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A B S T R A C T   

Metal halide perovskite (ABX3) has become a new class of fascinating nanomaterial that has attracted extensive 
interdisciplinary attention as a low-cost and easy to manufacture photocatalyst in the platform of solar energy 
conversion and environmental remediation. This is due to its appealing optimal band gaps, long carrier diffusion 
length, high carrier mobility, defect tolerance, unique chemical and optoelectronic properties. Nevertheless, their 
ionic crystal structures are unstable, therefore hindering practical application. In this review, we first introduce 
the unique structural and physical properties of metal halide perovskites. Subsequently, we examine the critical 
challenges faced by present halide perovskites, including (1) material instability, (2) Pb-toxicity, and (3) material 
defective structures. Next, we highlight the practical approaches being taken to resolve the bottlenecks of metal 
halide perovskites, particularly the adoption of (1) protonic solvents (i.e., HX; X = I or Br) for water splitting 
reaction, (2) mild protonic solvents for CO2 photoreduction, (3) functionalizing and encapsulation of perovskites, 
(4) engineering Pb-less/Pb-free material, and (5) defect remediation, followed by several methods to evaluate 
and quantify defect states. Then, we summarize a panorama of the latest progression of halide perovskites either 
in its pristine formed or hybridized formed used in photocatalysis, photoelectrochemical, and photovoltaic- 
photoelectrochemical systems. Lastly, this review is ended with a summary and some revitalized perspectives 
on the future directions for stable and efficient metal halide perovskite-based photocatalysis research. It is 
anticipated that this review provides a new research direction for future metal halide perovskite-based photo-
catalysis development.   

1. Introduction 

Over the decades, being heavily dependent on conventional fossil 
fuels has been the root of severe natural environmental issues [1–3]. The 
consumption of fossil fuels arising from human activities has inevitably 
emancipated carbon dioxide (CO2), which has to reach a critical limit 
that is detrimental to the environment, thus leading to the collapse of the 
carbon cycle and, in a worst-case, resulting in the greenhouse effect. 
With this matter, scientists across interdisciplinary have been working 

together to pursue new opportunities and technologies to realize and 
create clean energy and provide effective remediation plans for envi-
ronmental problems. Solar flux is sustainable and accessible energy that 
can be captured, generated, transformed, and stored to address envi-
ronmental concerns and energy demands [4]. 

Various attempts to harness the power of the sun have been realized 
with solar photovoltaics and solar panels. Alternatively, direct conver-
sion of solar energy to chemical solar fuels (mimicking natural photo-
synthesis) through semiconductor driven water splitting to produce H2 
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and O2, reduction of CO2 to hydrocarbon fuels (methane, methanol, 
formic acid, and ethanol), nitrogen fixation to synthesize ammonia as a 
hydrogen carrier, and degradation of organic pollutants is a sustainable 
way to conserve and preserve the environment. Despite the different 
utilization of artificial photosynthetic processes (water splitting, CO2 
reduction, N2 fixation, and oxidation degradation), all these processes 
abide by a similar working principle whereby absorption of light energy 
creates electrons-holes pair to initial redox reactions on the semi-
conductor’s surface for specific reactions [5]. In order to facilitate the 
redox reactions, the semiconductor should have a reasonable bandgap 
for photoexcitation. The electrons are excited into the conduction band 
(CB) upon photoexcitation, leaving the valence band (VB) holes. Sub-
sequently, the photoexcited electrons migrated to the bulk surface of the 
semiconductor (in an ideal condition) to initiate chemical reduction at 
the CB site, while oxidative holes in the VB oxidize the reactant; 
otherwise, the electron-hole pairs would recombine [6]. Referring to 
specific photocatalytic reactions such as the water-splitting process, the 
CB of a semiconductor should be more negative than that of the 
reduction potential of water to produce H2. Meanwhile, the VB should 
be more positive than the water’s oxidation potential for oxidation to 
occur. The dynamics of the photoexcited charge carriers (electrons and 
holes) are equally important because they dictate the number and effi-
ciency of the remaining active electrons-holes to participate in the 
interfacial reactions at the semiconductor/solution phase boundary 
before charge recombination [7,8]. The pioneering work on TiO2 for 
water splitting was initiated in 1972 by Fujishima and Honda, which is 
still a hot topic due to its high stability, high reactivity, and non-toxicity 
properties. However, the large bandgap of this pristine material could 
only harvest the solar light less than 388 nm in the UV region, which 
utilizes only 4% of the entire solar spectrum since the central part of the 
solar irradiation constitutes visible (43%) and infrared light (53%) [9, 
10]. It is always a challenge to develop a semiconductor that is effective 
for both reduction and oxidation while keeping the bandgap narrow 
enough for long-wavelength light absorption [11]. Notably, the con-
ventional oxide-based semiconductor is usually large in the bandgap, 
with a valence band formed by O 2p orbital (+3.0 V). In many cases, the 
reduction potential of oxide-based semiconductors is compromised and 
thus incapable of reducing proton (H+) to hydrogen [12]. For example, 
BiVO4 is an efficient visible light active semiconductor (narrow 
bandgap) [13], but it could not produce H2 from water. 

Steering into the perovskite family, inorganic perovskite oxides 
(ABO3), where A denotes a rare or alkaline earth metal and B stands for 
the first-row transition metal, have caught considerable attention in the 
context of photocatalysis since its first breakthrough in 2002 by 

Professor Kato (Fig. 1). Compared to other conventional photocatalysts, 
the growing interest in perovskite oxides research is credited to its 
flexibility in tuning the bandgap and edge, thus rendering broad and 
strong solar flux absorption and appropriate redox abilities for their 
respective activities [14,15]. The three different ionic species of 
perovskite oxides are diverse and potentially useful for defect chemistry. 
In general, defects in semiconductors, either at the atomic scale, such as 
vacancies or the macroscopic level (voids or wrinkles), play an essential 
role in controlling the semiconductor’s optical, electronic, and structural 
properties [16]. For example, defects can be introduced into the 
perovskite oxide lattice by substituting the parent cation with a 
similar-sized cation. Else, by substituting B-site ions with lower or 
higher valence cations, oxygen ion vacancies or interstitials can be 
generated, such as the oxygen-deficient perovskite Brownmillerite 
(A2B2O5), in which one-sixth of oxygen atoms are removed. The defect 
concentrations, in this case, can be controlled and tailored by doping, 
implying that defect engineering of a perovskite material can change the 
photocatalytic properties of the perovskite photocatalyst [17]. However, 
just like the shortcoming issue of other oxide semiconductors, perovskite 
oxides possess a large bandgap that could only harvest the UV region; 
severe carrier recombination that weakens catalytic activity; and limited 
surface area for the adsorption of the reactant on the perovskite surface. 

By considering the properties mentioned above of conventional pe-
rovskites such as wide bandgap, rapid charge recombination, and poor 
photo-reduction potential, there requires developing a new semi-
conductor with suitable properties to expand the boundless limits in 
photocatalysis. Metal halide perovskite has proved to be a promising 
optoelectronic material used in solar cells, light-emitting diodes, and 
photodetectors, ascribed to its adjustable direct bandgap, long charge 
carrier lifetime, significant absorption coefficient, and defect tolerance 
property [18,19]. These characteristics cast metal halide perovskites 
highly realizable and applicable for photocatalytic reactions, signify 
them as a new research dimension and a new family of next-generation 
visible-light-driven photocatalysts for solar-to-chemical fuel conversion. 
The blooming interests in the arena of perovskite-based photocatalysis 
are undoubtedly evidenced by an advanced search using the keywords of 
"perovskite" and "photocatalysis" in the Scopus database. As shown in  
Fig. 2, the number of publications related to perovskite photocatalysis 
has dramatically escalated over the past 20 years, especially cornucopia 
within these five years, with an accumulative citation of 25658 recorded 
to date. 

In general, perovskite, with an ABX3 structure, comprises large cat-
ions such as MA+/FA+/Cs+ in its A-site; B-site contains metal cations 
such as Pb2+, Sn2+, Ge2+, etc.; and X represents the halide group (Cl-, Br-, 

Fig. 1. Timeline showing the development and transformation of oxide perovskite-based photocatalysis to halide perovskite.  
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or I-). These three components (A-B-X) are either weakly bonded by 
ionic interactions (Pb-I bonds with bonding energy of ~142 kJ/mol), 
and/or secondary bonds, and van der Waals interactions. In addition, 
metal halide perovskite exhibits low enthalpies of formation due to the 
softness of crystal-chemical bonds, where their theoretical decomposi-
tion energy barriers are merely 0.1 eV. Hence, halide perovskites could 
be easily formed and are also easy to be damaged [20]. When metal 
halide perovskites are in contact with air, moisture, polar solvents, ox-
ygen, and heat, they would result in undesirable phase transition and 
decomposition (MAPbI3 → MAI + PbI2) and alter the structural and 
optoelectronic properties of the perovskite materials [21]. Hence, it is 
ascertained that the ionic lattices of metal halide perovskites under 
certain photocatalytic reaction conditions such as water or polar sol-
vents are highly unstable. This instability of halide perovskites has so far 
limited their applications as photocatalysts [22]. Substantive efforts 
have been devoted to promoting halide perovskites for solar-to-chemical 
fuel conversion, ranging from the employment of HI solution for H2 
production to non-aqueous solutions for CO2 reduction and providing a 
physical barrier over perovskite surface for encapsulation purposes. 
Photo (electro)catalytic water splitting and CO2 reduction processes can 
be driven when a perovskite photovoltaic is connected to a photo 
(electro)catalytic cell. In ensuring efficient conversion of CO2 using 
photocatalysis, two aspects must be emphasized: (i) the design of the 
photocatalyst itself and (ii) the photoreactor used. Looking into the 
photocatalyst design per se, controlling the synthesis, structure, doping, 
defects, morphology, optoelectronic properties, and surface chemistry 
are the ways to promote the succession of this technology. The desired 
photocatalyst should attain the highest reaction rate and thus contribute 
to the most remarkable conversion even under low incident photon flux 
and low amount of catalyst. To achieve the points mentioned above, the 
researchers need to understand and investigate the origin of the pe-
rovskite’s structural and electronic defect states and their charge 
transport dynamics. In addition, it is crucial to search for a low-cost, 
non-toxic, stable, and scalable material for sustainable hydrogen and 
fuel production from water and CO2. Apart from the photocatalyst 
design, the photoreactor design should be compatible with high pho-
tonic efficiency technology. The desired photoreactor would be of 
minimum unit operations in achieving optimal ease of operation and 
scaling up and validations. Furthermore, the photoreactor requires 
optimization of an optically and chemically engineered system that 
concentrates light intensity in an absorbing and scattering photocatalyst 
bed integrated within a photoreactor configuration. 

To date, excellent reviews have been published, covering detailed 
reviews on the synthesis, modification strategies, and designs of a re-
action system for a stable and efficient photocatalytic process. Over the 
years, enormous efforts such as fabrication protocols, chemical compo-
sitions, and phase stabilization methods have been devoted to adjusting 
the device performance by sharpening their effectiveness towards light 
harvest means. Along with the efficiency race, an important 

circumstance that is being emphasized most times is the effect of 
excessive charge recombination, which is regarding trap states. The 
presence of defects in some instances could have brought forth advan-
tages such as abundant active sites, enhanced redox capability, 
improved visible light responsivity, and altered band structure, thus 
allowing for the fabrication of defect-mediated heterojunction systems 
[23]. But in some cases, they (defects) are detrimental. Hence, under-
standing defects characteristics and mechanistic of the semiconductor 
are the stepping stone toward all-aspects enhancement because the 
distribution of trap states within the perovskite vicinity or 
hetero-interfaces is the culprit for poor carrier dynamics light-response 
performances [24]. Hence, it is crucial to first understand and investi-
gate the origin of perovskite’s structural and electronic defect states for 
development and optimization purposes while participating in the effi-
ciency race. 

In this review, we first summarized the structure and physical 
properties of halide perovskite. Subsequently, we disclosed a critical 
analysis of the challenges of the present halide perovskites in the context 
of chemical instability, phase instability, toxicity, and the most critical 
issue of defects found within the perovskite. In addition, we introduce 
essential experimental techniques and spectroscopies used to examine 
and quantify traps states. It is then followed by the outlining of proven 
strategies that have promoted an efficient and stable photocatalytic re-
action process, accompanied with up-to-date progress of halide perov-
skites used in photocatalytic applications, particularly in water splitting 
and CO2 conversion and an outlook of future modifications. The recent 
developments of halide perovskites assembled for photoelectrochemical 
(PEC) and photovoltaic-integrated photo(electro)catalytic cell (PV-PEC) 
for photocatalytic energy and environmental science are systematically 
discussed. Last but not least, this review will be concluded with a 
summary of the current progress of halide perovskites for photocatalytic 
application and an outlook on the major challenges, opportunities, and 
perspectives for future research toward real application 
accomplishment. 

2. Properties of metal halide perovskites 

2.1. Formability and crystal structure of perovskite 

Halide perovskite with a general formula of ABX3 (Fig. 3a) is formed 
by bridging a large monovalent A-cation, which behaves like a total 
charge neutralizer, to a network of corner-sharing BX6 octahedron and 
12 anions (halides in this case). Specifically, the A and B-sites are stably 
occupied by monovalent (MA+, Cs+, FA+, Rb+) and divalent (Pb2+, 
Sn2+, Ge2+) metal ions, respectively [25]. The organic A-cation gener-
ally does not govern the band structure, but its size is a critical matter 
that judges the formability of a perovskite structure because either a 
larger or smaller A-cation could result in either an expansion or 
contraction of the perovskite lattice. It is preferably A-cation with a 
radius between ~1.6 Å to ~2.5 Å shall be deployed in stabilizing the 
perovskite structure. As in most cases, MA+ cation with an ionic radius 
of 1.8 Å is perfectly suiting the PbX3 perovskite [26]. Beyond this range, 
an oversize A-cation triggers the formation of lower-dimensional 
layered or confined perovskites instead of a 3D perovskite structure. 
In contrast, a strained lattice would form if the A-cation is too small 
[27]. On the other hand, the B and X elements are responsible for con-
structing energy levels that dominate the halide perovskites’ catalytic 
activities. Tolerance factor, t (Eq. (1)) and octahedral factor, μ (Eq. (2)) 
are consequently proposed to inspect the formability and stability of the 
perovskite system, respectively. A halide perovskite, in general, does 
form in the range of 0.85 ≤ t ≤ 1.11. However, for the case of an alkali 
metal halide perovskite (Li, Na, K, Rb, Cs), in order to stabilize [BX6]4-, 
the tolerance factor should be confined in the range of 
0.813 < t < 1.107 and an octahedral factor from 0.442 < μ < 0.895 
[28,29]. The lower part of this range may distort the perovskite structure 
due to tilting of the [BX6] octahedral and lowering of the symmetry, 

Fig. 2. The number of publications and citations on perovskite-based photo-
catalysis from 2001 to 2021 obtained data using Scopus: 
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which hence resulted in a tetragonal or orthorhombic symmetry [30]. 
The tilting process relieves the mismatch between the shrinking A-X 
framework and the rigid BX6 octahedral. A tolerance factor of 1 indicates 
a perfect fit of an A-site cation within the BX3 framework and a cubic 
structure (space group Pm3m) is expected, whereas octahedral defor-
mity and loss in symmetry are predicted when t < 1 (Fig. 3a) [26]. At a 
higher tolerance factor of greater than 1, an oversize A-site cation is 
likely beyond its fitting range, while the A-site cation is too small to fit in 
the cavities when t < 0.8, thus leading to the formation of 
non-perovskite structures [31]. As evident from the t-μ map in Fig. 3b, 
setting a vertical boundary line at t = 0.875, the blue-shifted t values 
(shifting to the left) imply the formation of non-perovskite materials. 
The boundary of the stable perovskites across the right (larger t scale) is 
not well-defined because there are no inorganic compounds with 
t > 0.92 and μ > 0.41. Hence, to achieve a t value approaching 1, an 
extremely large A-site cation is actually needed for a given B- and X-site 
ions [28,31,32]. Among the established perovskites (MAPbI3, FAPbI3, 
and CsPbI3) [33–38], Cs+, despite the largest alkali metal cation (ionic 
radius: 1.88 Å), however, it is still incapable of fully supporting a stable 
cubic iodide perovskite framework. As indicated by Travis and 
co-workers, CsPbI3 recorded a t value of 0.89, which is likely at the 
borderline; slightly deviated from the stable 3D perovskite range of 
t ≥ 0.9 [31,39]. Comparatively, increasing the size of the cation from 
MA+ (ionic radius: 2.16 Å

