysis and photo-
electrocatalysis. To overcome such limitations, polymers having
conjugated electronic structure (e.g., polypyrrole and
This journal is © The Royal Society of Chemistry 2023
polyaniline) and hence reasonable charge transport properties
(typically via hopping mechanisms) have been applied.186 As
shown in Fig. 4d, the composites exhibit dramatic enhance-
ment of water stability as well as improved charge transport
behavior.145,146 Unfortunately, these conducting polymers also
suffer from limited stability especially in O2 and water, caused
by doping effects and also by the electroactive nature of such
polymers.187,188

Accordingly, to build a successful strategy to produce water-
stable polymer coated MHPs (Table 2), simultaneously, several
aspects of materials selection and synthetic routes shall be
considered (Fig. 5).

2.1.3 Inorganic materials. Compared to organic ligands/
coatings, stabilization and passivation of MHPs with inor-
ganic materials (e.g., Al2O3, SiO2, TiO2, ZrO2) offer airtight and
mechanically more robust alternatives.189

For coatings with a thin Al2O3 layer, trimethylaluminum
(TMA) vapor-based atomic layer deposition (ALD) has been re-
ported to form covalent bonds with MHP NCs.190 The ALD is
emerging as a useful method for depositing thin lms with
excellent conformality, uniformity, precise thickness control
and high quality. Considering that it can be carried out at
moderate temperatures,191 the technique is particularly attrac-
tive to coat MHPs. Amorphous alumina (AlOx) encapsulated
CsPbX3 QDs have shown improved stability for at least 1 hour.157

The short stability in water originates from the intrinsic insta-
bility of this amorphous overcoat. The stability can be further
improved (up to one month) by increasing the growth temper-
ature and hence the crystallinity of alumina on CsPbBr3 nano-
plates, as shown in Fig. 6a.158

Silicon oxide (SiO2) is another attractive coating material,
featuring good chemical stability, blocking of moisture and
oxygen, and excellent transparency. It has been selected as
protecting layers for the stabilization of carbon dots,192 and
metal nanoparticles193 among others. Silica-based mesoporous
aerogels (AGs) have been developed as matrix owing to high
porosity, large specic surface area, low density and thermal
conductivity.194 The hydrophobic property can be tailored by
graing hydrophobic functional groups over SiO2 or directly
using the silica precursor holding hydrophobic groups.
Diverse types of pores (micropore, mesopore and macropore)
can host the CsPbBr3 QDs and supply enhanced water stability
for more than two weeks in hydrophobic AG.162 However, the
polydisperse pores also bring the potential aggregation of
MHP QDs. A ne control over the pore size of mesoporous
silica will ease the uniform distribution of MHP QDs in
random-distributed AGs because of the compatibility of pore
size and QDs' mean size195 and excellent adsorption of QDs on
the hydrophobic surface. For example, Li et al. have encapsu-
lated the QDs into superhydrophobic aerogel inorganic matrix
(S-AIM) with open structures.163 The composites preserved
their initial PL intensity aer 11 days of soaking in water
(Fig. 6b) and achieved a relatively high PLQY stability (50.5%)
aer soaking for 3.5 months. This good stability without the
sealing of open structure may originate from the matched size
between the pore and the particle, the super-hydrophobicity
J. Mater. Chem. A, 2023, 11, 22656–22687 | 22663
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Fig. 5 Scheme of suggested strategies for the synthesis of polymer–MHPs composites.

Fig. 6 Stabilizing MHPs by using inorganic materials. (a) Time-dependent normalized lasing spectra of the ALD Al2O3 coated CsPbBr3 nanoplate
after being immersed in water for 1 month. Adapted from ref. 158. Copyright 2020 American Chemical Society. (b) PL intensity evolution over
CsPbBr3 QDs and CsPbBr3 QDs@superhydrophobic aerogel inorganic matrix (S-AIM) completely immersed in water with time. Adapted from ref.
163. Copyright 2020 John Wiley and Sons. (c) PL stability of CsPbBr3-HSZ ZSM-5-700 composites when exposed in water and luminescent
photographs of CsPbBr3-HSZ ZSM-5-700 composite immersed in water for various time (5 mg mL−1). Adapted from ref. 175. Copyright 2022
Elsevier. (d) The change in relative PL of Ni2+ doped CsPbBr3 NCs glass and CsPbBr3 NCs in water (inset: enlarged the change of PL with CsPbBr3
NCs in water). Adapted from ref. 177. Copyright 2019 Elsevier. (e) The relative PL intensity of CsPbBr3/TiO2 NCs after immersing in Milli-Q water
(0–12 weeks), inset shows a TEM image of CsPbBr3/TiO2 NCs after immersing in Milli-Q water for 12 weeks. Adapted from ref. 181. Copyright
2017 John Wiley and Sons. (f) Normalized PL spectra of Cs2Sn0.89Te0.11Cl6 versus different soaking time. Adapted from ref. 180. Copyright 2020
John Wiley and Sons.
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from rough surface,196 and the hydrophobic functional groups
from the AGs.163

However, the open shell aer impregnation is still a threat to
long-term stability. Thus, a second coating is normally needed.
For this purpose, ALD grown compact AlOx,168 polymers169,170

and biomedical phospholipids171,172 have been reported. The
mSiO2–CsPbBr3@AlOx obtained with 100 ALD cycles keeps up
to 95% of PL intensity aer 8 h in water dispersion under stir-
ring, and the stability extends to 90 days under static condi-
tions.168 He et al. embedded Mn-doped CsPbCl3 QDs into SiO2/
Al2O3 monolith through a facile sol–gel process, followed by
22666 | J. Mater. Chem. A, 2023, 11, 22656–22687
a physical grinding. The obtained Mn-doped CsPbCl3 QDs-SiO2/
Al2O3monolith samplemaintained around 92% of the initial PL
intensity aer 7 days under accelerated aging condition (85 °C
and 85% RH).173 For polymers, this strategy can trigger the
formation of micro/nano structured SiO2 surface, which is one
essential feature needed for super-hydrophobicity.197,198 The
coating of biomedical phospholipid can also further improve
the stability over SiO2 coated MHPs and broaden their appli-
cations in bioimaging and biosensing.171,172

Another issue is the aggregation during the synthesis, which
may cause quenching and instability.124,199 In conjunction with
This journal is © The Royal Society of Chemistry 2023
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polymer-type coatings, most of the studies focus on multiple
MHP NCs. However, the synthesis of monodisperse MHP NCs at
atomic-level is more desirable in LEDs, bio- or catalysis-related
elds. Through a fast hydrolysis of highly reactive silica
precursor (for example, tetramethoxysilane, TMOS) with a small
amount of water, the MHP NCs or QDs can be wrapped by silica
at the interface of water/nonpolar solvent via a simple sol–gel
method to synthesize monodisperse CsPbX3/SiO2 nano-
particles.159 The CsPbBr3/SiO2 Janus NCs suspension showed
bright PL and remained 80% of the PL intensity aer placing in
water 7 days.159 This method can be extended to other oxides,
such as Ta2O5, ZrO2.160 However, the Janus structure means that
part of the surfaces of MHPs are exposed to the environment
simultaneously and would suffer from degradation. Subsequent
work by Zhang's group has achieved monodisperse CsPbBr3@-
SiO2 core–shell nanoparticles with the aid of ammonia via
a modied supersaturated recrystallization method. They also
found that ammonia is not mandatory for hydrolysis, but
inuences the morphology, size of the products and the
formation rates of SiO2. Under a harsh condition (ultrasound
irradiation in water for 40 min), CsPbBr3@SiO2 core–shell
nanoparticles still exhibited bright emission.161