̊
) to FA+(ionic radius: 2.53 Å

̊
) has conse-

quently rendered much better stability, in which the t value is 
approaching 1, as shown in Fig. 3b [40]. The octahedral factor, μ, (Eq. 
(2)) is also an important parameter to evaluate the fitting ability of the 
B-site cation within the octahedral holes of the X-site anion sub-lattice. 
An ideal radius of an octahedral hole, rhole formed within the six 
close-packed rigid spheres of rx is 0.414rx. According to Pauling’s first 
rule, when μ < 0.414, the B-site cation is contactless with the X-site 
anions, thus resulting in instability leading to a lower coordination 
number. While the octahedral geometry is more stable when μ is greater 
than 0.414, ascribed to the excellent connection between B-cation with 
the six X-anions, the X-site anions are further from each other so that 
their mutual repulsion is reduced. Upon achieving a desirable μ value of 
0.592, a more favorable 7-coordinated capped octahedron is therefore 
formed [40]. 

t = (rA + rx)
/ ̅̅̅

2
√

(rB + rx) (1)  

μ = rB/rx (2)  

where rA, rB, and rX are the radii of A, B, and X ions, respectively. 
Perovskite undergoes a phase transition from cubic (Pm3m) to 

tetragonal (14/mcm) or orthorhombic (Pnma), depending on external 
environmental interferences such as oxygen, moisture, and light illu-
mination [26]. Generally, MAPbI3 undergoes two reversible phase 
transitions: (1) between an octahedral and tetragonal structure at 
around 161 K; (2) between tetragonal and cubic symmetry at 328 K [42, 
43]. The imperfect tetragonal crystal structure of MAPbI3 with 
non-uniform Pb-I bond lengths and zigzag Pb-I-Pb chains (angle of 
Pb-I-Pb = 160 ◦ in the ab plane) leaves room for improvements in (1) 
overlapping orbital between Pb2+ and I- and (2) ionic packing of MA+, 
Pb2+, and I- [41]. Thermal instability is one of the issues encountered by 
most ABX3 materials. For example, MAPbX3 degrades at a low temper-
ature of 130 ◦C ascribed to the low evaporation temperature of MAX 
from 110 ◦C to 150 ◦C. In contrast, MAPbI3 crystal starts to decompose 
when the temperature exceeds 300 ◦C owing to its low crystallization 
energy [43,44]. Considering the positive effects of FAPbI3, such as 
extended light-harvesting ability, reduced bandgap energy, longer 
charge diffusion length, and superior photostability, paramount atten-
tion has been steered towards FAPbI3. FAPbI3 falls into the category of 
“established perovskite" with a black phase in its trigonal perovskite 
phase (α-FAPbI3) or either a yellow hexagonal non-perovskite phase 
(δ-FAPbI3), depending on heat-treatment temperature. Results obtained 
from the first-principle calculations indicate that δ-FAPbI3 is stable in its 
lowest form of energy at room temperature. These phases with yellow or 
orange lower photovoltaic performance [45]. Phase transition οϕ 
δ-FAPbI3 to α-FAPbI3 usually happens above 160 ◦C. While, it is stable 
between the temperature of 25 ◦C and 150 ◦C, implying much better 
stability FAPbI3 over the MAPbI3. Nevertheless, black α-FAPbI3 was 
reported to convert to yellow non-perovskite phase in the presence of 
solvent and FA+ dissociated into ammonia and sym-triazine in the 
presence of water [46]. Hence, mixed cation or mixed halide systems 
comprising FA1− xMAxPbI3, FA1− xMAxPbI3− yBry, and (FAPbI3)1− x(-
MAPbBr3)x, have shown their desired results in phase stabilization. In 
such a case, it is expected that a higher dipole of MA+ possesses more 
vital interaction with the PbI6 octahedral cage and the increase of 
Madelung energy of the structure [47]. Structural evolution from the 
tetragonal-to-pseudo-cubic structure when moving from MA to FA was 
evidenced by Amat and co-workers, in which beyond the cation size, the 
enhancement of hydrogen bonding to the inorganic matrix alters the 
covalent/ionic character of Pb-I bonds. Cs+, comparatively smaller in 
size than MA+ and FA+ cations, has made it (α-black phase) only stable 
at high temperature over 330 ◦C. Nevertheless, it rapidly degrades to an 

Fig. 3. (a) Structural models for APbI3 having a 
cation A+ (blue) that is too small (left), suitable 
(center), or too large (right) in size. (b) Struc-
tural map of ABI3 compounds. Blue dots and red 
crosses represent stable inorganic perovskites 
and non-perovskites. Blue triangle and red di-
amonds represent stable hybrid perovskites and 
non-perovskites. Orange squares represent AGe 
(II)I3 compounds with perovskite-like or non- 
perovskite structures. (c) A volcano plot of 
color versus volume per formula unit (V/Z) for 
various APbI3. Only those of V/Z = 252 ± 3 Å3 

achieve the cubic perovskite structure and 
absorb light to the longest wavelength. 
(a) Reproduced from Ref. [41], with the 
permission of Wiley, copyright 2017. (b) 
Reproduced from Ref. [40], with the permission 
of Wiley, copyright 2017. (c) Reproduced from 
Ref. [41], with the permission of Wiley, copy-
right 2017.   
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undesirable δ-yellow phase, especially in moist ambient conditions [48, 
49]. Recently, researchers claimed that partial residing of dimethy-
lammonium cation (DMA+) in the Cs+ sites of the perovskite lattice (in 
forming a double-cation DMAxCs1− xPbI3) had stabilized the black 
α-CsPbI3. Empirically, a stable α-structure is attributed to (i) drop of the 
s-p antibonding states due to longer Pb-I bonds that lower the energy of 
the system and (ii) stronger coulomb attraction between the Cs cation 
and the surrounding Pb-I framework [50,51]. The volume per formula 
unit (V/Z) could be used as a benchmark to model the mixed cation 
perovskites. As confirmed by Mi and co-workers, they confirmed that the 
introduction of a bigger cation tunes the MAPbI3 toward an ideal limit 
with a higher crystal symmetry (Fig. 3c) [41,52,53]. It is notable that 
cation-induced structural variability that tunes different electronic and 
optical properties where the B cation binds strongly to the anion, while a 
weaker one between an A cation with the anion. These interactions can 
be tuned to design markedly different perovskite crystals with desirable 
properties [29,54]. 

2.2. Composition of perovskite and their optoelectronic properties 

Understanding the structural and electronic defect states, as well as 
charge dynamics of the perovskite, is pivotal because these critical 
quantities are inter-correlated in gauging the potential of the perovskite 
material for satisfactory photocatalytic performances. Credited to the 
efforts devoted to the upcycling process of MAPbI3, this perovskite has 
been regarded as the most mature light-active material among the halide 
perovskite family. MAPbI3 single crystal possesses a long charge carrier 
diffusion length of 175 µm, with a low trap density in the range of 109 to 
1010 cm− 3, which is comparable to silicon technology [55]. Merited by 
the outstanding optoelectronic properties of hybrid perovskite mate-
rials, they are ideal candidates as particulate photocatalysts in the 
photocatalytic system. Taking photocatalytic water splitting reaction as 
an example, designing a semiconductor with an appropriate band gap 
alignment is critical to driving an effective photoexcitation process. This 
phenomenon is due to the energy of an incident light must first exceed 
the bandgap energy of the semiconductor to kick-start the photocatalytic 
reaction, only then the migration of charge carriers to their respective 
sites for specific reactions take place (Fig. 4a). Considering the 

Gibbs-free energy (ΔG◦) values of water-splitting (237 kJ/mol) and CO2 
reduction (259 kJ/mol), a theoretical bandgap of at least 1.34 eV is 
much preferable where this criterion is likely to be fulfilled by halide 
perovskite. However, overpotential is always an issue involved in a 
water-splitting reaction. Employing semiconductors with a bandgap 
larger than 1.6 eV is expected to compensate for the overpotentials. 
Moreover, from the thermodynamic point of view, deposition of 
hydrogen evolution reaction (HER) and oxygen evolution reaction 
(OER) cocatalysts on the photocatalyst’s surface is also an option to 
reduce overpotentials for H2 and O2 production. Compared against the 
perovskite oxides, although their superior catalytic ability, good elec-
tronic conductivity, and variability in forming ample oxygen vacancies 
have shaped them to be excellent for electrocatalysis, they are not 
promising photocatalysts due to large bandgap and low electron/hole 
mobility [56]. Analysing from the energy level, as shown in Fig. 4b, the 
band positions of most halide perovskites satisfy the thermodynamic 
requirements for reduction and oxidation reactions, credited to their CB 
and VB that are straddling the water/CO2 reduction and water oxidation 
potentials. Thermodynamically, the conduction band, CB of the semi-
conductor should render an electron potential that is more negative than 
0 V versus normal hydrogen electrode (NHE) to enable the reduction of 
H+ to H2 (− 0.007 V vs. NHE for CO2 to CO, pH = 0) and a hole potential 
(valence band, VB potential) that must be more positive than the 
oxidation potential of H2O/O2 (1.23 V vs. NHE, pH = 0) [22,57]. 

The bandgap structure of halide perovskite is composed of an anti-
bonding VBM-antibonding CBM system, which makes this semi-
conductor highly defect tolerant. The VBM of halide perovskite 
comprises the antibonding hybrid state between 6s orbitals of B and np 
orbitals of X (n = 3, 4, and 5 for Cl, Br, and I, respectively); taking np 
orbitals of X as the significant contributors. Whereas CBM comprises an 
antibonding hybrid state between 6p orbitals of B and np orbitals of X, 
where 6p orbitals of B is the major contributor. Because the A-site cat-
ions have no significant effect on the VBM or CBM, bandgap tuning of 
halide perovskite is greatly influenced by the halogen anions. Taking 
MAPbI3 as an example, Sargent and his co-workers have demonstrated 
that its bandgap could be tuned by changing the ratio of different halide 
ions [58]. An increasing iodide concentration of a CsPbBr3− xIx perov-
skite film has resulted in red-shifted absorption and emission spectra 

Fig. 4. (a) Illustrates charge transfer reactions 
that may occur at the surface and in the bulk of 
a semiconductor photocatalyst. (b) Energy level 
of metal halide perovskite comparative against 
the non-metal halide based semiconductors, 
Redox potentials, E0

Redox vs. NHE at pH 7; E0 

(pH) = E0 (pH = 0) – 0.059 pH]. (c) Promoting 
charge separation towards enhanced HI split-
ting reaction by forming a bandgap funnel 
structure of MAPbBr3− xIx near the surface. 
(a) Reproduced from Ref. [22], with permission 
of Wiley, copyright 2020. (b) Reproduced from 
Refs. [28,61–68], with permissions of Wiley, 
Royal Society of Chemistry, Elsevier, and 
American Chemical Society, copyright 2013, 
2018, 2020, and 2021. (c) Reproduced from 
Ref. [60], with permission of Elsevier, copy-
right 2020.   
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(longer wavelength), accompanied by a narrower bandgap [59]. In 
2018, Huang and Wang et al. employed MAPbBr3− xIx for photocatalytic 
H2 production from HI splitting, and they found that the formation of a 
bandgap funnel structure near the surface of photocatalyst has sub-
stantially promoted charge separation towards HI splitting reaction 
(Fig. 4c) [60]. 

Meanwhile, the A-site cation affects the structural properties of the 
perovskite material, whereby changing the A-site cations could either 
contract or expand the crystal lattice of the perovskite, which may cause 
deformation of the B-X bond. The A-site cation determines the orienta-
tion of the perovskite structure, thus adversely affecting the perovskite’s 
photoelectric properties [69]. Nevertheless, employing MA+ or FA+ as 
the sole A-site cation is usually unstable relative to the environment. 
Thus, current research efforts are steering toward the replacement of 
organic cations to an all-inorganic version such as Cs+ and Rb+, which 
are likely to contract the perovskite lattice structure; with a more stable 
outcome [21,69,70]. While, the B-site divalent metal is usually 
composed of the elements of group IVA such as Pb2+, Sn2+, or Ge2+. The 
most well-known Pb2+ element of the perovskite material has a lone pair 
of 6s state, which makes it highly defect tolerant in the perovskite family 
but is daunted by its toxicity. Hence great efforts have been devoted to 
replacing Pb with lead-free materials such as In+, Tl+, Ge2+, Bi3+, and 
Sb3+. So far, Sn is leading the most efficient lead-free solar cells, yet 
rapid oxidation of Sn2+ to Sn4+ in the ambient condition is still 
restraining its viability in most applications. Recently, several successful 
reports on B-site co-alloying Sn and Ge, which have proved to be more 
stable in reaction, are getting immense attention within the perovskite 
community [71]. Theoretical study reveals that the Ge of mixed 
vacancy-ordered inorganic double perovskite Cs2Sn(1− x)GexI6 severely 
affects the perovskite’s thermodynamic, electronic, and mechanical 
properties. It is expected that partial replacement of Sn atoms by Ge 
atoms in the nanostructures fill the high density of Sn vacancies, reduce 
surface traps, thus improving the optical and photophysical properties of 
the respective perovskite. Nevertheless, this technology is yet to be 
well-developed in photocatalysis, probably due to the main hurdle in 
their stability performance; in particular, Sn/Ge-based semiconductor is 
required to be immersed into the solvent mediums during the photo-
catalytic reactions. To the best of our knowledge, Romani et al. have 
successfully designed and realized a new class of photocatalytic com-
posites derived from g-C3N4 and DMASnBr3 demonstrated excellent 
catalytic properties in aqueous solutions under simulated solar light. 
Their recent work published in Angewandte Chemie clearly stated the 
superior water stability of DMASnBr3 perovskite with solid evidence 
through XRD, ICP-OES, and UV-Vis analyses [72]. On the other hand, 
bismuth-based halide materials, typically in double perovskite 
(A2BB’X6), are the rising star for CO2 photoreduction. For instance, the 
Cs2AgBiBr6 double perovskite has been extensively studied owing to its 
desirable stability, making this material effective in the photochemical 
conversion of CO2 into solar fuels [29]. The details of these materials 
will be discussed in Section 4. Hence, intensive investigations on the 
perovskite’s composition, structure, and dimensionality should be 
ongoing to unlock the potential of the perovskite materials for realizing 
their applications in the photo(electro)catalysis. 

3. Challenges of metal halide perovskite 

Three main challenges of metal halide perovskite entail stability, 
toxicity, and defects are critically discussed in this section. Metal halide 
perovskites are chemically active, soft, and deformable. Some of the 
underlying reasons for this instability involve the sensitivity of perov-
skites to environmental factors such as oxygen and moisture and struc-
tural changes when exposed to illumination. Taking MAPbI3 as an 
example, it is thermodynamically unstable where it suffers from intrinsic 
instability that could result in disorder and phase transition, which 
further degrades in crystal phases [73]. One factor that results in an 
unstable halide perovskite is its ionic structure’s low electrostatic lattice 

energy relative to non-halide perovskite compounds [74]. Apart from 
the environmental factors, the stability of the photocatalytic reaction 
environment could also be affected by the reaction mediums, explicitly 
referring to the polarity of the solvents. The toxicity of Pb2+ is another 
bottleneck that should be highlighted because it possesses severe im-
pacts on the environment and human health. It is expected that the 
toxicity level would be critical, mainly when MAPbI3 is degraded into 
PbI2. While, the presence of defect states has significant impacts on ef-
ficiency and stability factors, depending on their (defects) residing level. 
In brief, shallow defects such as engineering vacancy defects in materials 
positively impact charge carriers’ electronic structure and properties by 
introducing additional energy levels. It should be cleared that engi-
neering surface defects give more available active sites for charge 
transfer purposes. While a deeper defect state is disadvantaged when it 
happens to be a bulk defect, which serves as charge carrier recombi-
nation centers [8]. Scheme 1 summarizes the challenges of metal halide 
perovskite that should be emphasized to resolve the bottleneck of the 
current perovskite technology. 