SiO2 is usually synthesized by the hydrolysis of Si precursor
via a sol–gel method. Note that the choice of precursor and
synthetic methods will also impact the water stability of MHP–
SiO2 composites. Owing to the fast hydrolysis rate of TMOS, it is
widely used in synthesis of highly stable MHP–SiO2 compos-
ites.159,161 However, it is reported that the MHP–SiO2 composites
synthesized via a modied ligand-assisted reprecipitation
(LARP) method showed a lower stability in water, probably
caused by the amorphous and porous structure.164 Generally,
tetraethoxysilane (TEOS) has been regarded as an inefficient
precursor to envelop MHP NCs owing to its slower hydrolysis
rate, which would form separate MHP NCs or big aggregates.
However, monodisperse CsPbBr3@SiO2 NCs has been reported
by using TEOS via one-pot hot-injection strategy.165 By intro-
ducing the hydrophobic and multibranched trioctylphosphine
oxide (TOPO) as ligands, the TOPO would anchor on the surface
of NCs, and effectively tune the hydrolysis rate of TEOS and
surface property of NCs resulting in the formation of core@-
shell NCs at a nanoscale-particle level. The CsPbBr3@SiO2 NCs
retained more than 70% of their initial uorescence intensity
within 8 days immersion in hexane–water (1/1.5, v/v) mixture.
Accordingly, based on these results, we may conclude that the
quality of SiO2 and hence its barrier properties strongly depend
on the synthetic routes applied.

Besides the choice of suitable precursors, the interaction of
SiO2 and MHPs would also inuence the nal water stability. It
is found that coatings produced from phenyltriethoxysilane
(phTEOS) could not envelope the MHP NCs because of the weak
adsorption of intermediate silsesquioxanes over MHPs.200 Only
combining TMOS with phTEOS (especially equimolar amount),
the MHPs can be covered by 3D silica graing with hydrophobic
phenyl group, showing an improved water-resistance (at least
for 24 hours).164 The interaction can be strengthened by the
addition of interfacial ligands (such as PVP166) or the intro-
duction of bonding interactions.167 For example, Li et al. have
This journal is © The Royal Society of Chemistry 2023
introduced a Pb–S bonding by directly using (3-mercaptopropyl)
trimethoxysilane (C6H15O3Si-SH, MPTMS) as SiO2 precursor.167

The strong bonding makes the perovskite@silica nanodots
stable in water for over six weeks.

Zeolites represent a large family of inorganic porous crys-
talline materials, in which the anions of [AlO4]

5− and [SiO4]
4−

tetrahedra are linked with oxo-bridges forming networks of 3D
cages or channels.201 The pore structure makes them vastly used
in catalysis, separation, gas adsorption and ion-exchange.202,203

Cation exchange property of zeolite can activate the introduc-
tion of A site ions from MHPs, and the CsPbBr3 QDs can grow
into the zeolite structure via in situ crystallization. Such
composites exhibit excellent photostability204 and water resis-
tance.174 Contrary to the commonly recognized CsPbBr3 QDs,
new species of [Na4Cs6PbBr4]

8+ QDs have been conrmed in the
zeolite's super cage, in which the tetrahedral PbBr4

2− ions are
surrounded by Na+ and Cs+ ions. A recent study has shown that
the high water-resistance (for 100 days) of CsPbBr3 QDs-HSZ
ZSM-5 (Fig. 6c) is attributed to the interconnected micro–mes-
oporous network in hierarchically structured zeolite (HSZ). The
micropores act as a shielding wall to isolate MHPs from the
external environment and mesopores promote the diffusivity of
precursors towards the successful space-connement of CsPbX3

(X = Cl and Br) QDs.175

As an alternative, inorganic glass matrices (silicate, soda-
lime, lead-oxide etc.) have been proven as another effective
way to stabilize MHPs. The glass matrixes feature excellent
mechanical, thermal and chemical stability. Up to now, mostly
CsPbX3 NCs have been successfully incorporated into glass
matrices, demonstrating dramatic enhancement of water
stability, up to 90 days (Fig. 6d).176,177 This solution needs high
processing temperature, which would unavoidable to engender
the volatilization of halides precursor (e.g., CsBr and PbBr2).205

It has been reported that embedding CsPbBr3 QDs into TeO2-
based inorganic glass can lower the temperature (from 1100 °C
to 630 °C). However, the water stability decreases to 120 hours
correspondingly.178 However, the glass matrix is only studied in
all-inorganic MHPs because of their higher thermal stability
and structure integrity during the formation process of glass.

Although the encapsulation with AlOx, SiO2, zeolites and
glassy materials can solve the instability issue of MHPs, similar
to the non-conductive organic polymers or ligands, these
insulating materials restrain charge extraction across the
coating shell and thus greatly disable applications in catalysis.
Therefore, instead, application of semiconducting inorganic
coating materials such as SnO2 and TiO2 can be a more viable
option. Apart from enabled carrier transport, another benet of
semiconducting coatings is a possibility to have electron–hole
rectication across the interfacial junctions (depending on the
band structures of the core and shell materials), which can
eventually inhibit/delay recombination.206 Stable CsPbBr3/TiO2

core/shell NCs have been reported by calcination of CsPbBr3
NCs and titanium butoxide at 300 °C for 2 h.181 The tight TiO2

shell over CsPbBr3 core ensures the stability of PL peak position
and intensity (z80%) for over three months (Fig. 6e). To obtain
a robust protecting layer, crystalline TiO2 is favored over an
amorphous phase.207 However, the poor thermal stability of
J. Mater. Chem. A, 2023, 11, 22656–22687 | 22667
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MHPs (mostly blow 300 °C for hybrid ones208) limits the thermal
budgets of processes. In contrast to the instability of amor-
phous TiO2 shell, amorphous SnO2 obtained by hydrothermal
route was found to be able to stabilize Cs2Sn1−xTexCl6 (x =

0.11)180 and Cs2PtxSn1−xCl6 (0 # x # 1)209 solid solutions in
water (Fig. 6f). Thus, it appears that not only the choice of the
inorganic materials coating but also the chemistry plays a role
in water stability of the core (Table 3). However, it is worth
noting that both TiO2 and SnO2 absorb only in the UV region,
which only accounts for less than 4% in solar spectrum.

2.1.4 MOFs. Metal–organic frameworks (MOFs) have been
investigated as photocatalysts for HER in addition to other
energy conversion applications.210 Compared with porous
zeolites, MOFs possess highly tunable pore sizes and tailorable
chemistry beyond large specic surface areas.211 The hydro-
phobic wall inside MOF provides excellent water protection and
the cavities can host perovskites to prepare nano-
particles@MOF composites via in situ growth or post-encapsu-
lation.212 Zhang et al. encapsulated the CH3NH3PbBr3 QDs in
hydrophobic MOF-5 via a two-step synthesis procedure. The
obtained CH3NH3PbBr3@MOF-5 composites showed stable
green emission aer 30 days of immersion in water (Fig. 7a).213

However, there are some drawbacks over these methods
because some MHPs would be attached on the surface of MOFs
instead of the cavities.213,214 The exposed MHPs pose a threat to
the stability of MHP@MOF composites, and it is important to
conne the MHPs within the cavities completely (Fig. 7b). For
this point, Mollick et al. synthesized water-stable MOF (namely,
zeolitic imidazolate framework, ZIF-8) capped MAPbBr3 by
washing the product thoroughly with DMF to remove surface
perovskites.215 Aer dipping in water for 90 days, the composite
retained over 70% intensity of luminescence (Fig. 7c).