3.1. Chemical degradation of perovskite 

Perovskite films with organic ammonium ions at the A-site, such as 
MA+ and FA+, possess high chemical reactivity enhanced by polar sur-
roundings of C-N or N-H bonding, which adverse the decomposition rate 
of the halide perovskites at elevated temperature and polar surroundings 
such as in the presence of H2O and O2⋅H2O may possess both advanta-
geous and disadvantageous effects on perovskite. It is undeniable that 
preparing perovskite film in the presence of humid has led to an 
improvement in solar cells’ performance [75]. But, in most cases, it 
comes to an apparent conclusion that water plays a catalytic role in the 
degradation process, which fastens the perovskite decomposition (Eq. 
(3)). 

CH3NH3PbI3→CH3NH3PbI3 •H2O, (CH3NH3)4PbI6

• 2H2O→PbI2 + other compositions (3) 

Perovskite crystal is prone to hydration by first forming an inter-
mediate monohydrate MAPbI3⋅H2O structure, and then dihydrate to 
(MA)4PbI6⋅2H2O (Fig. 5a), blocks carriers transport and instigate severe 
charge recombination [76]. This process both happens in single crystals 

Scheme 1. Challenges of metal halide perovskite that comprises the issues of 
stability, defect, and toxicity. 
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and thin film and is much adverse in thin films due to their abundant 
grain boundaries that could have fastened the penetration of water 
molecules into the interior perovskite lattice [77]. In most cases, water 
infiltration does not alter the crystal structure but expands the unit cells 
[76,78]. Apparently, water molecules chemisorbed on the perovskite 
surface or the MAI- surface does not change the perovskite’s bandgap 
and optical properties, partially because water molecules electrostati-
cally interacted with the perovskite surface instead of forming chemical 
bonds. Nevertheless, after water molecules permeate into the perovskite 
lattice, the local bandgap widens from ~1.6–3.1 eV for a hydrated 
perovskite and 2.4 eV for PbI2 remnant [79]. The water penetration 
induces strong hydrogen bonds between the organic cations and iodide 
ions, leaving a weak bonding between the cation and the PbX6 octahe-
dron, consequently inducing fast deprotonation of the organic cation. In 
addition, water molecules protonate iodide and create volatile hydro-
iodide acid (HI), which fasten the decomposition of perovskite into its 
respective PbX2 precipitate, cations, and halide anion. Thus, to 
encounter the moisture instability issues of the perovskite, strength-
ening hydrogen bonding between the cation or H2O with PbI6 could be 
one of the great approaches. However, calculations evidence that polar 
water molecules readily intercalate into the perovskite lattice, credited 
to their ability to form strong hydrogen bonds to the lattice iodide to a 
lesser extent, the methylammonium cations [80,81]. The quality of the 
perovskite material should be maintained because defect states act as 
water trappers that decompose the perovskite structure [79,82]. 
Notably, bulk defects induce charge recombination, which is detri-
mental toward photocatalytic reaction, while surface defects are 
exceptional (more information can be retrieved at the defect section). It 
should be aware that using any polar coordinating solvents such as 
DMSO, DMF, or γ-butyrolactone is also a factor that resulted in perov-
skite structure degradation by forming coordination complexes and 
inducing prominent defects. Unlike the usage of non-coordinating polar 
solvents such as acetonitrile has much better stability because interca-
lation of coordinating solvents is much easier during the film formation. 
For instance, using DMSO promotes the formation of PbI2(DMSO)2 and 

MAI-PbI2-DMSO via weak Van der Waals interactions (Fig. 5b) [83,84]. 
In addition, illuminating the perovskite under a humid atmosphere 
further exacerbates the degradation process due to the underwent 
halide-to-metal charge transfer upon light absorption that lessens the 
charge density at the X-sites, thus weakening CH3NH3⋅⋅⋅X hydrogen 
bonding interaction [85]. Apart from H2O, exposing MAPbI3 to light and 
oxygen results in the reaction of molecular oxygen with the photo-
generated electrons at the iodide vacancies, giving rise to the formation 
of superoxide (O2

- ) species. These O2
- species actively deprotonate the 

methylammonium cation of photo-excited MAPbI3* and produce PbI2, 
water, methylamine, and iodine [86]. The formation of O2

- is easy 
because the unoccupied 2π* orbitals of oxygen molecules are located 
between the valence and conduction band of the MAPbI3 perovskite 
[87]. First-principles calculation reveals that the adsorption of O2 on the 
surface of MAPbI3 induces positive charges that increase the work 
function of the MAPbI3 surface, which is a limiting factor for electron 
transfer from the perovskite to its respective layers such as TiO2, for the 
case of the solar cell. It limits low energy absorption (blue-shifted ab-
sorption spectrum) [87]. Thus, from the viewpoint of the photocatalytic 
system, it is expected that (i) using saturated halo acid solutions, low 
polarity solvents, and solutions as the reaction medium or by (ii) 
encapsulating perovskite nanocrystals from contacting with the polar 
molecules has shown effectivity in mitigating rapid degradation [83]. 

3.2. Phase transformation and segregation of perovskite 

The size of a cation, as aforementioned, is the mandating standard of 
forming a stable 3D perovskite hybrid structure. An A-site cation’s in-
compatibility in size means distorts the cubic perovskite structure with 
an unfavorable tolerance factor, which results in an undesirable phase 
transition from a photo-active α-phase to a photo-inactive δ-phase. As a 
solution over phase instability, it is affirmative that the size of a cation 
must be small enough (lie within the stability range) to be perfectly 
fitted within the cubic framework, and it must not contain any elements 
with high electronegativity that will allow hydrogen bonding with PbI6 

Fig. 5. (a) Structure of CH3NH3PbI3, 
CH3NH3PbI3⋅H2O, and (CH3NH3)4PbI6.2 H2O, 
respectively. (b) Illustration of IEP within the 
PbI2 framework involving the substitution of 
DMSO molecules with formamidinium iodide. 
and (c) Schematic of phase separation and 
reversibility in MAPb(IxBr1− x)3 where yellow 
and blue spheres represent I- and Br-, respec-
tively, the red and white pill shapes represent 
MA, and the lead atoms (not shown) are located 
in the center of the octahedral. 
(a,b) Reproduced from Ref. [81], with permis-
sion of American Chemical Society, copyright 
2016. (c) Reproduced from Ref. [93], with 
permission of American Chemical Society, 
copyright 2017.   
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or PbBr6 octahedron accompanied by breaking the original bond be-
tween hydrogen and the protonated cation [73,88]. For stabilization 
purposes, besides to abide the tolerance rule, manipulating electronic 
coupling between molecular A-cation and the BX6 octahedral of the 
perovskite structure is also a possible way to stabilize the perovskite by 
initiating stronger electronic coupling and electrostatic interactions 
between the cation-H-halide components. MAPbI3, being the most 
commonly used absorber, contains a strong electronegative N-atom. 
This strong electronegativity atom, in particular, is stronger than the I- 

anion, thus inducing stronger H-atoms to the MA+ cation and resulting 
in a relatively weak interaction with the PbI6 octahedron. The imbalance 
electron coupling between the halides in the octahedron and the pro-
tonated cations, or in another way saying, the highly localized associ-
ated H-atom within the cation; with a weaker interaction with the 
octahedron, is the cause of an unstable MAPbI3 structure. There are two 
approaches to strengthen the stability of MAPbI3, which are (i) replace 
the MA+ cation with another protonated cation such as CH3PH3

+, 
CH3SH2

+, and SH3
+, aiming to reduce the binding influence of the 

H-atoms to the cation and strengthen the electronic coupling between 
H-PbI6 octahedron and (ii) substitute I- anion with a more electroneg-
ative element such as F, Cl or Br. By comparing MAPbI3 and MAPbF3, the 
H-F interaction is much stronger (stronger H-bonding), implying the 
attraction between H and X anion is significantly strengthened. The 
effectiveness of both approaches in strengthening electron coupling and 
stability of the perovskite structure has been proven by density func-
tional theory with a condition of an electron coupling between the ha-
lides in the octahedron, and the protonated cations must be balanced. 
Else, the perovskite material is most likely unstable concerning struc-
tural transformation. A strong electron coupling on either the proton-
ated cation side or the halide octahedron site leads to imbalance electron 
coupling issue such as MAPbF3 (stronger attraction between H-F has 
resulted in the electrons being more localized in the octahedral halide 
area) is considered as unstable [73]. 

Phase separation is another arising issue that has attracted much 
attention in this perovskite community. Barker et al. speculate that 
halide segregation is usually driven by carrier gradient resulting from 
carriers being generated at the illuminated surface and due to the 
migration of I- is much slower, hence I-enriched regions are thus formed 
as Br is depleted from the surface. Four key processes that are respon-
sible for the selective halide ions migration have been highlighted: (i) 
lattice mismatch within the cation or anion hybrid perovskite during 
photo-irradiation, (ii) occurrence of electric field, (iii) vacancy influ-
enced halide ion migration, and (iv) the differing affinity of Pb2+ to-
wards Br- and I- [89]. This effect is especially predominating in mixed 
halide perovskites such as MAPb(I1− xBrx)3, which caused the segrega-
tion of I and Br into isolating I- and Br-rich domains (Eq. (4)) [90,91].   

This segregation effect introduces characteristic shifts in both ab-
sorption and emission spectra. During photoinduced phase separation, 
the lower bandgap phase thus serves as the charge trap, which is 
detrimental to device performance [92]. Despite these segregated pha-
ses being restorable to their original mixed-phase (Fig. 5c) after ceasing 
the illumination, concerns on the influence of halide ion mobility on the 
shelf-life of perovskite absorbers should be highlighted [90,93]. Even 
without any light irradiation, Sadhanala et al. discovered that sponta-
neous phase segregation of a halide composition within miscibility gap 
is also happening at room temperature but with a more extended period 

[94]. Illumination provides energy to overcome the underlying ener-
getic barriers of the halide mixtures, thus enabling phase segregation to 
occur within seconds. Various studies have revealed that 
photo-irradiation destabilizes MAPb(I1− xBrx)3 by causing lattice 
expansion and narrowing the bandgap of MAPb(I1− xBrx)3, unlike 
MAPbI3 and MAPbBr3, which are comparably stable upon irradiation 
[95]. Regardless of whether the monovalent cation is either MA+ or Cs+, 
the mobility of halide ions within the perovskite crystallites is the 
determining factor over optical and electronic properties of mixed 
halide perovskites [96]. Hence, minimizing photoinduced segregation in 
mixed halide lead perovskite should be performed by (i) modulating 
halide ion concentration because an excessive halide ions concentration 
increases the availability of halide ions in the lattice, in return decreases 
halide migration [89], (ii) increasing grains size [92], (iii) passivate 
surfaces with ligands [97], and (iv) using small nanocrystals or films 
with high quantum yields [98]. In addition, cation engineering, 
including FA and Cs or replacing Pb with Sn, reducing the light excita-
tion intensity, and nanoscale geometric confinement have shown their 
effectiveness in suppressing photoinduced phase segregation [99]. 
Tracking segregation effects in mixed halide films are essential by 
studying its halide ion movement through steady-state band edge 
emission or X-ray diffraction studies (before and after irradiation) and 
steady-state and transient absorption studies, enabling determination of 
the kinetics of segregation and recovery and their dependence on the 
intensity and duration of laser irradiation [100]. 

3.3. Toxicity issue 

The toxicity of Pb2+ is the central obstruction that impedes practical 
implementation of Pb-based halide perovskite in most cases and re-
strains their large-scale commercialization. It is well-knowing that Pb 
leads to environmental issues and may cause serious health problems, 
even though Pb exposure is shallow. To be specific, the toxic symptoms 
are traceable when lead intake achieves 0.5 mg/day [101]. As a solution 
to this issue, the research trend is now gearing towards low-toxicity 
elements, either Pb-free or Pb-less, that mimic the photoelectric prop-
erties of the Pb halide perovskite. Sn2+, a group 14 (IVA) element of the 
periodic table, is a rising star to replace the Pb in organic-inorganic 

nMAPbBrxI3− x + hv→(n − 2m)MAPbBrxI3− x +mMAPbBrx− yI3− x+y +mMAPbBrx+yI3− x− y (4)   

Fig. 6. Efficiency progress of tin-based perovskite solar cells.  

S.H. Teo et al.                                                                                                                                                                                                                                   



Nano Energy 99 (2022) 107401

9

hybrid perovskites, ascribed to their suitable optical band gaps, small 
exciton binding energies, and superior charge carrier mobility [102]. 
Sn-based perovskite possesses an ideal bandgap close to the 
Shockley-Queisser (SQ) limit, in addition to exhibiting a crystal struc-
ture similar to Pb-perovskite. Hence, it is expected that this element is 
highly potent for photovoltaic and other optoelectronic devices [103]. 
The current efficiency for a Sn-based perovskite solar cell has achieved a 
power conversion efficiency (PCE) of 13.24% (Fig. 6) by regulating the 
A-site cation to achieve a tolerance factor of close to 1. It is expected that 
tuning A-site cation can stabilize the perovskite’s crystal and lattice 
strain [71]. However, the easy formation of Sn vacancies and its ease 
oxidation of Sn2+ to Sn4+ during the crystallization process is the 
limiting factor that should be promptly addressed. In addition, the 
instability of Sn-based perovskite toward oxygen and moisture could be 
ascribed to the strong s-p antibonding coupling near the VBM, for the 
case of MASnI3, where the Sn 5s lone pair state is shallower and more 
active than the Pb 6s lone pair state [21,104]. Moreover, the dangling 
bonds on the surface and grain boundaries of Sn perovskite and the 
formation of defects in polycrystalline perovskite films are the reasons 
for the device’s degradation [18]. To solve these issues, relentless efforts 
have been devoted to enhancing the stability of Sn-based perovskite, 
including 2D/3D hierarchy structure [105,106], adding antioxidants 
and reducing agents [107,108], and mixed-cation engineering [109, 
110]. 

Apart from that, Ge2+ is also on the list to replace Pb2+ to form lead- 
free perovskites. This petite Ge2+, with an ionic radius of 0.73 Å is 
insufficient to stabilize the octahedral center of I-, leading to low effi-
ciency and stability performance [111]. In most cases, Ge2+ serves as an 
additive or an alloying element in stabilizing the Sn-perovskite [112, 
113]. Trivalent Bi3+ and Sb3+ cations have been widely accepted as the 
B-site substituents over the Pb2+ cation owing to their lone pair s orbitals 

[114,115]. The large Born effective charge resulting from the polarity of 
Bi3+ leads to high dielectric constants, which resulted in better screening 
of charged defects [116]. Bi3+ material can exist in three forms of 
composition: binary, ternary, and quaternary. On the other hand, the 
reaction between BiX3 and AgX forms the quaternary perovskite, 
denoted as AgaBibXa+3b (AgBi2X7, AgBiI4, Ag2BiX5, Ag3BiX6). Relentless 
efforts have been made to photovoltaic devices owing to their excellent 
light absorption ability, particularly the double perovskite (A2AgBiX6), 
which can be formed by reacting BiX3 with both the AX and AgX such as 
Cs2AgBiBr6 [116,117]. More importantly, substituting Bi element over 
Pb induces higher stability than that of the Sn and Ge [118]. 

3.4. Defects issue 

Understanding the defect structure brought by metal halide perov-
skite is essential to understand the charge carrier’s transport route and 
charge recombination mechanism. Defects in crystalline semiconductors 
could be aroused by either an intrusion to a perfect crystal lattice 
(crystallographic defects) or as a foreign atom in the lattice in the form 
of impurities. Crystallographic defects can be existing in two forms, 
which are the (i) intrinsic (or native) point defects such as atomic va-
cancies, interstitial defects, and anti-site substitutions, or (ii) extrinsic 
surface defects that are caused by the surrounding environment or un-
saturated surface bonds such as dislocations, grain boundaries, and 
precipitates [119]. The types of defects in a perovskite crystal lattice are 
disclosed in Fig. 7 [120]. As shown in Fig. 8a, crystalline defects form 
localized electronic states at energy levels different to the carrier 
transport bands. When this is the case, photogenerated free carriers 
would energetically fall and be trapped in these wells (Fig. 8b) with their 
mobility and movement restricted at the defect sites. When the free 
carriers receive additional energy (activation energy) through an 

Fig. 7. (a) Perfect lattice, (b) vacancy, (c) interstitial, (d) anti-site substitution, (e) Frenkel defect (interstitial and vacancy created from the same ion), (f) Schottky 
defect (anion and cation vacancies occurring together), (g) substitutional impurity, (h) interstitial impurity, (i) edge dislocation (line defect propagating along the 
axis perpendicular to the page), (j) grain boundary, and (k) precipitate in a perovskite crystal lattice. 
Reproduced from Ref. [120], with permission of Nature, copyright 2016. 
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external source such as optical excitations or by absorbing thermal en-
ergy, the trapped carriers may escape back into the exciting transport 
levels; depending on the trap depth. An important point to be known in 
the context of carrier trapping, in which a defect state is considered 
harmless if the defect energy level occupies above or below the CB and 
VB edges. In contrast, if the defect energy levels occupy between the 
band edges, they trap charges at a certain trap depth (ΔE). Trap depth 
refers to the energy difference between the transport states and the 
defect levels, which is usually denoted as shallow or deep traps. Shallow 
traps are the states that are close to the band edges of CB and VB 
(ΔE < kBT), meanwhile deep trap states exist in the middle of the 
semiconductor bandgap (ΔE > kBT) that facilitate non-radiative 
recombination pathway and hinder de-trapping (Fig. 8c) [121]. In 
general, containing a certain amount of shallow trap helps generate free 
carriers with desirable concentrations and the shallow trap does not 
exert severe effect but merely reduces mobility and delay the extraction 
process. Conversely, a high concentration of deep-level defects in the 
bandgap is particularly detrimental to carrier transport because they are 
the non-radiative recombination centers [40,122]. When the trap states 
happen to be lying close to the middle of the bandgap, these trapped 
carriers are incapable of thermally excited back to the CB owing to the 
energy requirement makes the transition highly improbable. Their 
enthalpy of formation governs the concentration of different defect 
types. Moreover, the internal defect structure is manipulated under 
different growth conditions such as temperature, precursor concentra-
tions, solvents, doping, etc. [120,123]. Thus, understanding the origin 
and nature of defects in halide perovskite semiconductors, their impacts 
on the perovskite materials, and ways to justify defect states are 
crucially important for desirable activity and stability achievements. 

Metal halide perovskite is said to highly defect tolerant when 
compared against the other conventional semiconductors because the 
defect states formed by A- and X-site vacancies are located within the VB 
and CB, are at worst shallow defects, which promote charge separation 
at low defect density (Fig. 8d). While the defects form in most conven-
tional semiconductors such as CdSe, PbS, and GaAs are caused by 
removal or displacement of metal ions, which would result in localized 
non-bonding or weak bonding orbitals with the non-metal ions. These 
orbitals reside deeply within the bandgap and serve as bulk trap states/ 
bulk defects, which are highly detrimental for charge separation and 
transfer even in a low concentration (Fig. 8e) [123]. Generally, MAPbI3 
single crystal was reported to exhibit carrier trap density of 3.3 × 1010 

cm− 3, and the defect density can be further reached up to 1016 - 1017 

cm− 3 upon MAPbI3 crystallization, which is comparable to the Si tech-
nologies, CdTe (1013 – 1016 cm− 3), CIGS (1011 – 1015 cm− 3). GaN 
(5 ×1015 cm− 3), and GaAs (1013-1015 cm− 3) [121,124]. All in all, the 
distribution of trap states within perovskite vicinity or hetero-interfaces 
is the key factor that resulted in inferior carrier dynamic and low 
photovoltaic performances and always relies on the quality of the 
perovskite film [124]. In addition, imperfections on the polycrystalline 
perovskite surface having pinholes and grain boundaries accommodates 
more defects to accelerate ion migration, and grain boundaries speed up 
carrier recombination. The migrated ions will further induce more de-
fects in the perovskite vicinity and cause component losses in a 
self-accelerated manner [88,125]. Various preparation or deposition 
methods have been introduced in craving high-quality perovskite films 
through solvent engineering [126], interface engineering [127], 
composition modulation [128], and controlling crystal growth by 
adjusting the antisolvent [37]. 

Fig. 8. (a) Scheme of a charge localization caused by non-periodic disorder and defect in a semiconductor lattice (top), which introduce new energetic levels 
(bottom), (b) scheme of charge trapping kinetics, where trap slow down charge carrier transport through trapping and de-trapping events, and (c) schematic rep-
resentation of state density in a disordered semiconductor, whereby both band-to-band radiative (rad.) and non-band-to-band non-radiative (non-rad.) recombination 
(vertical arrows) can occur. (d) Schematics comparing electronic structures that are defect-intolerant, such as for conventional semiconductors (for example, CdSe, 
GaAs, and InP), and (e) defect-tolerant, such as for LHPs. Defects do not act as trap states in LHPs and are therefore benign toward their electronic and optical 
properties. (f) AFM images (3D and height) of (top) CsPbI2Br and (bottom) CsPb0.97Y0.03I2Br perovskite films. 
(a,b,c) Reproduced from Ref. [121], with permission of Royal Society of Chemistry, copyright 2020. (d,e) Reproduced from Ref. [123], with permission of science, 
copyright 2017. (f) Reproduced from Ref. [129], with permission of Royal Society of Chemistry, copyright 2019. 
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4. Strategies to overcome the limitations of metal halide 
perovskite 

Referring to Section 3, the unresolved challenges (chemical degra-
dation, phase segregation, toxicity, and defect states) of metal halide 
perovskite have indeed halted the progression of metal halide perovskite 
in the photocatalytic application, attributed to its unstable nature. The 
stability of the metal halide perovskite, which could be significantly 
impacted by perovskite degradation, segregation, and defect states, 
deems a tremendous challenge for metal halide perovskite applications. 
This is because halide perovskites are easily decomposed to binary 
halide components when exposed to external environmental factors (i. 
e., moisture, heat, and light), and perovskites tend to decompose when 
they are in contact with any polar solvents. As a solution for this prob-
lem, protonic solvents and mild protonic solvents have been employed 
to replace water (polar solvent) as the reaction medium and 

functionalize and encapsulate the perovskite from direct contact with 
the solvent. Apart from the perovskite inherent instability issue, the 
degradation of toxic perovskite has also poised adverse effects on the 
environment. Thus, the research focus has now steered toward Pb-less or 
Pb-free materials as the precursors such as Sn, Ge, Bi, and Ag, a new 
topic to be explored. 

4.1. Protonic solvents 

Metal halide perovskite has been actively applied as photoactive 
material in solar cells with a drastic enhancement of photoconversion 
efficiency up to 25% to date. However, in the case of photocatalysis, one 
major problem of the perovskite particles or nanocrystals in the presence 
of water or any polar solvents is its stability issue because they react 
readily with water to form mono- and dihydrate structures. Solving the 
issue of hydrates formation is of utmost importance for a successive 

Fig. 9. (a) Schematic diagram of the MAPbI3 powder in established dynamic equilibrium in saturated HI solution. The red color arrow represents dissociation and re- 
precipitation of MAPbI3 crystal and ions. (b) Schematic band diagram of the MAPbI3 and MAPb(I1− xBrx)3 (x = 0.10) crystal for the HI splitting photocatalytic 
reaction. (c) Photocatalytic HER performance under visible-light illumination (λ ≥ 420 nm) and (d) cycling photocatalytic HER performance over 15% Ni3C/MAPbI3. 
(e) TEM image of the MAPbI3/MoS2 NSs, and (f) XRD patterns of MAPbI3/MoS2 NSs before and after 156 h of photocatalytic H2 evolution. Inset shows the H2 
evolution activity of MAPbI3/MoS2 NSs composite over 156 h of repeated H2 evolution experiments. 
(a) Reproduced from Ref. [138], with permission of nature, copyright 2017. (b) Reproduced from Ref. [133], with permission of Elsevier, copyright 2019. (c,d) 
Reproduced from Ref. [136], with permission of American Chemical Society, copyright 2019. (e,f) Reproduced from Ref. [137], with permission of Royal Society of 
Chemistry, copyright 2020. 
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photocatalysis reaction. For instance, controlling the concentration of I- 

is an approach to dissolve PbI2 instead of forming hydrates because PbI2 
is barely dissolving in pure water (Ksp = 4.4 ×10− 9 at 20 ◦C) unless at a 
high I- concentration condition by forming PbI3- or PbI42- ions. This 
approach could be accomplished by employing HI as the reaction me-
dium to replace the H2O. Another approach to promote the precipitation 
of MAPbI3 instead of undergoing the hydration process is to control the 
hydrogen bond strength of the water molecules by adjusting their 
acidity. A lower pH solution (acidic) suppresses the hydrated phase 
because water molecules will interact among themselves rather than 
with the MAPbI3 crystal lattice [130,131]. Interestingly, scavenging 
agent, which has been actively added in conventional photocatalyst 
system, is omitted in such case. In 2016, Park and co-workers, the first 
research group, successfully performed photocatalytic hydrogen evolu-
tion reaction from saturated HI solution using MAPbI3 perovskite by 
controlling the amount of H+ and I- in aqueous solution. In their work, 
they pointed out that attaining dynamic equilibrium between dissocia-
tion and recrystallization of MAPbI3 in a saturated aqueous solution 
stabilizes the perovskite phase, typically at a concentration of H+ ([I-] ≤
[H+], pH ≤ − 0.5, and -log[I-] ≤ − 0.4). In this case, dynamic equilibrium 
is achievable when the micron-sized MAPbI3 particles decompose into 
MA+ and PbI3- complex ions and simultaneous recrystallization of 
MAPbI3 particles (Fig. 9a), thereby prompting for stable photocatalytic 
splitting of HI to evolve H2 [130]. This work has opened a new array of 
using halide perovskite in photocatalysis. However, its H2 evolution rate 
is far inferior to the traditional semiconductor photocatalytic materials. 
Focusing on the charge dynamic of the perovskite material, Huang et al. 

synthesized a bandgap funnel-like mixed halide perovskite material 
(MAPbBr3− xIx), and surprisingly this specially designed perovskite ma-
terial demonstrated superb photocatalytic H2 performance (651.2 
μmolh− 1) when Pt particles were loaded on the perovskite’s surface, as 
opposed to the pristine. This funnel-like bandgap structure is expected to 
rapidly transfer the accumulated photogenerated electrons on the 
perovskite surface to the Pt particles for their respective reduction 
purpose [132]. While electrons drive the H2 evolution reaction, I3- was 
produced during the photocatalytic reaction, and this ion would grad-
ually darken the solution, consequently interfering with the light ab-
sorption of the photocatalyst. As a solution to this problem, chemical 
stabilizer hypophosphorus acid (H3PO2) was added to the reaction 
mixture to reduce the I3- ions and maintain the concentration of I- [132]. 
Doping Br ions has also demonstrated a substantial effect on HI splitting 
into H2 under visible light irradiation even without Pt cocatalyst with H2 
evolution of 1471 μmol h− 1g− 1 (Table 1). Adding Br ions tune the band 
structure of perovskite (Fig. 9b) by shifting the CB potential to be more 
negative, which enhances the reduction capability of electrons for facile 
H2 evolution. In addition, by considering the catalytic evolution energy 
of the respective perovskite photocatalyst, the lower H-Pb absorption 
energy of Br-incorporated perovskite eases the transfer of H from MA+ to 
the Pb atom at the defect site and thus enhance the HER rate [133]. 

In addition, decorating MAPbI3 with other materials such as TiO2 
and reduced graphene oxide (rGO) are also listed as excellent bridging 
materials/cocatalysts for photocatalytic reactions [134,135]. As an 
alternative over the expensive Pt cocatalyst, rGO has been widely graf-
ted on nanoparticles and chromophore molecules other than perovskites 

Table 1 
Summary of photocatalytic reaction of hybrid organic-inorganic metal halide (HOIMH) perovskite-based systems in protonic solvents (haloacid, HX).  

Photocatalyst system Synthesis approach Solution Light source (mWcm− 1), 
cut-off (nm) 

Activity 
(μmolg− 1h− 1) 

aAQE (%), 
wavelength (nm) 

bSTC 
(%) 

Stability 
(h) 

Ref. 

MAPbI3/Pt Precipitation-crystallizationc 

and light-loading 
Aqueous HI Solar simulator 100, 

λ ≥ 475 
57 − 0.81 > 160 [138] 

MAPbBr3− xIx/Pt Light-loading Aqueous 
HBr/HI 

300 W Xe-lamp 100, 
λ ≥ 420 

2605 8.1, 410 1.06 > 25 [132] 

MAPb(I1− xBrx)3 One-pot crystallizationc Aqueous 
HBr/HI 

Xe-lamp 300, λ ≥ 420 1471 − 1.42 > 248 [133] 

Pt/TiO2-MAPbI3 Precipitation-crystallizationc 

and light-loading 
Aqueous HI 300 W Xe-lamp 200, 

λ > 420 
4851 70, 420 0.86 > 9 [134] 

MAPbI3/rGOd Precipitation-crystallizationc 

and light-loading 
Aqueous HI 300 W Xe-lamp 120, 

λ > 420 
939 1.5, 450 − > 190 [135] 

Ni3C/MAPbI3-NSe Precipitation-crystallizationc 

and electrostatic adsorption 
Aqueous HI Xe-lamp 300, λ ≥ 420 2362 16.6, 420 0.91 > 100 [136] 

MAPbI3/MoS2 Precipitation-crystallizationc 

and in-situ coupling 
Aqueous HI 9 × 10 W white LED 

lamp 450, 
380 ≤ λ ≤ 780 

1963 − − > 24 [137] 

Pt/Ta2O5/MAPbBr3/ 
PEDOT:PSSf 

Precipitation-crystallizationc 

and electrostatic adsorption 
Aqueous 
HBr 

300 W Xe-lamp 150, 
λ > 420 

1000 16.4, 420 − 4 [139] 

2DgBP/MAPbI3 Precipitation-crystallizationc 

and electrostatic coupling 
Aqueous HI 300 W Xe-lamp 150, 

λ ≥ 420 
3742 23.2, 420 0.93 > 95 [141] 

MAPbI3/CoP Precipitation-crystallizationc 

and in-situ deposition 
Aqueous HI 150 W Xe-lamp, λ ≥ 420 2087.5 − − 27 [142] 

iML-MoS2/MAPbI3-MCj Precipitation-crystallizationc 

and electrostatic adsorption 
Aqueous HI 300 W Xe-lamp 100, 

λ ≥ 420 
13,600 11.6, 450 1.09 208 [143] 

MA+-crafted MAPbI3 Precipitation-crystallizationc 

and in-situ light-solution 
crafting 

Aqueous HI 300 W Xe-lamp, λ ≥ 420 313 − − − [144] 

MoS2/M0.6F0.4PbI3 Precipitation-crystallizationc 

and immersion-blending 
Aqueous HI 300 W Xe-lamp, λ ≥ 420 2131 11.4, 420 0.87 > 90 [145] 

PtIx/[(CH3)2NH2]3[BiI6] 
(Homogeneous) 

Solvothermal and light- 
loading 

Aqueous HI Commercial LED lamp 
9 mW, λ = 425 

94 82.8, 465 − 100 [146] 

Pt/(CH3NH3)3Bi2I9 Hydrothermal and light- 
loading 

Aqueous HI 300 W Xe-lamp, λ ≥ 400 169.21 − 0.48 > 60 [147] 

MA3Bi2I9/DMA3BiI6k Hydrothermal Aqueous HI 300 W Xe-lamp, λ ≥ 420 198.4 > 3.5, − − > 90 [148] 
Pt-DA3BiI6 Acid-free aqueous DAIl 

solution and light-loading 
Aqueous HI 100 W white LED lamp 

76.4 
91 0.83, 535 − > 16 [149] 

[a] Apparent quantum efficiency (AQE); [b] Solar-to-chemical (i.e. hydrogen) energy conversion efficiency; [c] The dynamic equilibrium of the heat-dissolution and 
cooling-recrystallization/precipitation of hydride organic-inorganic metal halide (HOIMH) with saturated aqueous solution; [d] Reduced graphene oxide; [e] 
Nanosheet; [f] Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate; [g] Black phosphorus; [i] Monolayer; [j] Microcrystal; [k] tri(dimethylammonium) hex-
aiodobismuthate; [l] Dimethylammonium iodide. 
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in multicomponent assemblies to create electron transfer cascades in 
photocatalysts, and surprisingly, it performs even much better than the 
Pt. Being decorated with various oxygenated groups, when rGO is 
incorporated into the perovskite solution, the oxygen-functional groups 
would bind to the PbI3- ions to form Pb-O-C bonds. This phenomenon 
provided better charge transport and sped up the transfer rate of pho-
togenerated electrons in the MAPbI3 to the rGO and get separated from 
the photogenerated holes. Subsequently, the reduction process occurs at 
the rGO sites, and the photogenerated holes are used to oxidize I- to I3- . In 
addition, these composite materials remained stable upon 200 h of ra-
diation owing to the high acid tolerance of rGO [135]. Recently, co-
catalysts composed of transition metal carbide and sulphide have shown 
their effectiveness in boosting photocatalytic performance. A stable 
photocatalyst composite composed of Ni3C/MAPbI3 has shown to be 
ultra-stable and ultra-effective for H2 evolution in a reaction medium of 
aqueous MAPbI3-saturated HI solution with H3PO2 as the stabilizer. The 
significant impact of adding Ni3C to the MAPbI3 is verified through the 
skyrocketed H2 evolution rate from an initial low yield of 43 μmolg− 1h− 1 

(bare MAPbI3) to 2362 μmolg− 1h− 1, which is about 55-fold different in 
efficiency and is also even way higher than Pt/MAPbI3 (534 
μmolg− 1h− 1), as shown in Fig. 9c. Worth to be mentioned, Ni3C/MAPbI3 
photocatalyst is ultra-stable, in which no apparent degradation after ten 
cycles, one-month storage, and another ten cycles (Fig. 9d). These ac-
complishments are counted on the improved charge carrier separation 
and transferability and the availability of abundant reactive centers on 
the MAPbI3 surface upon Ni3C decoration [136]. Similar enhancement 
effects are also reflected when MoS2 nanosheets (MoS2 NSs) were added 
as the cocatalyst. The MAPbI3/MoS2 NSs exhibits a high H2 evolution 
rate of 206.1 μmolh− 1 in MAPbI3-saturated HI solution; higher than the 
pristine by 121 times (1.7 μmolh− 1) and MAPbI3/Pt/C (68.5 μmolh− 1). 
These positive advancements are confined to the intimate contact of 
layered MoS2 NSs with the large particles of MAPbI3, which is consistent 
with the TEM image in Fig. 9e. It is expected that MoS2 NSs have a 
higher fraction of edges, thereby rendering more active sites for HER 
reaction. As a piece of evidence on its stability performance, MAPbI3/-
MoS2 NSs composite possesses good structural stability (Fig. 9 f) with 
the calculated turnover numbers of H2 evolution about 346 for the 
perovskite and 769 for the MoS2 NSs cocatalyst; in addition, no crys-
tallinity phase change was observed from the XRD profile [137]. 