Apart from the removal of surface MHPs, the stability and
the pore size (cavity diameter and opening aperture size) of
MOF matrix also dominate the water stability of MHP@MOF.
The MOF should be stable during the synthesis of composites,
and the pore size should be well-tailored, which can accom-
modate monodispersed MHP nanoparticles in the cage, but
also suppress the MHP leaching through the opening apertures.
For instance, to conne the monodispersed CsPbBr3 nano-
crystals (4–5 nm) into MOF, mesopores (pore size >4 nm)
instead of common micropores (e.g., ZIF-8, pore size <4 nm)216

are desirable, since theMHPNCs can grow freely inside the cage
and would not damage the porous structure of MOFs. To this
end, Yu and coauthors utilized the high-valent metal-based
MOF (PCN-333(Fe)) as host and constructed a CsPbBr3@PCN-
333(Fe) composite material, working as a stable photocathode
in Li–O2 battery for at least 200 hours.217 In addition, the long-
channel of MOF can also serve as a template for the growth of
MHP nanowires. Xia et al. reported that the CsPbI3 nanowires
can be grown and encapsulated into Zr-based MOF (PCN-222).
The CsPbI3@PCN-222 maintained structure integrity (Fig. 7d)
and morphology aer water immersion for 72 h due to the
excellent protection of the MOF walls.218

Another breakthrough over MOF has been reported by Hou
and coworkers. They have successfully prepared (CsPbI3)0.25(-
agZIF-62)0.75 composites at 350 °C by liquid-phase sintering
22668 | J. Mater. Chem. A, 2023, 11, 22656–22687
(ZIF-62, {Zn[(Im)1.95(bIm)0.05]}; Im, imidazolate; bIm, benzimi-
dazolate). The composites extended water stability up to over 10
000 hours.219 Compared to the silica-based glasses mentioned
earlier, the ZIF glasses can be prepared at a lower temperature220

because of the metal–imidazolate–metal linkages and large
voids.221

2.1.5 Phase engineering. Phase engineering provides an
efficient way to tailor the nanomaterials surface characteristics
and physicochemical properties.222 This strategy has been
employed for transition metal dichalcogenides to construct new
nanostructures having improved charge injection223 and cata-
lytic activity.224 Inspired by this, constructing new phases over
MHPs would bring enhanced stability and carrier extraction
efficiency. Unlike hybrid MHPs forming a single compound, the
nonstoichiometric precursor of all-inorganic MHPs will favor
the formation of different compounds (for example, Cs4PbBr6,
CsPb2Br5, and CsPbBr3) according to the phase diagram.225

Conventional ligands (OA and OAm) induce fast dissolution of
PbBr2 and the resulting solution contains [PbBr4]

2−, [PbBr3]
−,

[PbBr6]
4− intermediate species,226 leading to mixtures of various

phases (Fig. 8a).227,228 The successful synthesis of pure single
phase is quite challenging227,229–231 (Fig. 8a, highlight in red)
because many factors would inuence the nal products,
including the stoichiometric ratio, ligand, temperature, and
solvent used.

Dual phases such as CsPbBr3–CsPb2Br5 NCs232 and CsPbBr3/
Cs4PbBr6 NCs233 seem to show enhanced stability. With excess
PbBr2, CsPbBr3/CsPb2Br5 core–shell NCs have been synthesized
via a modied non-stoichiometric solution-phase method.234

Layered 2D CsPb2Br5 nanosheets are coated on the surface of
CsPbBr3 nanocubes. The CsPbBr3/CsPb2Br5 core–shell NCs
remained luminous aer ultrasonication in water for 2 h. The
elevated stability originates from the unique sandwiched
structure of 2D CsPb2Br5 in which the Cs+ ions are inserted into
the compact-bound inorganic (Pb2Br5)

− layers via strong elec-
trostatic interactions.235,236 Further improvement of water
stability was realized with Sb3+-doped dual-phase CsPb2Br5/
CsPbBr3 NCs (preserving 80% of the original PL value up to 30
days, Fig. 8b).237 This is because the replacement of Pb2+ (1.19 Å)
ions with smaller Sb3+ ions (0.92 Å) leads to increased lattice
energy.238 Meanwhile, rapid hydrolysis of Sb3+ ions in water may
also play a role.239,240 The presence of hydrophobic antinomy
oxychloride in Sb-doped MHPs is also considered to be the
reason for improved water stability.238,241,242

2.1.6 Water-assisted engineering. As mentioned, MHP
structures exhibit some tolerance to water for short time
periods. It has been reported that moisture has a vital role in the
quality of perovskite lm, which is evidenced by the signicant
improvement in PL and photovoltaic performance aer
annealing under 65% RH at 90 °C for 30 min.243 To understand
how moisture inuences the MHPs, Eperon et al. proposed
a ‘self-healing’ process, in which solvated and mobile MA+ ions
in water can ‘heal’ the perovskite structure.58 The easy mobility
of MA+ ions or Cs+ ions in water inspires to prepare water-stable
MHPs via CsX-stripping strategy. For example, CsX-rich 0D
Cs4PbX6 NCs can be stripped into 3D CsPbX3 NCs at the water/
hexane interface and the obtained CsPbX3 NCs keep stable aer
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 MHPs encapsulated by MOF. (a) Time-dependent PL spectra of CH3NH3PbBr3@MOF-5 composites in water for different days (inset: the
evolution of PL intensity and the images of CH3NH3PbBr3@MOF-5 composites under 365 nm light after 1 and 30 days). Reproduced with
permission from ref. 213. Copyright 2018 American Chemical Society. (b) Scheme for preparing MHP@MOF composites and (c) normalized PL
intensity as a function of time in different polar solvents over a period of 90 days. Adapted from ref. 215. Copyright 2019 American Chemical
Society. (d) XRD patterns of CsPbI3@PCN-222(20%) before and after immersion in water for 72 h. Adapted from ref. 218. Copyright 2022 John
Wiley and Sons.

Fig. 8 Phase engineering. (a) Schematic diagram illustrating the synthesis of pure CsXPbYBrZ-based MHPs and their potential transformations. (b)
PL intensity of CsPbBr3/CsPb2Br5 NCs and Sb3+-doped dual phase CsPbBr3/CsPb2Br5 NCs (Pb/Sb= 5 : 1) as a function of time. Adapted from ref.
237. Copyright 2021 Elsevier.
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36 h storage.244 This strategy was further extended to exfoliate
0D Cs4PbX6 NCs into water-stable quasi-2D CsPbBr3 nano-
sheets,245 1D CsPbBr3 nanowires, 2D CsPbBr3 nanoplatelets,
and 3D CsPbBr3 nanocubes.246

The reasons for the enhanced stability are manifold. As
depicted in Fig. 9a, one is the dissolution of the defective
surface and thus the formation of near to ideal stoichiometry
(CsPbBr3) having high stability.247,248 Beneting from improved
crystal quality of MHP NCs and the immiscibility of hexane with
water, further dissolution of CsPbBr3 NCs would not happen
temporarily. Another explanation is the concurrent passivation
This journal is © The Royal Society of Chemistry 2023
and the formation of halide-rich surface upon CsX-stripping.249

The origin of this passivation results from the dissolution of
surface layers of MHP NCs during the CsX-stripping process
and subsequently the formation of non-stoichiometric MHP
surface (Fig. 9b).250,251 For example, with Cs4PbBr6 NCs as
starting materials, the following water treatment engenders
a phase transformation into CsPbBr3, accompanied by
a passivation effect from the CsBr salt in water. The resultant
CsPbBr3 NCs display ultra-stability (over 200 days with ∼20%
decrease in the initial PL value, Fig. 9d).250 A third potential
mechanism is based on the attached isomorphic hydroxyl (OH)
J. Mater. Chem. A, 2023, 11, 22656–22687 | 22671
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Fig. 9 Water-assisted engineering for preparing water-stable MHPs. Three possible mechanisms (a–c) for the synthesis of water-stable MHPs
with water-assisted engineering strategy: (a) illustration of forming CsPbX3 NCs in hexane with perfect unit cell after water-treatment. Adapted
from ref. 247. Copyright 2018 American Chemical Society. (b) Schematic diagrams of CsPbBr3 NCs passivated by CsBr. Reproduced with
permission from ref. 250. (c) Illustration of CsPbBr3 NCs stabilized by hydroxyl (OH) ligands. Reproduced from ref. 88. (d) Normalized PL
intensity's evolution of CsPbBr3 NCs dispersed in water and hexane respectively. Adapted from ref. 250. (e) Formation mechanism of Pb(OH)2 by
Lewis base vapor diffusion (LBVD) method. Adapted from ref. 259. Copyright 2018 American Chemical Society. (f) The variant PL intensity of
MAPbBr3@PbBr(OH) and MAPbBr3 during cycling. Adapted from ref. 261.
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ligands over CsPbBr3 nanocrystals that are assumed to prevent
MHP NCs from further water attack (Fig. 9c).88 The formation of
hydroxyl might have originated from the self-ionization of
water. It is reported that polar solvent (for example, iso-
propanol, C3H7OH) will ionize itself to produce C3H7O