Translating the idea of electron and hole-transporting layers from the 
perovskite solar cell research, Wang and co-workers designed a dual- 
charge transportation MAPbBr3 module employing Pt/Ta2O5 as the 
electron-transporting motif and PEDOT:PSS as the hole-transporting 
motif (Fig. 10a). They realized that the CBM of MAPbBr3 satisfies the 
reduction potential for H2 evolution but not the VBM. The VBM of 
MAPbBr3 per se is only slightly more positive than the bromine oxida-
tion potential, which craves the need for a hole-spike. When PEDOT:PSS 
was introduced, the valence band of MAPbBr3 was more negative than 
the hole-spike, which enabled an efficient hole separation, transport, 
and migration of photogenerated holes from the MAPbBr3 to the PEDOT: 
PSS. Besides PEDOT:PSS, rGO (10 μmolh− 1), and Spiro-OMETAD (13.6 
μmolh− 1), the most usable hole-transporting materials in photovoltaics 

have also been tested in their works and concluded that PEDOT:PSS has 
shown an impressive H2 evolution rate of 65 μmolh− 1 (Fig. 10b). This 
work has reaffirmed the importance of electronic matching between 
hybridized motifs and the light absorber towards efficient catalysis re-
action [139]. Apart from the perovskite core materials, being reminded 
that the Pb-X (X = Cl, Br, I) is also a photoactive semiconductor that may 
contribute to the photocatalytic HI splitting reaction. As far as we know, 
there have been no papers that emphasize the role of PbI2 in HI splitting 
reaction. PbI2 is a large bandgap (2.3 eV) p-type semiconductor which 
satisfies or non-satisfy the thermodynamic for HI splitting reaction. The 
beneficial effects of PbI2, as reported on perovskite solar cells’ works, 
have been amplified in passivating recombination sites at both the 
perovskite grain boundary and the perovskite/TiO2 interface, and PbI2 
passivate existing traps and enhance electron extraction [140]. Thus, 
in-depth studies of Pb-X complex when using halide perovskite nano-
crystals for photocatalysis should be pinned as the next agenda to be 
reviewed in the future because, in most cases, as evidenced in 

Fig. 10. (a) Schematic illustration of the reac-
tion mechanism for MAPbBr3 with Pt/Ta2O5 
and PEDOT:PSS as the electron and hole trans-
porting motifs, respectively and energy level 
diagrams of MAPbBr3, Ta2O5, and PEDOT:PSS 
for HBr splitting reaction, (b) the rate of H2 
evolution on Pt (0.75 wt%)/Ta2O5-MAPbBr3 
hybrid with rGO (0.5 mg), Spiro-OMeTAD 
(5 mg), PEDOT:PSS (100 μL) and IrO2 colloid 
(100 μL), respectively. 
Reproduced from Ref. [139], with permission of 
American Chemical Society, copyright 2019.   

Fig. 11. (a) Photograph of CsPbBr3 sealed in various solvents with saturated 
CO2 after photocatalytic reaction for six h. (b) Schematic illustration of the in- 
situ growth process of CsPbBr3 perovskite NCs on exfoliated MXene nanosheets. 
(a) Reproduced from Ref. [151], with permission of Royal Society of Chemistry, 
copyright 2020. (b) Reproduced from Ref. [156], with permission of American 
Chemical Society, copyright 2019. 
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photovoltaics, PbI2 suppresses trap states. The photocatalytic reaction of 
hybrid organic-inorganic metal halide perovskite-based systems in 
protonic solvents (haloacid, HX) is summarized in Table 1. 

4.2. Mild protonic solvents 

An aqueous solution system containing polar molecules is way to-
wards the degradation of metal halide perovskites. In lieu, a non- 
aqueous solution system with milder polarity is much apposite for sta-
bilizing photocatalytic reaction conditions, ascribed to the non-readily 
coordination of weak dipole moment of the solvent with the perov-
skite crystal, thus hindering perovskite dissociation into their respective 
ionic species complexes [83]. Regarding that, the choice of solvents is a 
crucial factor that severely affects the selectivity, stability, and activity 
of the perovskite NCs. Summarized from the report from Kuang and 
co-workers, CsPbBr3 submicron single crystals possess high phase sta-
bility in CO2-saturated toluene, ethyl acetate, isopropanol, and aceto-
nitrile, implying its susceptibility for the CO2 reduction process 
(Fig. 11a). In contrast, CsPbBr3 fully dissolved in DMF due to high po-
larity and coordination to Pb2+. Meanwhile, methanol incited CsPbBr3 
degradation (white precipitates formed), infers the formation of a 
tetragonal and undesirable wide-bandgap CsPb2Br5 semiconductor 
[150]. The chosen solvent dictates the end product (selectivity) of the 
CO2 reduction process, in that solvent with higher protonic concentra-
tion such as isopropanol gives rise to the production of CH4 as the sig-
nificant product and H2 as the minority. While CO is the only product 
when it comes to the case of acetonitrile and toluene, attributed to their 
aprotic behaviour [151]. Table 2 summarizes more information about 
the selectivity and performances of the perovskite in various types of 
solvents. 

Sun et al. employed ethyl acetate/H2O (volume ratio of 300: 1) for 
CO2 reduction using CsPbBr3 QDs, ascribed to the high solubility of CO2 
in this solvent (7-fold better than water). Results showed that high 
selectivity of CO2 reduction, which is more than 99%, with an efficient 
yield of 20.9 μmolg− 1 was achieved when CsPbBr3 QDs were exposed to 
8 h simulated solar light irradiation. In this context, water acts as a hole 
scavenger to generate oxygen, but it should be noted that water is 
concurrently split into hydrogen and competes with the CO2 reduction 
process [152]. When graphene oxide (GO) was introduced, the electron 
consumption rate of CsPbBr3 QD/GO composite was stably increased to 
357.4 μmolg− 1 from its initial rate (CsPbBr3 QD) of 284.7 μmolg− 1, 
which accounted for the enhancement of photocatalysis brought forth 
by the GO as catalyst support. It is expected that photogenerated elec-
trons in the CsPbBr3 QDs could be easily channeled to the GO since the 
GO fermi level is more positive than the CB edge of CsPbBr3 [153]. 
Similarly, CsPbBr3 nanosheets (NS)-Cu-RGO composite achieved an 
AQE of 1.10 (± 0.15)% at 523 nm and high methane content of 98.5 
(± 0.93)%, credited to the hydrophobicity of RGO that have proved to 
improve the chemical stability (suppress the formation of hydrate 
complexes) and selectivity for CO2 reduction over H2 evolution [154]. 
MXene, a new rising star of the 2D material, has attracted considerable 
attention due to its outstanding electrical conductivity and mobility 
[155]. Pan et al. constructed CsPbBr3/MXene nanocomposites by 

growing CsPbBr3 NCs onto the MXene nanosheets as the support through 
an in-situ growth protocol (Fig. 11b). It is expected that termination 
groups (fluorine, oxygen, and hydroxyl) of the MXene are well-interact 
with OA/OLA by forming kinetically favorable nucleation points for 
PbBr2 capture. Intimacy interaction between both the nanocrystals and 
MXene has contributed to superior CO and CH4 formation rates of 26.32 
μmolg− 1h− 1 and 7.25 μmolg− 1h− 1, respectively, which is way better 
than the pristine CsPbBr3 NCs [156]. 

Besides the graphitic-materials, immobilizing transition metal com-
plexes (TMCs) to the perovskite NCs is formidably in promoting the CO2 
photoreduction process because TMCs are furnished with abundant 
catalytic sites for perovskite NCs that are expected to enhance the CO2 
reduction process, and TMCs serve as electron sinks that could take up 
multiple photoexcited electrons from the perovskite NCs in a stepwise 
manner. Instead of using expensive noble metal-based complexes such 
as Ir(ppy)3 and Ru(bpy)3 [157], Chen et al. opted for a noble-metal free 
metal complex, derived from nickel complex with 2,2′:6′,2"-terpyridine, 
in short Ni(tpy) as the cocatalyst for CsPbBr3 NCs (Fig. 12a). The pho-
tocatalytic activity of the CsPbBr3-Ni(tpy) was performed in a CO2-sa-
turated ethyl acetate/H2O medium. Impressively, the immobilized 
catalyst exhibited a high electron consumption rate of 1252 μmolg− 1h− 1 

(AQE of 0.23%) than the pristine and CsPbBr3/GO (29.8 μmolg− 1h− 1) 
[153]. Although GO provides additional electrons transfer channels, but 
it lacks effective catalytic sites. Meanwhile, the electron sink featured Ni 
(tpy) provides sufficient catalytic sites for a targeted reaction. In the 
hybrid system of CsPbBr3-Ni(tpy), Ni(tpy) acts as a cocatalyst, while the 
CsPbBr3 NCs take its role as the photosensitizer by transferring the 
photogenerated electrons at the CB edge of CsPbBr3 to Ni(tpy) for the 
respective reduction process [158]. Considering the disadvantages of 
the conventionally prepared CsPbBr3-OA/OAm NCs (capped by long 
alkyl-chain organic ligands) reported by Protesescu et al. [159] in the 
aspects of the charge transport system and CO2 adsorption ability, Xu 
and co-workers replaced the oleic acid (OA) and oleylamine (OAm) li-
gands to a short-chain glycine ligand via facile ligand-exchange strategy. 
Interchanging OA/OAm ligands have no noticeable effect on the energy 
band structures, but a stark improvement in photocatalytic activity was 
observed. CsPbBr3-OA/OAm NCs exhibited a low CO evolution rate of 
4.8 μmolg− 1h− 1, meanwhile a 5.7-fold increment in CO yield (27.7 
μmolg− 1h− 1) for the CsPbBr3-glycine NCs [160]. 

Another proposed solution to overcome the instability of CsPbBr3 is 
the construction of Z-scheme heterojunction [32]. The working princi-
ple of the Z-scheme is retrievable in literature. Taking an example, 
constructing a direct Z-scheme heterojunction based on 2D Bi2WO6 
nanosheets with a 0D CsPbBr3 QDs (CPB/BWO) through the ultrasonic 
method (Fig. 12b) have proved to be effective in suppressing charge 
recombination and reducing the light-shielding effect, consequently 
gave rise to remarkable photoreduction process; with a maximum CO 
and CH4 yield of 503 μmolg− 1 (9.5-times higher than CsPbBr3) and a 
total electron-to-product rate of 114.4 μmolg− 1h− 1. The superiority of 
CPB/BWO against the pristine is originated from excellent charge spatial 
separation and high-potential reductive site at the CsPbBr3. Neverthe-
less, a thicker layer of Bi2WO6 may cause a loose contact between both 
semiconductors, restrain light absorption of CsPbBr3, and serve as the 

Table 2 
Summary of the stability of CsPbBr3 perovskites and CO2 photocatalytic reduction performance in a series of solvents for 6 h [151].  

Solvent Stability Dielectric 
constant 

Polarity Solubility for CO2 

(mM) 
R (CO) 
(μmolg− 1) 

R (CH4) 
(μmolg− 1) 

R (H2) 
(μmolg− 1) 

cRelectron 

(μmolg− 1) 

dSelec. for CO2 red. 
(%) 

Toluene Ya 2.37 2.4 97.4 0.331 0 0 0.662 100 
EAC Ya 6.02 4.3 241.0 4.218 0.864 0.390 16.22 95.2 
IPA Ya 19.9 4.3 86.1 0.0105 0.754 0.438 6.93 87.3 
ACN Ya 37.5 6.2 270.0 0.574 0 0 1.15 100 
DMF Nb 38.3 6.4 199.0 n.a. n.a. n.a. n.a. n.a. 
MeOH Nb 33 6.6 138.6 n.a. n.a. n.a. n.a. n.a. 

[a] The solvent is capable to stabilize the CsPbBr3; [b] The stability of CsPbBr3 in this solvent is not good; [c] The electron yield for the reduced product, Relectron 
= 2 R(CO) + 8 R(CH4) + 2 R(H2); [d] Selectivity for CO2 reduction = [2 R(CO) + 8 R(CH4)]/ Relectron × 100%. 
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recombination centers. As shown in the energy level diagram in Fig. 12c, 
the lower reduction potential of Bi2WO6 is more likely to produce CH4. 
In comparison, the higher reduction potential of CsPbBr3 favors the 
production of CO [161]. Taking into consideration the importance of 
heterointerface contact in ensuring the effective interfacial charge 
transfer, the construction of 2D/2D heterostructures have therefore 
gained enormous attention, attributed to large interface area and short 
charge transport distance [162–164]. Jiang et al. developed an intimate 
contact CsPbBr3/Bi2WO6 heterointerface via a simple electrostatic 
self-assembly route. The Z-schematic interfacial charge transfer system 
between CsPbBr3 and Bi2WO6 has merited the photoreduction process 
with high selectivity towards CH4 and CO, with a total product yield of 
153.1 μmolg− 1 after six h continuous illumination in a CO2-saturated 
ethyl acetate/isopropanol mixture reaction medium, and the yield was 
further escalated when Pt nanoparticles were decorated as the cocatalyst 

on the surface of CsPbBr3 NS. The Pt-decorated CsPbBr3/Bi2WO6 cata-
lyst exhibited a high total product yield of 353.5 μmolg− 1 (Fig. 12d), 
which implies an effective electron extraction process from the perov-
skite NS to the Pt nanoparticles. Satisfying the thermodynamic of a 
Z-scheme system (Fig. 12e), photogenerated electrons accumulating in 
the ECB of CsPbBr3 participate in the CO2 reduction process with the 
assistance of protons to produce CO, CH4, and H2 (side product). To 
some extent, the incorporation of Pt nanoparticles extracts electrons 
from the CsPbBr3, speeding up the CO2 reduction reaction. Meanwhile, 
the holes with high oxidation ability are scavenged by isopropanol (IPA 
+ 2 h+ → IPA+; IPA+ refers to the IPA oxidation products that could be 
acetone and proton) [165,166]. 

A more precise description of green energy would be the input of the 
harvested energy derived from green resources. Due to the toxicity of Pb 
materials, significant efforts have been steered in searching for stable 

Fig. 12. (a) Schematic representation of the CsPbBr3-Ni(tpy) photocatalyst system developed in this work: immobilizing Ni(tpy) metal complexes onto a CsPbBr3 NC 
photosensitizer through electrostatic interactions. (b) Schematic illustration of the preparation of the 0D/2D CPB/BWO photocatalysts, and (c) Z-scheme photo-
catalytic system for CO2 reduction. (d) Comparison of the photocatalytic activity of samples after 6 h of photochemical reaction, and (e) schematic diagram of the 
interfacial electron transfer and accumulation of electrons and holes on CsPbBr3 and Bi2WO6 nanosheet, respectively. 
(a) Reproduced from Ref. [158], with permission of American Chemical Society, copyright 2020. (b,c) Reproduced from Ref. [161], with permission of American 
Chemical Society, copyright 2020. (d,e) Reproduced from Ref. [166], with permission of Wiley, copyright 2020. 

Fig. 13. (a) Schematic illustration of the synthetic procedure of lead-free Cs2AgBiBr6 double perovskite 2D NPLs and (b) schematic illustration of the Cs2AgBiBr6 NPL 
photocatalyzed CO2 reduction reaction. 
Reproduced from Ref. [169], with permission of American Chemical Society, copyright 2021. 
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and low-toxic alternatives [167]. Lead-free all-inorganic Cs2AgBiBr6 
double perovskite nanocrystals (NCs) with high stability and phase 
uniformity was reported by Zhou and co-workers. It is a common feature 
that the surface of NC is usually capped with an organic ligand 
encumbrance on charge transportation; in addition, photoconversion 
products and intermediates pile up in the ligand shell. By conscien-
tiously considering the negative impact of organic ligands, such as its 
insulating property that weakens electric conductivity and carrier 
transport, Zhou et al. washed the prepared NCs with absolute ethanol to 
reduce the density of ligand coated on the catalyst’s surface. Impres-
sively, the washed NCs exhibited electron consumption of 105 μmolg− 1 

for CO2 reduction reaction under AM 1.5 G illumination for six h, which 
is 18.75 times higher than the bulk materials [168]. Similarly, Cs2Ag-
BiX6 2D nanosheets/nanoplatelets (NPLs) was synthesized through a 
new synthetic route involving a room-temperature precursor injection, 
subsequently a solution heating-up process, as illustrated in Fig. 13a. 
This work manifested the growth of thin monolayer nanosheets into 
rectangular-multilayer thick NPLs with high crystallinity. Under irra-
diation, the dissociation of electrons and holes in NPLs resulted in the 
consumption of holes by the solvent molecules (ethyl acetate); mean-
while, the electrons are captured by CO2, as manifested in Fig. 13b. 
Impressively, Cs2AgBiBr6 NPLs possess extremely high selectivity 
(>99%) for CO2 reduction with total suppression of the H2 production 
under the current reaction conditions, thanks to the uniqueness of 2D 
morphological structure [169–171]. This work provides a new 
appealing direction in the field of photocatalysis for green environ-
mental and renewable energy development. The photocatalytic CO2 
reduction reaction of hybrid organic-inorganic metal halide (HOIMH) 
perovskite-based systems in mild protonic solvents are summarized in  
Table 3. 

4.3. Functionalizing and encapsulating metal halide perovskite 

It is challenging to have the metal halide perovskite workable in 
polar solvents, including water, but it is still realizable when metal 
halide perovskite undergoes unique treatments through coating/wrap-
ping or functionalizing with water-resistant materials. In 2018, Ju et al. 
proved that DMASnI3 (DMA = CH3NH2CH3

+) exhibited good recycling 
performance in DI water-based H2 evolution reaction for 16 h, without 
any noticeable decomposition. The novelty of this work is credited to the 
reversible phase of DMASnI3 crystals. When DMASnI3 is immersed in DI 
water, the black phase DMASnI3 would be transformed to yellow, and 
when it is exposed to air or warmer surrounding, the crystal structure 
would be restored to its black phase, thus securing the lifetime of the 
photocatalyst [182]. While designing a photocatalyst, it is essential first 
to understand the properties of the photocatalyst per se, subsequently, 
predict the plausible reactions that could be happened when the pho-
tocatalyst is exposed to water or polar solvent. For example, hybrid 
bismuth (III)-based photocatalyst is highly sensitive to water, but it 
preserves dynamic equilibrium in strong acidic conditions. This phe-
nomenon is due to the presence of protonated aliphatic or aromatic 
cations with typical hydrogen bond donors such as -NH3

+, =NH2
+, or 

>NH+, which is susceptible to forming strong N-H⋅⋅⋅O hydrogen bonds 
with the water molecules. Thus, as a solution to this problem, Liu et al. 
designed a moisture-stable non-toxic hybrid perovskite through a 
hydrogen bond-free strategy by using alkylated aromatic cations instead 
of conventional protonated counter cations (Fig. 14a). The fabricated 0D 
Bi-based perovskite (3-ethylbenzol[d]thiazol-3-ium)4Bi2I10 (EtbtBi2I10) 
exhibits excellent activity and stability in water, moisture air, strong 
acid solution, and UV light irradiation. Upon introducing Pt/TiO2 
(electron transporting material) and rGO as the hole transporting ma-
terial, the H2 yield obtained was dramatically increased, as depicted in 
Fig. 14b. This work provides new insight on an appealing synthesis 

method toward water stable and non-toxic hybrid perovskite, which 
satisfies the rule of practical application [183]. 

Difference from the composition method (perovskite is functional-
ized with a water-resistant material), encapsulation, on the other hand, 
is an appealing approach to encapsulate active molecules in a carrier 
material to benefit the final application of the encapsulated system 
[184]. When it comes to encapsulation, polymeric/inorganic networks 
and porous materials such as zeolites are the well-known materials used 
to provide a physical and chemical barrier for discrete perovskite par-
ticles [185,186]. Mu and co-workers have successfully developed 
water-tolerant perovskite NCs that are performable in pure water by 
encapsulating cobalt-doped CsPbBr3/Cs4PbBr6 NCs with hydrophobic 
hexafluorobutyl methacrylate polymer. Expectedly, the 2% cobalt 
doped-CsPbBr3/Cs4PbBr6 NCs exhibited remarkable CO2 photoreduc-
tion activity for the generation of CO and CH4, using water as the 
electron source [187]. In addition, conducting polymer (CP) is not 
merely regarded as an organic semiconductor feature with visible light 
absorption and π-conjugated electronic system, but also an excellent 
waterproof material used for encapsulation purposes. So far, the widely 
studied conducting polymers are polypyrrole (PPy), polyaniline (PANI), 
poly(3-hexylthiophene) (P3HT), and polythiophene (PTs). P3HT is 
regarded as a p-type polymeric semiconductor that exhibits a narrow 
bandgap of 1.9–2.1 eV, accompanied by several unique characteristics 
such as high stability, good dissolubility, and excellent hole carrier 
mobility 10− 4-10− 3 cm2V− 1s− 1. A P3HT/CsPbBr3 QDs Type-II hetero-
structure was reported by Li and co-workers by in-situ coating the 
CsPbBr3 QDs with a P3HT conducting polymer and the final product is a 
reddish-brown precipitate. Merited by the highly conjugated structure 
of P3HT, the photogenerated holes could be transferred with ease by the 
high hole mobility P3HT to the surface without giving chances for the 
recombination of holes and electrons to happen. Additionally, as an 
electron donor, P3HT supplies electrons to the perovskite susceptible to 
CO2 reduction. The strong interfacial interaction between P3HT and 
CsPbBr3 garnered an efficient charge separation system and improved 
stability, consequently resulting in a 10-fold higher electron consump-
tion rate than that of pristine CsPbBr3 [188]. 

A new carbon derivative, namely graphdiyne (GDY), is composed of 
a 2D planar network structure by linking two benzene rings in a gra-
phene structure with diacetylenic, as shown in Fig. 15a. GDY is fur-
nished with unique sp-sp2 carbon atoms, uniform pores, and a highly 
π-conjugated structure, unlike other carbon allotropes [189]. Taking 
into account the activity and stability that GDY could contribute, Su 
et al. in-situ coated the CsPbBr3 NCs with a thin layer of GDY via a facile 
microwave synthesis method. The CsPbBr3 NCs were priory prepared via 
the solution phase synthesis strategy, subsequently mixed with hex-
aethynylbenzene monomer for the growth of GDY as the capping agent 
over the perovskite NCs (Fig. 15b) [190]. It is expected that coating GDY 
on the NCs’ surface brought forth improved structural and interfacial 
stabilities of the perovskite NCs, abundant active sites for CO2 reduction 
reaction, and an improved photoinduced charge separation efficiency 
due to the intimate contact between CsPbBr3 and GDY [191]. In addi-
tion, the authors discovered that the unique structure of GDY, such as 
carbon-carbon triple bonds with delocalized electrons and abundantly 
distributed pores intensified its CO2 adsorption [192]. The strong 
interfacial electron coupling between CsPbBr3 and GDY promotes the 
migration of electrons from the surface of CsPbBr3 to GDY, therefore 
giving rise to high CO yield collection than that of the pristine and was 
even higher when cobalt was doped into the CsPbBr3@GDY lattice 
(Fig. 15c), demonstrating that GDY provides a compatible platform for 
the decoration of a variety of active sites [190]. Stark enhancement in 
photocatalytic activity with high selectivity towards CO is observed 
when GDY was replaced by conjugated 3D π system fullerenes (C60) as 
the encapsulating agent (Fig. 15d). The outstanding electron-accepting 
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Table 3 
Photocatalytic CO2 reduction of hybrid organic-inorganic metal halide (HOIMH) perovskite-based systems in a mild protonic solvent.  

Photocatalyst 
system 

Synthesis approach Condition Light source 
(mWcm− 1), cut- 
off (nm) 

Activity 
(μmol g− 1 

h− 1) 

aAQE/bEQE 
(%), 
wavelength 
(nm) 

cRelelctron 

(μmol g− 1 

h− 1) 

dSelect. 
for CO2 

red. (%) 

Stability 
(h) 

Ref. 

CsPbBr3 Anti-solvent 
precipitation 

Ethyl acetate 
(liquid) 

150 W Xe-lamp 
(3 sun), λ ≥ 380 

CO: 0.70, 
CH4: 0.14, H2: 
0.06 

0.012b, 386 2.7 95.2 > 24 [151] 

CsPbBr3/Pt Anti-solvent 
precipitation and 
light-loading 

Ethyl acetate 
(liquid) 

150 W Xe-lamp 
3 sun, λ ≥ 380 

CO: 0.72, 
CH4: 0.14, H2: 
0.2 

− 5.6 − − [151] 

CsPbBr3-QDe Solution phase 
synthesis 

Ethyl acetate/ 
water (solution, 
300:1 v:v) 

300 W Xe-lamp, 
(AM 1.5 G) 

CO: 4.26, 
CH4: 1.53, H2: 
0.10 

− 20.9 > 99 − [172] 

CsPbBr3-QDe/ 
GOf 

Anti-solvent 
precipitation and 
light-loading 

Ethyl acetate 
(liquid) 

100 W Xe-lamp 
150, (AM 1.5 G) 

CO: 4.89 CH4: 
2.47, H2: 0.13 

0.025b, 400 29.78 99.1 − [153] 

CsPbBr3-NSg-Cu- 
rGOh 

Mechanochemical and 
ex situ wet mixing 

Water (vapour) 300 W Xe-lamp 
100 (1 sun), (AM 
1.5 G) 

CO: 0.46 CH4: 
12.7, H2: 0.27 

1.10a, 523 − − > 8 [154] 

CsPbBr3-NCi/ 
Ti3C2Tx 

Acid-etching and in- 
situ growth 

Ethyl acetate 
(liquid) 

300 W Xe-lamp, 
(λ > 420) 

CO: 26.32 
CH4: 7.25, H2: 
0 

− − 100 − [156] 

CsPbBr3-Ni(tpy)j Hot-injection and 
ligand-exchange 

Ethyl acetate/ 
water (solution, 
49:1 v:v) 

300 W Xe-lamp 
100, (λ > 400) 

CO + CH4: 
431, H2: −

0.23a, 450 1252 − > 12 [158] 

CsPbBr3-Glycine- 
NCi 

Ligand-exchange Water (vapour) 300 W Xe-lamp 
100, (λ > 400) 

CO: 27.7 CH4: 
0, H2: 0 

− − 100 12 [160] 

0D CsPbBr3- 
QDse/2D 
Bi2WO6-NSg 

Hot-injection and ex 
situ ultrasonic 

Ethyl acetate/ 
water (solution, 
49:1 v:v) 

300 W Xe-lamp 
100, (λ > 400) 

CO + CH4: 
50.3, H2: 0 

− 114.4 − 8 [161] 

2D CsPbBr3-NSg/ 
2D Bi2WO6- 
NSg/Pt 

Electrostatic self- 
assemble and light- 
loading 

Ethyl acetate/ 
isopropyl alcohol 
(solution 4:1 v:v) 

150 W Xe-lamp 
150, (AM 1.5 G) 

CO: 17.2, 
CH4: 34.4, H2: 
7.35 

− 324 95.5 > 24 [166] 

Washed 
Cs2AgBiBr6- 
NCi 

Hot-injection and 
ethanol washing 

Ethyl acetate 
(liquid) 

150 W Xe-lamp 
(1.5 sun) 150, 
(AM 1.5 G) 

CO: 2.35, 
CH4: 1.6, H2: 
0 

0.028b, 398 17.5 100 − [168] 

2D Cs2AgBiX6- 
NPLk 

Room-temperature 
injection and heating- 
up 

Ethyl acetate 
(liquid) 

Laser diode 
40 mM, 
(λ = 405) 

CO: > 5.83, 
CH4: > 3.33, 
H2: ~0 

0.035b, 350 42.6 > 99 − [169] 

CsPbBr3-QDl/ 
PCN-NSm 

Hot-injection and self- 
assembly deposition 

Acetonitrile/water 
(liquid) 

300 W Xe-lamp, 
(λ > 420) 

CO: 148.9, 
CH4: 0, H2: 0 

− − − 6 [173] 

Rb3Bi2I9-NCi Top down Water (vapour) 32 W UV 
lamp (λ =

305 nm) 

CO: 1.82, 
CH4: 1.7, H2: 
0 

− − − − [174] 

Cs3Bi2I9-NCi Top down Water (vapour) 32 W UV 
lamp (λ =

305 nm) 

CO: 7.76, 
CH4: 1.49, H2: 
0 

− − − − [174] 

MA3Bi2I9-NCi Top down Water (vapour) 32 W UV 
lamp (λ =

305 nm) 

CO: 0.72, 
CH4: 0.98, H2: 
0 

− − − − [174] 

FAPbBr3/Ti3C2 Hot-injection and in- 
situ growth 

Water (liquid) 300 W Xe-lamp 
150, (AM 1.5 G) 

CO: 283.41, 
CH4: 17.67, 
H2: 4.51 

− 717.18 − 3 [175] 

nNMF/CsPbBr3- 
NW◦

Hot-injection and in- 
situ growth 

Ethyl acetate/ 
water (solution, 
49:1 v:v) 

300 W Xe-lamp 
100, (λ > 420) 

CO: 81, CH4: 
~0.6, H2: 0 

0.05b, 420 162 − 20 [176] 

CsPbBr3/MoS2 Sonication and self- 
assembly deposition 

Ethyl acetate/ 
water (trace water 
solution) 

300 W Xe-lamp 
200, (λ ≥ 420) 

CO: 25, CH4: 
12.8, H2: 0 

− − − 30 [177] 

Cs3Bi2Br9-QDe Solution 
recrystallization 

Water (vapour) 300 W Xe-lamp, 
(AM 1.5 G) 

CO: 26.95, 
CH4: − , H2: −

− − − 20 [178] 

Cs3Bi2Cl9-QDe Solution 
recrystallization 

Water (vapour) 300 W Xe-lamp, 
(AM 1.5 G) 

CO: 21.01, 
CH4: − , H2: −

− − − 20 [178] 

Cs3Bi2I9/Bi2W6 Hydrothermal and in- 
situ growth 

Water (liquid) 300 W Xe-lamp 
100 (1 sun), 
(λ ≥ 400) 

CO: 7.33, 
CH4: − , H2: −

− − − > 12 [179] 

CsAgCl2 Anti-solvent 
precipitation 

Water (vapour) 300 W Xe-lamp, 
(AM 1.5 G) 

CO: 7.06, 
CH4: − , H2: −

− − − 5 [180] 

Cs3Sb2Br9-NCi Hot injection Dried octadecene 
(liquid) 

300 W Xe-lamp, 
(AM 1.5 G) 

CO: 127.5, 
CH4: − , H2: −

− − − 9 [181] 

[a] Apparent quantum efficiency (AQE); [b] External quantum efficiency (EQE); [c] The rate of electron consumption for reduction product, Relectron = 2 R(CO) 
+ 8 R(CH4) + 2 R(H2); [d] Selectivity for CO2 reduction = [2 R(CO) + 8 R(CH4)]/ Relectron × 100%; [e] Quantum dot; [f] Graphene oxide; [g] Nanosheets; [h] 
Reduced graphene oxide nanocomposites; [i] Nanocrystal; [j] Immobilized nickel complex with 2,2′:6′,2′’-terpyridine; [k] Nanoplatelet; [l] Quantum dot; [m] Porous 
g-C3N4 nanosheet; [n] Ni based metal-organic framework i.e. [Ni(phen)(oba)]n⋅ 0.5nH2O (phen=1,10-phenanthroline, oba=4,4′-oxybis (benzoate)); [o] Nanowire. 
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ability of C60 favors the production of CO (major product) and CH4 
(minor product); without any sign of degradation after four consecutive 
cycles, C60 is an excellent protective layer that guards the perovskite 
against contacting the solvent and water. The photocatalytic enhance-
ment brought by C60/CsPbBr3 is also attributed to the averted electric 
interaction between perovskite NCs and the outer media caused by the 
insulating outer layer [193]. 