− and
C3H7OH2

+ and replace OA− and OAm+ respectively, acting as
shorter and more reactive ligands and inducing the oriented
growth of MHP NCs.252 Similar ionization is expected in the case
of water, which triggers the formation of OH ligands on MHP
NCs.253 Additionally, the hydroxyl groups might provide
a passivation effect by forming hydrogen bonding interaction
with halide ions in MHPs.254 Besides these possibilities, the
formation of atomically thin quasi-2D CsPbBr3 nanosheets
(NSs) also favors the stability,245 because the (quasi-)2D struc-
tures features improved stability255 and suppressed ion migra-
tion256 than their 3D counterparts.

Efforts have been devoted to decoding the underlying
mechanism with density-functional theory (DFT) calculations.
Recent studies indicate that Cs-rich precursor favors the
formation of CsBr-terminated surface, whereas low Cs concen-
tration results in PbBr2 terminations. Compared with PbBr2-
terminated surface, the former case is more stable even aer the
adsorption of water molecules according to the DFT results.257

Yoo et al. proposed that a ligand transition from anionic ligands
to cationic ligands in metal halide medium also contributes the
improved water stability.258

In situ grown Pb(OH)2 via a Lewis base vapor diffusion
(LBVD) method has been proposed as another strategy to
stabilize the MHPs (Fig. 9e).259 When excess methylamine is
diffused into the solution of MHPs, a basic solution (pH > 12) is
formed. Then highly nucleophilic OH− ions react with the
peripherical layer of [PbX6]

4− on MHPs, forming a dense
22672 | J. Mater. Chem. A, 2023, 11, 22656–22687
Pb(OH)2 layer. Notably, the as-obtained Pb(OH)2-coated perov-
skites maintained structural stability in water for more than 6
months and retained the uorescence property in water even
aer grinding or sonication. The Pb(OH)2-coated MAPbX3

perovskites can be also obtained via organic cation exchange
between formamidinium (FA+) and MA+ in water, which can
further extend the stability up to one year.260 Instead of the time-
consuming LBVD method, to form surface hydroxides may be
obtained by simply adjusting the pH of metal halide precursor
solution with ammonium hydroxide.261,262 Such MAPbBr3@-
PbBr(OH) retained 89.9% of the initial PL value (i.e., 64.28%)
aer being immersed in water for 1 year (Fig. 9f). The PbBr(OH)
layer can be also extended to all-inorganic MHPs. For example,
by modulating the water content, water-stable CsPbBr3/CsPb2-
Br5@PbBr(OH) and CsPbBr3@PbBr(OH) nano/micro-spheres
have been obtained respectively, in which CsPbBr3/CsPb2-
Br5@PbBr(OH) showed excellent water stability and maintained
91% of initial PL intensity aer 18months of storage in water.263

Dong et al. also found that rod-like CsPb2Br5-embedded Pb(OH)
Br obtained 92.2% of initial PL intensity aer soaking in water
for 165 days, indicating a good stability.264 PbBrF matrix also
shows good protecting ability in CsPbBr3/PbBrF composites
having no decrease of PLQY aer 30 days in water.265 DFT
calculations indicated that the improved stability originates
from the increased decomposition enthalpy aer introducing
insoluble PbBr(OH) compared with that of bare MAPbBr3 (ref.
261 and 263) or the positive energy cost for water entering the
lattice of PbBr(OH).266

Even though water-assisted engineering strategy can
dramatically improve MHPs stability in water, it should be
mentioned that no photocatalytic applications over this class of
water-stable MHPs have been reported yet.
This journal is © The Royal Society of Chemistry 2023
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2.2 Common-ion effect

It is well-known that a salt can be precipitated by adding other
soluble salts having common ions to the solution. Inspired by
this, Nam's group have proposed the idea of common-ion effect
to prepare water-stable MHPs in aqueous solution.28 Although
theMHPs are stabilized, it is a difficult-to-implement strategy in
the practice due to the highly corrosive nature of the solution
(pH < −0.5 and [I−] > 2.5 mol L−1). Clearly, a more practical
medium is needed. Later, Geng et al. found that CH3NH3PbX3

(X = Br or Cl/Br) nanocrystals could be synthesized in aqueous
solution when the pH value was in the range of 0–5.267 In this
aqueous solution, the [PbX6]

4− ions would adsorb on NCs,
facilitating the formation of halide-rich surface of NCs, thus
preventing the dissolution of MHP NCs in water. However, they
would decompose in neutral solution.

To realize the water stability of MHPs, our group explored to
employ the bismuth halide perovskites as photocatalysts owing
to their better stability in solar cells and photocatalysis.268–270We
found that the tri(dimethylammonium) hexaiodobismuthate
(DA3BiI6) could be stabilized in aqueous solution using dime-
thylammonium iodide (DAI) without addition of acids.271 We
noted that a stepwise transformation of BiI3 / [BiI4]

− /

[BiI6]
3− as the increase of DAI concentration and only [BiI6]

3−

ions existed when the concentration of DAI was higher than
0.15 M (Fig. 10a and b). The structural integrity of DA3BiI6 could
be preserved for more than two weeks (Fig. 10c and d). Similarly,
Fig. 10 Common-ion effect. (a) UV-vis absorption spectra of DAI aque
spectra of 0.2 M aqueous dimethylamine, KI, and MAI solutions after im
DA3BiI6 and immersed-DA3BiI6 powder. (d) XRD patterns of DA3BiI6 a
Reproduced from ref. 271.

This journal is © The Royal Society of Chemistry 2023
a series of 2D MHPs, including C6H5CH2NH3PbI4, C6H5(-
CH2)2NH3PbI4 and C6H5(CH2)3NH3Pb2I7 have been stabilized in
iodide salt aqueous solutions.272
2.3 Intrinsic water stability

Besides the strategies developed based on surface engineering
and common-ion effect discussed above, exploring intrinsically
water-stable MHPs are potentially advantageous because they
can bypass the obstacles of water instability in aqueous media.