Metal-organic framework (MOF) is also regarded as an excellent 
shield to protect perovskite from getting in touch with water; without 
impacting the diffusion of substrates (Fig. 16a) [185]. Thanks to its 
robust 3D porous structure, the perovskite QDs could be sheltered within 
this spongy framework, ultimately providing a microporous physical 
barrier against external perturbation or degradation, in addition to 
preventing aggregation and coarsening of the perovskite QDs [195,196]. 
A facile in-situ synthetic approach was employed by Kong et al. to 
directly grow zinc/cobalt-based zeolite imidazolate framework (ZIF) as 

the core on the CsPbBr3 QDs surface (shell), as manifested in the TEM 
image of CsPbBr3@ZIF (Fig. 16b). The resulting core-shell composite 
generates CH4 as the main component and is stable after six consecutive 
running cycles [186]. Recently, Wu and co-workers have successfully 
demonstrated the state-of-art composed of large internal pores Fe-doped 
PCN-221 MOF as the outer-framework to hold the MAPbI3 perovskite 
QDs, as illustrated in Fig. 16c. Interestingly, the growth of perovskite 
within the encapsulated vicinity does not change the crystal structures 
of perovskite QDs, enhancing light harvesting property and conse-
quently bringing forth a high total yield of 1559 μmolg− 1 with high 
selectivity towards CH4 (66%) and CO (34%).[197] The MOF not merely 
protects the perovskite QDs from water dissolution but also a cocatalyst 
that promotes CO2 photoreduction [197]. 

From the viewpoint of photocatalysis, encapsulation or wrapping the 
perovskite with a layer of waterproof material is the most viable and 
appealing approach to prolong the lifespan of perovskite by preventing 

Fig. 14. (a) Schematic illustration of the design, synthesis, and photocatalytic application of the 0D hybrid-stable Pb-free perovskite and (b) comparison of the 
amount of evolved H2 over Pt (1.25 wt%)/TiO2-EtbtBi2I10 hybridized with different hole transportation agents rGO (1.0 mg) or CuO (1.0)mg. 
Reproduced from Ref. [183], with permission of American Chemical Society, copyright 2020. 

Fig. 15. (a) Chemical structure and configura-
tion of graphdiyne, (b) bond types and bond 
lengths in graphdiyne, enlarged image of the 
red construction unit in (a). (c) Illustration of 
the synthesis of cobalt doped CsPbBr3@GDY 
and its photoredox reactions. (d) HRTEM image 
of C60/CsPbBr3 composite. 
(a,b) Reproduced from Ref. [194], with 
permission of Elsevier, copyright 2020. (c) 
Reproduced from Ref. [190], with permission of 
American Chemical Society, copyright 2020. 
(d) Reproduced from Ref. [193], with permis-
sion of Elsevier, copyright 2021.   
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Fig. 16. (a) (i) Schematic illustration of perovskite decomposed by water; (ii) protection offered by the MOF surface layer; (iii) illustration of selective diffusion by 
the MOF. (b) TEM image of CsPbBr3@ZIF-8. Inset is the high-resolution image of single CsPbBr3 QD marked with red circle. (c) The encapsulation of MAPbI3 QDs in 
the pores of cheap Fe-porphyrin derived MOFs of PCN-221(Fex) for an efficient photocatalytic system.. 
(a) Reproduced from Ref. [185], with permission of Wiley, copyright 2020. (b) Reproduced from Ref. [186], with permission of American Chemical Society, 
copyright 2018. (c) Reproduced from Ref. [197], with permission of Wiley, copyright 2019 

Table 4 
Photocatalytic reactions of functionalized and encapsulated hybrid organic-inorganic metal halide (HOIMH) perovskite-based systems.  

Photocatalyst 
system 

Synthesis approach Condition Light source 
(mW cm− 1), cut-off 
(nm) 

Activity 
(μmol g− 1 

h− 1) 

aAQE (%), 
wavelength 
(nm) 

bRelelctron 

(μmol g− 1 

h− 1) 

cSelect. 
for CO2 

red. (%) 

Stability 
(h) 

Ref. 

dDMASnI3 Temperature 
lowering 

Deionized water 300 W Xe-lamp H2: 3.2 − − − > 15 [182] 

Pt/TiO2- 
0DeEtbtBi2I10- 
rGOf 

Solvothermal and 
dissolution- 
recrystallization 

Aqueous HI/H3PO2 

(50% in water) 
300 W Xe-lamp H2: 279.3 − − − > 15 [183] 

CsPbBr3@ZIF-8g Anti-solvent and in- 
situ growth 

Water (vapor) 100 W Xe-lamp 
150, (AM 1.5 G) 

CO: 0.51, 
CH4: 1.81, 
H2: 0 

0.024, 386 15.50 100 18 [186] 

CsPbBr3@ZIF-67h Anti-solvent and in- 
situ growth 

Water (vapor) 100 W Xe-lamp 
150, (AM 1.5 G) 

CO: 0.77, 
CH4: 3.51, 
H2: 0 

0.035, 386 29.63 100 18 [186] 

Co@CsPbBr3/ 
Cs4PbBr6 NCi 

Solution ion- 
exchange 

Water (liquid) 300 W Xe-lamp 
100, (λ ≥ 400) 

CO: 12, CH4: 
0.4, H2: 0 

− − − − [187] 

jP3HT/CsPbBr3 Hot-injection and in- 
situ coating 

Acetonitrile/ 
deionized water 
(solution, 300: 1 v: 
v) 

300 W Xe-lamp, 
(λ ≥ 420) 

CO: 145.45, 
CH4: 23.05, 
H2: 0 

− 475.3 100 12 [188] 

CsPbBr3@GDYk- 
Co 

Microwave synthesis Acetonitrile/ 
deionized water 
(solution, 200: 1 v: 
v) 

300 W Xe-lamp 
100, (λ ≥ 400) 

CO: 27.7, 
CH4: − , H2: 
−

− − − 24 [190] 

lC60/CsPbBr3 Hot-injection and in- 
situ self-assembly 

Acetonitrile/ 
deionized water 
(solution, 300: 1 v: 
v) 

300 W Xe-lamp 
150, (λ ≥ 420) 

CO: 17.8, 
CH4: 6.83, 
H2: 0 

− 90.2 100 16 [193] 

MAPbI3@PCN- 
221(Fe)m 

Solution heating and 
sequential 
deposition 

Ethyl acetate or 
acetonitrile/water 
(solution, 
1:0.012 v:v) 

300 W Xe-lamp 
100, (λ ≥ 420) 

CO: 4.16, 
CH4: 13, H2: 
−

− 112 − > 25 [197] 

Pt/DMASnBr3@g- 
C3N4 

Ball milling Water (liquid, 10% 
TEOAn) 

1500 W Xe-lamp 
500, 
(300 ≤λ ≤ 800) 

H2: 1730 − − − − [72] 

[a] Apparent quantum efficiency (AQE); [b] The rate of electron consumption for reduction product, Relectron = 2 R(CO) + 8 R(CH4) + 2 R(H2); [c] Selectivity for 
CO2 reduction = [2 R(CO) + 8 R(CH4)]/ Relectron × 100%; [d] Ion dimethylamine (CH3NH2CH3 

+); [e] Ion (3-ethylbenzol[d]thiazol-3-ium)4
+; [f] Reduced graphene 

oxide; [g] Zinc-based zeolitic imidazolate framework [h] Cobalt-based zeolitic imidazolate framework; [i] Nanocrystal; [j] poly(3-hexylthiophene-2,5-diyl); [k] 
Graphdiyne; [l] Fullerenes; [m] Iron-doped porphyrin based metal organic framework; [n] Triethanolamine. 
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undesirable physical degradation and water permeation or penetration. 
Undeniably, wrapping the perovskite with waterproof materials seem-
ingly killing two birds with one stone, providing a physical barrier to 
safeguard the perovskite and serving as catalytic active sites to shorten 
the charge transfer distance for the occurrence of respective photo-
catalytic reaction. More importantly, the photocatalytic reaction of an 
encapsulated perovskite is feasibly performed in a pure water medium, 
without sacrificial reagent, hence regarded as an environmentally 
friendly and cost-saving method. Table 4 demonstrated the photo-
catalytic reactions of functionalized and encapsulated hybrid organic- 
inorganic metal halide (HOIMH) perovskite-based systems. 

4.4. Pb-less and Pb-free perovskites engineering 

Toxicity is one of the critical Pb-perovskite-related issues that should 
not be despised because the best perovskite material that incorporates 
toxic lead poses a hazard to the environment. Recently, various types of 
lead-free halide perovskite materials with good intrinsic stability have 
been reported. Bismuth-based halide materials have been extensively 
investigated, ascribed to their structure and promising optoelectronic 
properties. In 2019, a stable lead-free (CH3NH3)3Bi2I9 perovskite pre-
pared through a simple and efficient hydrothermal process (Fig. 17a) 
was reported by Zhao and co-workers. They found that (CH3NH3)3Bi2I9 
exhibited excellent phase stability in HI, with satisfactory cyclic stability 
without any degradation or oxidization detectable after 70 h, attributed 
to the stable oxidation state of Bi3+ with a ground-state electron 
configuration of [Xe]4f145d106s26p0. The pristine material exhibited H2 
evolution rate, as low as 12.19 mmol g− 1h− 1. Oppositely, the H2 evo-
lution rate was substantially increased to 169.21 μmolg− 1h− 1 when Pt 
was coupled as a cocatalyst. Unlike the conventional Schottky hetero-
junction photocatalytic system, the authors discovered that the 
MA3Bi2I9 photocatalyst and cocatalyst system, in their case, has existed 

in a separate form in saturated HI solution, which is different from the 
conventional heterojunction. MA3Bi2I9 transfers charge carriers by 
collision with the platinum species [198], which gave rise to efficient 
charge separation and thus strengthened the photocatalytic activity 
[147]. Using the same photocatalyst, Tang et al. constructed a Type-II 
MA3Bi2I9/DMA3BiI6 heterojunctions by a facile solvent engineering 
technique, as demonstrated in Fig. 17b. The air-stable MA3Bi2I9/D-
MA3BiI6 perovskite heterostructure exhibited remarkable 
visible-light-induced photocatalytic activity for H2 evolution in aqueous 
HI solution, with a substantial H2 evolution rate of 198.2 μmolh− 1g− 1 in 
the absence of Pt cocatalyst [148]. By replacing Pb with the Sb element, 
Cs3Sb2I9 possesses a suitable bandgap of 2.05 eV for photocatalysis. 
Nevertheless, Cs3Sb2I9 produces deep-level defects of Ii, Isb, Vcs, Csi, and 
VI in the bandgap, which serve as non-radiative recombination centers 
that plunge the photocatalytic activity [199]. In another work, Rokesh 
et al. investigated the performances of 2-(aminomethyl pyridine)SbI5 
perovskites derived from two different precursors, which are the 
Sb-iodide (AMPS-1) and Sb-oxide (AMPS-2) for H2 evolution reaction. 
With a narrower bandgap of 1.82 eV, these photocatalysts demonstrated 
an improved photostability and photocatalytic activity, in which 
AMPS-1 and AMPS-2 achieved H2 yield of 185.8 μmolh− 1g− 1 and 162.1 
μmolh− 1g− 1, respectively, when GO was added as the cocatalyst. Thus, 
conclusions can be drawn to these improvements where bandgap and 
the choice of precursor are the critical determining factors over an 
improved photocatalytic performance. Photocatalyst with narrower 
bandgap has proved to be efficient in broad-spectrum light-absorbing 
ability, hence brought forth to photo(electro)catalytic enhancement. 
Meanwhile, the choice of precursor should be considered during the 
photocatalyst design because the relatively lowered photocatalytic ef-
ficiency of AMPS-2 is due to the formation of trap states/band dispersion 
in the band structure caused by oxide impurities, consequently 
restricting the carrier migration process [200]. Albeit this is the first 

Fig. 17. (a) The preparation process of BBP (bismuth-based perovskite)-x (x = 0, 1, 5, and 10 where represent the 0, 1, 5, and 10 volume percent (vol%) of DMF in 
IPA solution respectively). (b) Schematic mechanism of H2 evolution by CABB/RGO under visible light irradiation. (c) Optimized atomistic models for the Cs2AgBiCl6 
double perovskite surface (100), showing both types of termination: A (TA) and B (TB). Blue octahedrons: pnictogen; gray octahedrons: noble metal; green spheres: 
halogen; and gray spheres: Cs, and (d) valence band top and conduction band bottom of the Cs2AgBiCl6, Cs2AgBiBr6, Cs2SbAgCl6, and Cs2InAgCl6 lead-free halide 
double perovskites. Dotted lines show the reduction (H2/H+) and oxidation (O2/H2O) potential of water (dark columns: surface termination A; light columns: surface 
termination B). 
(a) Reproduced from Ref. [148], with permission of Wiley, copyright 2020. (b) Reproduced from Ref. [204], with permission of Elsevier, copyright 2020. (c,d) 
Reproduced from Ref. [206], with permission of Applied Physics Letters, copyright 2018. 
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successive report of pyridine incorporated Sb-based perovskite for 
photocatalytic reaction. However, it should be borne in mind that the 
structure of this perovskite is usually lower in dimensions, ascribed to 
the extra charges induced by substituted cations of Pb2+. The soared 
effective mass of carriers and prominent confinement effects in a semi-
conductor of decreased dimensions result in poor carrier transport and 
unsatisfactory photo(electro)catalytic performances [29]. 

Meanwhile, another option is to replace Pb2+ with a lead-free 
element without demolishing the typical perovskite crystal structure, 
replacing divalent Pb2+ cations with non-toxic monovalent and trivalent 
(i.e., oxidation states of +1 and +3) metal cations. This compound is 
named double perovskites with a general formula of A2BB’X6, which 
shows comparable or even better photocatalytic performance than the 
single perovskite [29,117,201]. The double perovskites disclose more 
choices for cations residing in the B/B′-site in the perovskite crystal 
lattice, promoting greater modifications and control of the electronic 
structure than the conventional perovskites [202]. Umebayashi et al. 
reported that Pb2+ exhibits an electronic configuration of 6s26p0 and 
these electronic states are detectable in both Tl+ and Bi3+, but only Bi3+

is non-toxic [202]. For example, Bi-based double perovskite Cs2AgBiBr6 
(2Pb2+→Ag+ +Bi3+) possesses an indirect bandgap of 1.95 eV, owing to 
the chemical mismatch between Ag and Bi [202]. Double perovskite 
demonstrates remarkable stability against moisture, light, and 

temperature [203]. However, the photocatalytic performance of the 
pristine Bi-based double perovskite is still lag behind the Pb-based 
perovskite owing to its intrinsic indirect bandgap property. Hence, 
Wang et al. introduced reduced graphene oxide (RGO) into the Cs2Ag-
BiBr6 framework for H2 evolution from a saturated HBr and H3PO2 
aqueous solution under visible light irradiation [204]. In this case, the 
main role of RGO is to work as a cocatalyst that facilitates charge sep-
aration and transfer. For this reason, charge recombination would be 
significantly suppressed, resulting in an improved H2 production up to 
489 μmolg− 1, accompanied by high stability over 120 h of continuous 
photocatalytic H2 production. As illustrated in Fig. 17b, the generated 
electrons would transfer from CABB to the conductive RGO through 
M-O-C bonds, so H2 is produced at the active sites of RGO. It is 
well-known that Cs2AgBiBr6 has a suitable conduction band position to 
convert CO2 to CO. Unfortunately, most halide perovskite materials are 
unable to produce CH4 owing to its poor reducing ability. Li and 
co-workers rectify the reducing issue of Cs2AgBiBr6 and modify them by 
engineering a Z-scheme system derived from Cs2AgBiBr6 and g-C3N4 
(denoted as CABB@C3N4 Z-scheme) through an in-situ assembly 
approach [205]. The synergistic effect between these photoactive ma-
terials has merited the CB’s reducing ability of g-C3N4 and the oxidizing 
ability of the VB of CABB perovskite, thus resolving the CH4 production 
issue in photocatalytic CO2 reduction. The authors reassured that CH4 is 

Table 5 
Summary of photo(electro)catalytic (PEC) and photovoltaic-photo(electro)catalytic (PV-PEC).  