A few 3D MHPs have exhibited an intrinsic stability in water.
As far as we know, the rst reported intrinsically water-stable
MHPs were hydroxyl ammonium lead iodo chloride (OHNH3-
PbI2Cl) and hydroxyl ammonium lead chloride (OHNH3-
PbCl3).273 Aer stirring in deionized water for 1 h, no leaching of
Pb2+ was detected. In addition, no color change of the solids was
observed aer a 45 days immersion in water, suggesting
outstanding water-stability. It is speculated that strong
hydrogen bonding interactions among MHPs contribute to the
water stability. However, it is worth noting that their crystal
structures are still under dabate.274,275 Also, C6H4NH2CuBr2I
with ABX3 structure has exhibited no structure change aer
water immersion for 4 h.276,277 Currently, another widely studied
water-stable MHPs are dimethylammonium tin halide perov-
skites,278,279 which feature no decomposition aer 20 h in
deionized water (see Fig. 11a). Based on DFT calculations
(Fig. 11b), the intrinsic water-stability originates from higher
ous solutions after immersing DA3BiI6 for 1 day. (b) UV-vis absorption
mersing DA3BiI6 for 5 min. (c) ATR-FTIR spectra and color change of
fter immersion in water, ethanol and DA3BiI6 synthesized from DAI.
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Fig. 11 Intrinsically water-stable MHPs. (a) The powder XRD (PXRD) patterns of DMASnI3 before and after water treatment. Adapted from ref. 279.
Copyright 2020 JohnWiley and Sons. (b) Relative energy profile for water infiltration into (101) surface of DMASnI3 crystal. Adapted from ref. 279.
Copyright 2020 John Wiley and Sons. (c) PL spectra of 3-CF3-MHP before and after being kept in water for 2 months. Adapted from ref. 285.
Copyright 2022 American Chemical Society. (d) PXRD patterns of [Pb2Cl2]

2+ [−O2C(CH)2CO2
−] before and after chemical treatment for 24 h.

Adapted from ref. 288. Copyright 2017 John Wiley and Sons. (e) PL spectra of fresh and immersed (4,4′-EDP)Pb2Br6 for 180 days. Adapted from
ref. 294. Copyright 2021 John Wiley and Sons. (f) Normalized PL spectra evolution of (C4H9)4NCuCl2 after water immersion for different periods.
Adapted from ref. 296. Copyright 2021 American Chemical Society.
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water surface adsorption energy, higher water osmotic energy
barrier, and smaller intralayer spacing inside DMASnI3 struc-
ture compared with the Pb-based counterpart.279

In contrast to 3D MHPs, low-dimensional (2D, 1D and 0D)
perovskites have shown better environmental stability.280–282 A
typical 2D perovskite can be regarded as interdigitating bulky
organic bilayers intercalated by inorganic layers. The replace-
ment of MA+ with bulkier alkylammonium cations results in
enhanced stability.255 Inspired by this, several (quasi-) 2D
perovskites having a bulky organic cation, e.g., phenyl-
ethylammonium (C8H9NH3

+, PEA+),283–285 1-hex-
adecylammonium (CH3(CH2)15NH3

+, HDA+),286 have been
developed (Fig. 11c). Among them, PEA-based MHPs have been
widely investigated and proven that increased van der Waal's
interactions255 and reduced water adsorption energy are the key
factors for the improved stability.283 Another possibility is to
have a better interaction between the A site (such as cyste-
amine,287 a,u-alkanedicarboxylates [−O2C(CH2)4CO2

−],288,289

bipyridine290) and inorganic framework (Fig. 11d).288 As sup-
ported by DFT calculations, the strong coordination between Pb
atoms and adipate dianions increases the energy cost of surface
hydrolysis and limits the penetration of water molecules.289

Meanwhile, a series of 1D and 0D MHPs with intrinsic water
stability have been reported including 1D [N-methyldabconium]
PbI3,291 [(AD)Pb2Cl5],292 (DAO)Sn2I6 (DAO = 1,8-octyldiammo-
nium),293 (4,4′-TMDP)Pb2Br6 (TMDP = trimethylenedipyr-
idinium),294 (4,4′-EDP)Pb2Br6 (EDP = ethylenedipyridinium),294

and 0D (3-ethylbenzo[d]thiazol-3-ium)4Bi2I10,295 (C4H9)4-
NCuCl2.296 The cations are summarized in Fig. 12, and the
details of stability are listed in Table 4. The molecular design
strategies aim to increase the ionization energy,291 introduce
22674 | J. Mater. Chem. A, 2023, 11, 22656–22687
cation–p interaction (Fig. 11e),294 enhance steric hindrance
effect (Fig. 11f),292,296 or utilize hydrogen-bond-free A sites.295

Among them, one report introduced the concept of long-range
intermolecular cation–p interactions among A-site cations
(4,4′-TMDP or 4,4′-EDP) of hybrid perovskites and facilitate the
formation of polymer-like network, imparting water stability up
to 180 days (Fig. 11e). Cation–p interaction is originated from
the noncovalent interaction between the p face of aromatic ring
and cation (such as alkali cations, ammonium ions),297 which is
stronger than the cation–water interactions during the decom-
position of MHPs.298 Undoubtedly, the development of intrinsic
stability of MHPs in water may provide new directions and
opportunities to advance the photocatalytic applications.

Besides the selection of A cations, substitution of the B sites
with smaller divalent metals could reduce the lattice parameter
and increase the cohesive energy, which has been reported to
improve the MHP stability.299–301 Substitution of Pb2+ with
smaller divalent metals would also favor the formation of
vacancy-ordered A2BX6 double perovskites with improved
stability. Hamdan et al. synthesized a vacancy ordered halide
perovskite Cs2PtI6 exhibiting extraordinary stability up to 1 year
under ambient condition and showing stability under high
temperature (350 °C), extremely acidic (pH 1) and basic (pH 13)
solutions.302 DFT calculations suggest that the improved
stability is due to the strong covalent interaction of the B–X
bonds in the isolated the [BX6]

2− clusters.303

Halogen anion substitution is another approach. A partial
replacement of iodide with bromide was found to enhance
stability and water tolerance in mixed iodide-bromide MHP
compositions.304 This is related to the suppression of oxygen
incorporation and the presence of stronger hydrogen bonds
This journal is © The Royal Society of Chemistry 2023
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Fig. 12 Chemical structures of organic cations used for fabricating water-stable MHPs.
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between the MA+ cation and Br− ions as the bromide content
increases305 as well as the weaker interaction of water with
bromide.306 Apart from halogen ions, pseudohalides (cyanide,
cyanate, thiocyanate, selenocyanate, azide, BF4

−, PF6
−, BH4

−,
N3

− and HCOO−) have shown signicant stability enhancement
of MHPs.307 For instance, thiocyanate (SCN)-substituted CH3-
NH3Pb(SCN)2I was shown to be more stable than pristine
CH3NH3PbI3 (for 4 h vs. <1.5 h) under 95% humidity.309

3 Photocatalytic applications

In the past seven years, water-stable MHPs have attracted much
attention for numerous potential applications (Table S1 and
Fig. S1†) owing to their enhanced stability and improved
performance. Very recently, it has been exploited as potential
photocatalysts in different reactions. In this section, we will
provide an overview of these photocatalytic applications and
will show lots of nice and encouraging studies for pollutant
degradation, H2 generation, CO2 reduction and organic
synthesis over water-stable MHP photocatalysts.

3.1 Pollutant degradation

Photocatalytic degradation is an attractive way to remove
pollutants from wastewater and thus a great amount of work
has been devoted to exploring effective photocatalysts. Aamir
et al. rstly reported on water-stable OHNH3PbI2Cl and
OHNH3PbCl3 for photocatalytic dye degradation of Direct
Yellow 27 dye under sunlight with a degree of degradation of
93.98% within 20 min and almost 100% aer 55 min, respec-
tively.273 However, both catalysts are only UV-responsive. On the
other hand, Ghosh and co-workers reported that the water-
This journal is © The Royal Society of Chemistry 2023
stable MAPbBr3@ZIF-8 composites could degrade different
pollutants (methyl orange, methyl red and nitrofurazone) under
visible light (60 W LED lamp, lmax ∼ 530 nm) or sunlight. The
composite exhibited a higher degradation for methyl orange
and could degrade methyl orange up to 90% in 100 min
(degradation rate constant: 0.02723 min−1), shown in
Fig. 13a.215 Although the degradation rate is not high enough
compared to the other materials, it can be improved by using
photoactive MOFs.310

To alleviate the toxicity associated with Pb, some lead-free
MHPs have been explored. Wu et al. prepared a C6H4NH2CuCl2I
lm to degrade rhodamine B (RhB) under visible light irradiation.
Degradation of 18% of RhB in 60 min was achieved (degradation
rate constant: 0.003min−1). They found that the sluggish transfer
rate of holes restrains photocatalytic performance of this catalyst.
Aer coupling the photocatalyst with a hole-transportingmaterial
(CuO), the charge separation was enhanced, resulting in a degra-
dation rate of 0.005 min−1.311 As also suggested by the study, one
may enhance the overall photocatalytic activity by constructing
heterojunctions that rectify electron–hole transport at the inter-
face of two semiconductors to facilitate better charge separation
and to limit photocharge recombination. A good example is
a nanocomposite of PEA2SnBr4/g-C3N4 prepared via ball milling
of the constituents. Compared with pristine g-C3N4, the hetero-
junction decreased the degradation time of methylene blue (10−5

M) from 90 min to 45 min (degradation rate constant:
0.078 min−1) under solar light.284 Among the so far reported
photocatalysts, DMASnI3 seems to show the best photocatalytic
performance with a complete conversion of methyl orange
(100 mg L−1) in 12–15 min (degradation constant rate:
∼0.13 min−1) under visible light.279
J. Mater. Chem. A, 2023, 11, 22656–22687 | 22675
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3.2 H2 evolution reaction (HER)

MHPs have also been regarded as a promising family of mate-
rials for photocatalytic HER. However, due to the constraint of
water stability, previous works in MHP photocatalysts mainly
focused on hydrogen generation from concentrated halide acids
as summarized before.40–47 Here, the results related to MHP-
based photocatalysts for H2 production from water are pre-
sented. The rst results of H2 evolution from water with MHPs
was reported by Tao's group278 using DMASnI3, H2 evolution
from water under 300W Xe-lamp was explored and H2 evolution
rate of 3.2 mmol g−1 h−1 was obtained. One year later, Malavasi's
group observed that DMASnBr3 is also highly air-resistant.312

They proved that bare DMASnBr3 photocatalyst exhibited a HER
rate of 6 mmol g−1 h−1 (50 mW cm−2, 1500 W Xenon lamp with
UV lter), which was further improved to 11 mmol g−1 h−1 aer
introducing triethanolamine (TEOA) as sacricial agent and
1 wt% Pt as co-catalyst. Later, g-C3N4 was introduced to further
improve the HER performance by constructing heterojunctions.
As shown in Fig. 13b, the DMASnBr3@g-C3N4 (33 wt%
DMASnBr3) exhibited stable HER activities and reached an
impressive H2 production of 1730 mmol g−1 h−1 with an
apparent quantum yield (AQY) of 6.6% (50 mW cm−2, 1500 W
Xenon lamp with UV lter).313 The enhancement of photo-
catalytic activity is closely tied to the suitable bandgap and
matched band alignment. Same strategy was extended to
PEA2SnBr4/g-C3N4 and Cs3Bi2Br9/g-C3N4 systems and the
maximum HER rates of 1600 mmol g−1 h−1 (50 mW cm−2,
Fig. 13 Photocatalytic applications over water-stable MHPs. (a) Abs
MAPbBr3@ZIF-8 under visible light irradiation. Adapted from ref. 215. Co
33 wt% DMASnBr3@g-C3N4 composite (1 g L−1, 10% v/v triethanolamine,
2020 John Wiley and Sons. (c) CO2 reduction products over CsPbBr3@g
317. Copyright 2022 Elsevier. (d) Nicotinamide adenine dinucleotide (NAD
nm) with four independent tests. Adapted from ref. 279. Copyright 2020

22678 | J. Mater. Chem. A, 2023, 11, 22656–22687
1500 W Xenon lamp with UV lter) and 1050 mmol g−1 h−1 (50
mW cm−2, 1500 W Xenon lamp with UV lter) were achieved,
respectively.284,314 Apart from hydrid MHPs, inorganic MHPs
have also been employed as photocatalysts for HER due to their
better stability in humid air.315 Yin et al. prepared a series of
inorganic Cs2PtxSn1−xCl6 (0# x# 1) crystals via a hydrothermal
method. The Cs2Pt0.05Sn0.95Cl6 catalyst exhibited good phase
stability in water for at least 4 hours and obtained a rate of 16.11
mmol g−1 h−1 (300 W Xe lamp) for hydrogen evolution from
water using TEOA as the sacricial agent.209 Encouragingly, Fei's
group reported the rst organolead iodide layered crystalline
material [Pb8I8(H2O)3]

8+[−O2C(CH2)4CO2
−]4 (TJU-16) with over-

all photocatalytic water splitting characteristics few years ago.
Combing Rh as co-catalysts, the TJU-16-Rh0.22 exhibited
a hydrogen evolution rate of 31 mmol g−1 h−1 (300 W Xenon
lamp with an AM1.5 G lter) with AQY of 0.13% at 320 nm.289
3.3 CO2 reduction

To alleviate environmental issues related to ever-increasing levels
of CO2 concentration in the atmosphere, photocatalytic valori-
zation of CO2 to useful compounds such as CO, methane, formic
acid and alike have been placed in the focus of research for
decades. Recently, Chen et al. combined water-stable perovskite-
like organolead iodide [Pb8I8(H2O)3]8

+[−O2C(CH2)4CO2
−]4 (TJU-

16) with Au co-catalyst (Au0.19/TJU-16) for photocatalytic CO2

reduction in aqueous solution.316 Without using any sacricial
agent, the Au0.19/TJU-16 with loading of 0.19 wt% of Au
orption spectra evolution of methyl orange solution degraded by
pyright 2019 American Chemical Society. (b) Hydrogen evolution over
3 wt% Pt) under simulated solar light. Adapted from ref. 313. Copyright
-C3N4 composite under AM1.5 G simulated sunlight. Adapted from ref.
H) yields over DMASnI3 irradiated by blue LED lamp (wavelength of 450
John Wiley and Sons.

This journal is © The Royal Society of Chemistry 2023
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nanoparticles showed the highest photocatalytic CO production
rate of 2.5 mmol g−1 h−1 and CH4 production rate of 10.1 mmol
g−1 h−1 in water under AM 1.5 G simulated irradiation, achieving
a solar-to-fuel conversion efficiency of 0.034%. In addition, the
consumption of electrons calculated from CO and CH4 of Au0.19/
TJU-16 is 2.2-fold of individual TJU-16. It was concluded that the
improvement in the activity originated from the spatial charge
accumulation and enhanced interfacial charge transfer when
applying the Au co-catalyst. In another study, photocatalyst lm
of CsPbBr3 nanoparticles coated with monolayered C3N4

(CsPbBr3@g-C3N4) was found to be capable of transforming CO2

to CO, CH4 and H2 (0.407, 0.104 and 0.008 mmol cmcat
−2,

respectively) in the presence of water vapor under AM1.5 G solar
without using scavengers.317 Nanoparticles of the individual
phases (i.e., g-C3N4 or CsPbBr3) alone did not produce any
reduction species of CO2 (Fig. 13c). Isotopic labeling experiments
conrmed the origin of products from CO2 reduction. The
improved performance was ascribed to the enhanced stability of
CsPbBr3 coated with the g-C3N4 shell as well as by the promoted
separation of photocarriers at the heterojunction interface.

Doping of the photocatalyst with ionic impurities offers
a further strategy to improve their optical absorption, catalytic
behavior as well as carrier transport properties.87,251 For
example, Co-doped CsPbBr3/Cs4PbBr6 NCs was demonstrated to
be superior compared to its pristine counterpart for water-
assisted CO2 photoreduction with a conversion of 247 mmol
g−1 under visible light irradiation (with CO and CH4 as the main
products). The Co-dopant is assumed to provide not only
additional active sites, but it is also believed to be responsible
for altering the adsorption energies of reactants and interme-
diates thus inuencing the reaction pathways.
3.4 Organic synthesis

Photocatalytic synthesis of organic compounds is another
fascinating eld to offer environmentally benign and cost-
effective routes. Although numerous works have been done
with MHPs for organic synthesis, such as C–X (X = C, N, O, P)
formation, carbon–carbon cleavage and carbon–hydrogen acti-
vation, all these photocatalytic reactions are limited to nonpolar
solvent systems.30–33 To broaden their applications in aqueous
system, a prerequisite factor is to utilize water-stable MHPs. Ju
et al. rstly extended the organic synthesis to aqueous solution
with DMASnIxBr3−x for photoenzyme catalysis.279 The nicotin-
amide adenine dinucleotide (NADH) yield was nearly 100%
within only 30 min and exhibited stable reproducibility in four
tests under blue LED irradiation (Fig. 13d). 320 mM formic acid
can be obtained over a period of 60 min in the photoenzymatic
reaction, suggesting an efficient photocatalytic process in arti-
cial photosynthesis.
4 Challenges and prospects

In this review, we summarize the signicant advances in the
development and applications of water-stable MHPs. To date,
the water stability of MHPs has been achieved by surface engi-
neering, common-ion effect and intrinsically stable MHPs. As
This journal is © The Royal Society of Chemistry 2023
an emerging class of photocatalysts, the photocatalytic study of
water-stable MHPs is still in their infancy. Several challenges
and future research directions related to water-stable MHPs are
identied as follows:

(1) Although various strategies have been proposed to obtain
water stability of MHPs, to realize their photocatalytic applica-
tions, studies should be further focused on the charge carrier
transport properties by exploring novel MHPs with intrinsic
water compatibility (quasi-3D and 2D MHPs) and/or employing
surface passivation that can protect MHPs from water while
preserving good carrier transport features.318–323 For example,
constructing a MHP@shell core–shell heterostructure is
a highly promising way to hit two birds with one stone. By
bringing MHPs with semiconducting/conductive shell, not only
new catalytically active sites324 or protective coatings325 can be
introduced by the second phase, but more importantly recti-
fying interfaces may be obtained.

(2) While some water-stable MHP based photocatalytic
systems have shown good photocatalytic activity in the degra-
dation of organic dyes, more challenging and highly relevant
elds such as hydrogen evolution and activation/valorization of
CO2 are still in their early stages of development, and catalysts
exhibit lower photocatalytic performance compared to tradi-
tional photocatalysts.326 One possibility for the inferior activity
might lie in the severe surface charge recombination.327 In this
regard, constructing a close–contact interface among MHP-
based composites, which benets the sufficient transfer and
rectication of photogenerated charges, is highly
desirable.328–330 It has been proven that chemical modication
or in situ synthesis can result in an intimate heterointer-
face.151,325,330,331 Therefore, in the future, it is plausible to expect
new avenues in this direction as well.

(3) Another vital direction of research is towards an in-depth
understanding of reaction mechanisms over MHP-based pho-
tocatalysts, as the contemporary results are not entirely
coherent and conclusive. Taking CO2 reduction reaction as an
example, there are debates over the CO2 adsorption sites on
bismuth-based A3Bi2I9 (A= Rb+, Cs+ or MA+)332–335 and the origin
of products (photocatalysis317 or photolysis336,337). The photo-
catalytic HER reaction mechanism over DMASnBr3 is also not
exhaustive. It is reported that the binding energy of electron
polarons over DMASnBr3 surface dominates the HER activity,
but the specic role of electron polarons, as driving force or
trapping charges, needs further investigation.338 In this regard,
combining analytics, such as in situ Fourier-transform infrared
spectroscopy, in situ Raman, etc., with theoretical investiga-
tions, will provide new insights in understanding the mecha-
nisms involved and thereby to the design of water-stable and
efficient MHPs.
Author contributions

H. Z.: conceptualization, formal analysis, investigation, writing
– original dra; K. K.: supervision, funding acquisition,
resources, writing – review & editing; S. O.: supervision, funding
acquisition, resources, writing – review & editing.
J. Mater. Chem. A, 2023, 11, 22656–22687 | 22679

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta04994a


Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

4/
02

/2
02

6 
08

:2
1:

11
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work is supported by the Kvantum Institute Emerging
Project (Charge carrier recombination dynamics in semi-
conductor materials) at the University of Oulu. H. Z. acknowl-
edges the nancial support of Tauno Tönning Foundation
(grant no. 20210036) and University of Oulu Scholarship Fund
(grant no. 20220010).
Notes and references

1 L. Gibson, E. N. Wilman and W. F. Laurance, Trends Ecol.
Evol., 2017, 32, 922–935.

2 N. Kannan and D. Vakeesan, Renewable Sustainable Energy
Rev., 2016, 62, 1092–1105.

3 J. H. Kim, D. Hansora, P. Sharma, J.-W. Jang and J. S. Lee,
Chem. Soc. Rev., 2019, 48, 1908–1971.

4 H. Nishiyama, T. Yamada, M. Nakabayashi, Y. Maehara,
M. Yamaguchi, Y. Kuromiya, Y. Nagatsuma,
H. Tokudome, S. Akiyama, T. Watanabe, R. Narushima,
S. Okunaka, N. Shibata, T. Takata, T. Hisatomi and
K. Domen, Nature, 2021, 598, 304–307.

5 P. Zhou, I. A. Navid, Y. Ma, Y. Xiao, P. Wang, Z. Ye, B. Zhou,
K. Sun and Z. Mi, Nature, 2023, 613, 66–70.

6 B. A. Pinaud, J. D. Benck, L. C. Seitz, A. J. Forman, Z. Chen,
T. G. Deutsch, B. D. James, K. N. Baum, G. N. Baum, S. Ardo,
H. Wang, E. Miller and T. F. Jaramillo, Energy Environ. Sci.,
2013, 6, 1983.

7 Y.-H. Song, J. S. Yoo, E. K. Ji, C. W. Lee, G. S. Han, H. S. Jung
and D.-H. Yoon, Chem. Eng. J., 2016, 306, 791–795.

8 S. Chen, T. Takata and K. Domen, Nat. Rev. Mater., 2017, 2,
17050.

9 N. A. Romero and D. A. Nicewicz, Chem. Rev., 2016, 116,
10075–10166.

10 J. Twilton, C. Le, P. Zhang, M. H. Shaw, R. W. Evans and
D. W. C. MacMillan, Nat. Rev. Chem, 2017, 1, 0052.

11 J. Schneider, M. Matsuoka, M. Takeuchi, J. Zhang,
Y. Horiuchi, M. Anpo and D. W. Bahnemann, Chem. Rev.,
2014, 114, 9919–9986.

12 Y. Ma, X. Wang, Y. Jia, X. Chen, H. Han and C. Li, Chem.
Rev., 2014, 114, 9987–10043.

13 G. Liao, Y. Gong, L. Zhang, H. Gao, G.-J. Yang and B. Fang,
Energy Environ. Sci., 2019, 12, 2080–2147.

14 A. Kumar Singh, C. Das and A. Indra, Coord. Chem. Rev.,
2022, 465, 214516.

15 V.-H. Nguyen, H. H. Do, T. Van Nguyen, P. Singh,
P. Raizada, A. Sharma, S. S. Sana, A. N. Grace,
M. Shokouhimehr, S. H. Ahn, C. Xia, S. Y. Kim and
Q. Van Le, Sol. Energy, 2020, 211, 584–599.

16 A. Hossain, A. Bhattacharyya and O. Reiser, Science, 2019,
364, eaav9713.

17 F. E. Osterloh, Chem. Mater., 2008, 20, 35–54.
22680 | J. Mater. Chem. A, 2023, 11, 22656–22687
18 K. Maeda and K. Domen, J. Phys. Chem. Lett., 2010, 1, 2655–
2661.

19 M. Rahman, H. Tian and T. Edvinsson, Angew. Chem., Int.
Ed., 2020, 59, 16278–16293.

20 A. Kojima, K. Teshima, Y. Shirai and T. Miyasaka, J. Am.
Chem. Soc., 2009, 131, 6050–6051.

21 H. Min, D. Y. Lee, J. Kim, G. Kim, K. S. Lee, J. Kim,
M. J. Paik, Y. K. Kim, K. S. Kim, M. G. Kim, T. J. Shin and
S. Il Seok, Nature, 2021, 598, 444–450.

22 G. Xing, N. Mathews, S. Sun, S. S. Lim, Y. M. Lam,
M. Gra€tzel, S. Mhaisalkar and T. C. Sum, Science, 2013,
342, 344–347.

23 M. A. Green, A. Ho-Baillie and H. J. Snaith, Nat. Photonics,
2014, 8, 506–514.

24 Q. Dong, Y. Fang, Y. Shao, P. Mulligan, J. Qiu, L. Cao and
J. Huang, Science, 2015, 347, 967–970.

25 C. Wehrenfennig, G. E. Eperon, M. B. Johnston, H. J. Snaith
and L. M. Herz, Adv. Mater., 2014, 26, 1584–1589.

26 P. Chen, W. Ong, Z. Shi, X. Zhao and N. Li, Adv. Funct.
Mater., 2020, 30, 1909667.

27 Y. Zhou and Y. Zhao, Energy Environ. Sci., 2019, 12, 1495–
1511.

28 S. Park, W. J. Chang, C. W. Lee, S. Park, H.-Y. Ahn and
K. T. Nam, Nat. Energy, 2017, 2, 16185.

29 P. C. K. Vesborg, Nat. Energy, 2017, 2, 16205.
30 Y. Lin, J. Guo, J. SanMartin, C. Han, R. Martinez and Y. Yan,

Chem. –Eur. J., 2020, 26, 13118–13136.
31 M. Corti, S. Bonomi, R. Chiara, L. Romani, P. Quadrelli and

L. Malavasi, Inorganics, 2021, 9, 56.
32 M. Zhang, W. Sun, H. Lv and Z.-H. Zhang, Curr. Opin. Green

Sustainable Chem., 2021, 27, 100390.
33 V. Murugesh and S. P. Singh, Chem. Rec., 2020, 20, 1181–

1197.
34 S. Shyamal and N. Pradhan, J. Phys. Chem. Lett., 2020, 11,

6921–6934.
35 S. Trivedi, D. Prochowicz, A. Kalam, M. M. Tavakoli and

P. Yadav, Renewable Sustainable Energy Rev., 2021, 145,
111047.

36 M. A. Raza, F. Li, M. Que, L. Zhu and X. Chen, Mater. Adv.,
2021, 2, 7187–7209.

37 X. Zhang, R. Tang, F. Li, R. Zheng and J. Huang, Sol. RRL,
2022, 6, 2101058.

38 J. Wang, Y. Shi, Y. Wang and Z. Li, ACS Energy Lett., 2022, 7,
2043–2059.

39 C. B. Hiragond, N. S. Powar and S.-I. In, Nanomaterials,
2020, 10, 2569.

40 L. Romani and L. Malavasi, ACS Omega, 2020, 5, 25511–
25519.

41 S. Purohit, K. L. Yadav and S. Satapathi, Adv. Mater.
Interfaces, 2022, 9, 2200058.

42 V. Armenise, S. Colella, F. Fracassi and A. Listorti,
Nanomaterials, 2021, 11, 433.

43 H. Huang, B. Pradhan, J. Hoens, M. B. J. Roeffaers and
J. A. Steele, ACS Energy Lett., 2020, 5, 1107–1123.

44 J. Chen, C. Dong, H. Idriss, O. F. Mohammed and
O. M. Bakr, Adv. Energy Mater., 2020, 10, 1902433.

45 Y. Xu, M. Cao and S. Huang,Nano Res., 2021, 14, 3773–3794.
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta04994a


Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

4/
02

/2
02

6 
08

:2
1:

11
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
46 J. Luo, W. Zhang, H. Yang, Q. Fan, F. Xiong, S. Liu, D. Li and
B. Liu, EcoMat, 2021, 3, eom2.12079.

47 S. Pan, J. Li, Z. Wen, R. Lu, Q. Zhang, H. Jin, L. Zhang,
Y. Chen and S. Wang, Adv. Energy Mater., 2022, 12, 2004002.

48 H. Zhou, Q. Chen, G. Li, S. Luo, T. B. Song, H. S. Duan,
Z. Hong, J. You, Y. Liu and Y. Yang, Science, 2014, 345,
542–546.

49 N. Tripathi, M. Yanagida, Y. Shirai, T. Masuda, L. Han and
K. Miyano, J. Mater. Chem. A, 2015, 3, 12081–12088.

50 W. Oh, S. Bae, S. Kim, N. Park, S.-I. Chan, H. Choi,
H. Hwang and D. Kim, Microelectron. Reliab., 2019, 100–
101, 113392.

51 C. Müller, T. Glaser, M. Plogmeyer, M. Sendner, S. Döring,
A. A. Bakulin, C. Brzuska, R. Scheer, M. S. Pshenichnikov,
W. Kowalsky, A. Pucci and R. Lovrinčíc, Chem. Mater.,
2015, 27, 7835–7841.

52 J. M. Frost, K. T. Butler, F. Brivio, C. H. Hendon, M. van
Schilfgaarde and A. Walsh, Nano Lett., 2014, 14, 2584–2590.

53 Y. Li, X. Xu, C. Wang, C. Wang, F. Xie, J. Yang and Y. Gao, J.
Phys. Chem. C, 2015, 119, 23996–24002.

54 E. Mosconi, J. M. Azpiroz and F. De Angelis, Chem. Mater.,
2015, 27, 4885–4892.

55 A. M. A. Leguy, Y. Hu, M. Campoy-Quiles, M. I. Alonso,
O. J. Weber, P. Azarhoosh, M. van Schilfgaarde,
M. T. Weller, T. Bein, J. Nelson, P. Docampo and
P. R. F. Barnes, Chem. Mater., 2015, 27, 3397–3407.

56 J. Yang, B. D. Siempelkamp, D. Liu and T. L. Kelly, ACS
Nano, 2015, 9, 1955–1963.

57 Z. Song, A. Abate, S. C. Watthage, G. K. Liyanage,
A. B. Phillips, U. Steiner, M. Graetzel and M. J. Heben,
Adv. Energy Mater., 2016, 6, 1600846.

58 G. E. Eperon, S. N. Habisreutinger, T. Leijtens,
B. J. Bruijnaers, J. J. van Franeker, D. W. DeQuilettes,
S. Pathak, R. J. Sutton, G. Grancini, D. S. Ginger,
R. A. J. Janssen, A. Petrozza and H. J. Snaith, ACS Nano,
2015, 9, 9380–9393.

59 G. Grancini, V. D'Innocenzo, E. R. Dohner, N. Martino,
A. R. Srimath Kandada, E. Mosconi, F. De Angelis,
H. I. Karunadasa, E. T. Hoke and A. Petrozza, Chem. Sci.,
2015, 6, 7305–7310.

60 C. Zheng and O. Rubel, J. Phys. Chem. C, 2019, 123, 19385–
19394.

61 S. Sun, D. Yuan, Y. Xu, A. Wang and Z. Deng, ACS Nano,
2016, 10, 3648–3657.

62 H. Zhang, M. K. Nazeeruddin and W. C. H. Choy, Adv.
Mater., 2019, 31, 1805702.
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