Photocatalyst system Synthesis approach Condition Light source 
(mW cm− 1), cut- 
off (nm) 

Activity (mA cm− 2) aEQE (%), 
wavelength 
(nm) 

bSTC 
(%) 

Stability 
(h) 

Ref. 

MAPbI3/spiro- 
OMETADc/Au/Ni 

Spin-coating and 
magnetron sputtering 

0.1 M Na2S Xe-lamp 100, 
(AM 1.5 G) 

10@0 V vs. Ag/ 
AgCl 

− − 0.25–0.33 [216] 

MAPbI3/pinhole-free HTL 
(P3HT-functionized 
CNT-PMMAd)/Au/Ni 

Spin-coating and 
encapsulation- 
precipitation 

K-Boratee, 
0.5 M K2SO4, H2SO4, 
1 M KOH 

150 W Xe-lamp 
(0.7 sun) 

17.4@1.23 V vs. 
SHE 

− − > 0.5 [217] 

fTEA surface- 
functionalized MAPbI3/ 
spiro-OMETADc /Au/ 
Ni 

Spin-coating and dipping 0.1 M Na2S 100, (AM 1.5 G) 2.08@0 V vs. Ag/ 
AgCl 

− − > 0.5 [218] 

gFTO/c-TiO2/TNA/ 
MAPbI3 

In-situ hydrothermal and 
spin-coating 

Aqueous HI 300 W Xe-lamp, 
(AM 1.5 G) 

1.75@0.14 V vs. 
Ag/AgCl, H2: 33.3 
μmolcm− 2h− 1 

− − > 8 [219] 

MAPbI3/PCBMh/Ag/Ag 
paint/Ti foil/Pt 

Spin-coating and 
pressurization 

0.5 M H2SO4 Solar simulator, 
100, (AM 1.5 G) 

18@0 V vs. RHE 70, 390–720 − 12 [220] 

(Cs0.15FA0.85)Pb 
(I0.9Br0.1)3/PCBMh/ 
BCPi/Au/Ag paint/ 
Carbon plate/jCoPc- 
CNT 

Spin-coating and 
pressurization 

0.5 M KHCO3 Solar simulator, 
100, (AM 1.5 G) 

15.5@0.11 V vs. 
RHE 

80, 370–740 3.34 25 [223] 

MAPbI3-L-proline/ 
PCBMi/BCPj/Cu/In- 
Gak/Ti foil/Pt 

Spin-coating and 
pressurization 

0.5 M H2SO4 150 W Xe-lamp 
100, (AM 1.5 G) 

21.2@0 V vs. RHE ~100, 
320–780 

9.6 > 54 [225] 

MAPbI3 PVl@mCoPi/ 
BiVO4 PAn 

Metal organic 
decomposition and bias- 
assisted photodeposition 

0.1 M 
NaH2PO4•6 H2O or 
Na2HPO4 

300 W Xe-lamp 
(1 sun) 100, (AM 
1.5 G) 

~2@0 V vs. Pt CE ~40q, 
350–760 

2.5 − [231] 

MAPbI3 PVl@◦Co-Ci/H, 
Mo:BiVO4 PAn (wired) 

Metal organic 
decomposition and dual- 
doping 

0.1 M KCip 300 W Xe-lamp 
(1 sun) 100, (AM 
1.5 G) 

3.5@0 V vs. Pt CE ~70q, 
600–780 

4.3 12 [233] 

MAPbI3 PVl@◦Co-Ci/H, 
Mo:BiVO4 PAn 

(wireless) 

Metal organic 
decomposition and dual- 
doping 

0.1 M KCip 300 W Xe-lamp 
(1 sun) 100, (AM 
1.5 G) 

− ~70q, 
600–780 

3 12 [233] 

MAPbI3 PVl@Fe(Ni) 
OOH/Mo:BiVO4/ 
nanocone PAn 

Electrodeposition and 
photo-oxidation 

0.5 M Na2HPO4 300 W Xe-lamp 
(1 sun) 100, (AM 
1.5 G) 

5.01@1.23 V vs. 
RHE 

− 6.2 > 10 [234] 

MAPbI3 PVl (×2) 
@Sb2Se3/CdS/TiO2/ 
SnO2/C60/Pt PCr 

Fast-cooling close space 
sublimation and chemical 
bath deposition 

H2SO4 (1 sun), (AM 
1.5 G) 

8.3@0 V vs. Sb2Se3 

CE 
− 10.2 4 [236] 

[a] External quantum efficiency (EQE) or incident photon-to-current efficiency (IPCE); [b] Solar-to-chemical (i.e. hydrogen or carbon monoxide) energy conversion 
efficiency; [c] 2,2′,7,7′-Tetrakis-9,9′-spirobifluorene; [d] poly(methylmethacrylate)/carbon nanotube/ poly-3-hexylthiophene composite hole transporting layer; [e] 
1 M boric acid + 0.5 M KOH in distilled water – pH 9.2; [f] Tetra-ethyl ammonium cation; [g] Fluorine-doped tin oxide/compact titanium oxide/titanium oxide 
nanorod array; [h] Phenyl-C61-butyric acid methyl ester; [i] Bathocuproine; [j] Cobalt phthalocyanine; [k] Gallium indium alloy; [l] Photovoltaic; [m] Cobalt 
phosphate [n] Photoanode; [o] Dual-doping strategy (hydrogen treated and 3 at% Mo-doped) with cobalt carbonate; [p] Potassium carbonate; [q] EQE of the 
perovskite photovoltaic was measured through a photoelectrode filter to simulate tandem operation; [r] Photocathode. 
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only generated under the assistance of the Z-scheme pathway when 
g-C3N4 was excited. Moreover, this Z-scheme photocatalytic system 
demonstrated impressive stability with no obvious decrement in CO2 
reduction efficiency after four runs of photocatalytic reaction in an ethyl 
acetate solvent coupled with methanol as the sacrificial reagent. In 
summary, Volonakis and Giustino uncovered that band structure and 
thermodynamic stability of Cs2AgBiBr6, Cs2AgBiCl6, Cs2SbAgCl6, and 
Cs2InAgCl6 with different surface termination effects (Fig. 17c). Among 
these double perovskites, they discovered that Cs2AgBiBr6 and Cs2Ag-
BiCl6 are potent perovskites for overall water splitting since the band 
structures of these perovskites are well aligning with the redox potential 
for the HER (Fig. 17d). At the same time, strict control on specific surface 
terminations is necessary to engineer the band level of Cs2SbAgCl6 and 
Cs2InAgCl6 for water splitting purposes [21,206]. Therefore, under-
standing the electronic dimension and stability of the lead-free double 
perovskites are vital, of which both are the important criteria determine 
whether the perovskites can be applied in photocatalysis. In addition, 
other related issues include carrier dynamic, defect engineering, and 
heterostructure engineering, therefore calling for advanced research 
efforts to explore new and stable materials (Table 5). 

4.5. Defect remediation and justification 

The stability of the perovskite-related topic has been thoroughly 
elucidated in previous sections; with the proposed methods of (i) using 
the non-aqueous solution as the reaction mediums such as the protonic 
and mild protonic solvents, (ii) functionalizing the perovskite for a 
stable perovskite structure, and (iii) encapsulating the perovskite with a 
hydrophobic layer. Apart from these appealing strategies, ways to 
mitigate and suppress the defect states should be brought to the fore 
because defect states are the determining factor that dictates a perov-
skite material’s light-absorbing, separating, and transporting abilities. 
Knowing that rapid nucleation and slow growth of perovskite are 
remedial toward dense and smooth perovskite films, Zhang et al. pro-
posed an efficient and facile approach to prepare high-quality perovskite 
film by a liquid nitrogen assisted method, in which the perovskite films 

are prepared under a one-step antisolvent process in a liquid nitrogen 
atmosphere. The importance of antisolvents during perovskite film 
synthesis is to allow quick supersaturation and nucleation processes. The 
volatile liquid nitrogen is expected to remove the heat from the perov-
skite precursor film, thereafter speeding up the perovskite’s nucleation 
process. The smooth, pinhole-free, and dense perovskite film resulted in 
a lower trap density of 2 × 109 cm− 3 than that of the pristine (5 ×109 

cm− 3), which implies the reduction of non-radiative recombination 
upon the improvement of film quality [207]. Apart from the engineering 
process, intentionally introducing defects on a semiconductor through 
element doping has proved to endow the perovskite material’s electrical 
properties and device performance. For example, intentionally intro-
ducing potassium cations (K+) into MAPbI3 has benefitted the perfor-
mances of perovskite solar cells where the doped K+ resided in the 
interstitial sites in the MAPbI3 lattice created MA vacancies. The addi-
tion of an optimized amount of K+ dopants has enhanced crystallinity 
and light absorption capability and decreased surface potential of the 
MAPbI3 film, reduced charge recombination, and improved charge 
separation in the perovskite film [208]. In addition, some reports 
demonstrated that introducing a minute amount of cesium ion (Cs+), 
formamidinium (FA+), or rubidium (Rb+) as the A-site cation dopants, 
and tin (Sn2+) or germanium (Ge2+) as the B-site dopants have proved to 
be effective in stabilizing the perovskite structure with a better film 
formation. For example, Kapil et al. reported that introducing a small 
amount of Cs+ in the Sn-Pb perovskite lattice reduces relative lattice 
strain and the reduction in surface and bulk trap densities [209]. In 
another work, Wang et al. have successfully demonstrated an effective 
way to design high-quality perovskite films via crystallization engi-
neering induced by yttrium. They revealed that the petite yttrium cation 
with a radius of 0.9 Å is effective in passivating grain boundaries 
(Fig. 8f). This dense compact polycrystalline film (bottom image) is 
intimately connected, and fused grain boundaries could eliminate 
overall trap densities formed within the perovskite [129]. Recently, 
Long and co-workers explicate the importance of compressive and ten-
sile strain in eliminating charge recombination centers induced by 
iodine interstitial (Ii) and replacing iodine with methylammonium (MAI) 

Fig. 18. (a) Typical J-V curve of MAPbBr3. (b) TSC current vs temperature profile of FMSI (without Ge), and (c) TSC current vs temperature profile of FMSGI (with 
Ge). 
(a) Reproduced from Ref. [55], with permission of Science, copyright 2015. (b,c) Reproduced from Ref. [124], with permission of Elsevier, copyright 2019. 
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defects in MAPbI3. According to the results obtained from ab initio 
nonadiabatic molecular dynamics, compressive strain improves the 
coupling of Pb-s and I-p orbitals, consequently pushing the VB up in 
energy and moving the trap state due to Ii into the VB level. The strain 
breaks the I-dimer that is responsible for Ii defect states. On the other 
hand, tensile strain lengthens Pb-Pb distance and weakens the over-
lapping of Pb-p orbitals, after that pushing the CB down in energy and 
merging MAI into the CB level [210]. After all, mitigating trap states 
could significantly enhance the charge carrier dynamics of the perov-
skite film, which is an essential criterion for high-performance accom-
plishment. It is well known that defects capture and trap free charges. In 
order to quantify the formation of defects, a myriad of confirmation 
methods have been proposed, including the most well-known space 
charge limited current (SCLC) and thermally stimulated current (TSC), 
and all these results are inter-correlated. They should be corroborated to 
spectroscopies results such as steady-state photoluminescence and 
deep-level transient spectroscopy (DLTS). SCLC has been widely 
employed to measure conductivity, carrier concentration, carrier 
mobility, and defect density. The basic principle of SCLC would be that 
when the semiconductor is subjected to a surge of an electric field 
through Ohmic contacts, current will be generated when charges are 
injected into the semiconductor material. For the case of a defective 
semiconductor, the present trap states would trap the injected charges, 
thereby reducing the density of free charges. As expected, the current is 
limited by the space charge effect. Fig. 18a shows the J-V curve plotted 
on a double logarithmic scale, indicating that the J-V curve is divided 
into three regions: the Ohmic region, trap-filled limit (TFL) region, and 
the Child region. The region labeled in blue is linearly fitted to I α Vn=1 

when the injected charges partially fill defects. The second region in 
green arises when charges at a specific onset voltage fill all the defects, 
and the free move injected charges through the MAPbBr3 leads to a rapid 
jump in current up to a low resistance state at the onset voltage 
trap-filled limit (VTFL). In general, the trap density (ntraps) can be 
determined through (Eq. (5)): 

ntrap =
2εε0VTFL

qL2 (5)  

where L, ε, ε0, and q are the thickness of the perovskite film, a dielectric 
constant of the material, the permittivity of vacuum, and electronic 
charge, respectively. However, one major limitation of SCLC is that it 
selectively characterize either hole or electron traps at one time; in 
addition, the defect density estimated by VTFL is abode to the assumption 
that the linear part (labelled in blue) is occurring in an Ohmic region 
until all defects are filled [55,208]. 

Thermally stimulated current (TSC) is a powerful tool to probe the 
trap state and depth of semiconducting material, in accordance with the 
formulae of trap depth (Eq. (6)) and trap density (Eq. (6)), respectively. 

ET = kBTln
(
T4

m

β

)

(6)  

where kB is the Boltzman constant, Tm is the temperature of the TSC 
peak, and β is the heating rate. 

Nt =
Q

qAL
(7)  

where Q is the area under the TSC graph, q is the electronic charge, A is 
the active area, and L is the perovskite’s thickness. Principally, carrier 
traps are filled by the carriers under a small forward bias in a liquid 
nitrogen-filled condition. Subsequently, the release of trapped carriers 
along with the increasing temperature at a constant rate gave rise to the 
flow of current. The resulting current as a function of temperature gave 
rise to a TSC curve, as shown in Fig. 18b and c. In the work of Ng et al., 
they demonstrated that the addition of Ge has substantially reduced the 
density of trap states of FA0.75MA0.25Sn1− xGexI3 (denoted as FMSGI) 

from 1015 – 1017 cm− 3 (without Ge) to 108 – 1014 cm− 3, accompanied by 
a substantial plunged in TSC signal (Fig. 18c), implies there is fewer 
deep trap distribution in the Ge-doped film (red curve) than that of the 
pristine (green curve) [124]. The disadvantages of TSC measurement lie 
in the possibility of incomplete trap filling process, partial detrapping of 
charges during thermalization, the occurrence of detrapped charge 
recombination with the opposite charges, and only the detrapped pho-
togenerated charges are responsive to TSC signal [208]. Another method 
to investigate the trap states’ behavior is through DLTS. The capacitance 
transients are investigated during the measurement by measuring the 
variations in capacitance and the temperature variations, ranging from 
liquid nitrogen temperature to room temperature (300 K) or above. 
During the initial bias pulse at low temperature, the bias-generated 
charges would fill the defects. At this stage, the defect trap capture 
rate is usually much larger than its emission rate (can be neglected). 
DLTS peaks will appear if the emission rate of charge trapped by the 
defects lies within the rate window and the increasing temperature. The 
defect density is directly obtainable from the capacitance change, which 
corresponds to the complete filling of the defect traps with a saturating 
injection pulse. The formula (Eq. 8) used to quantify defect density in 
this case is: 

ntrap = 2(
ΔC
C

)(NA − ND) (8)  

where ΔC and C are the capacitance change from t = 0 and the capac-
itance of the diode under quiescent reverse-biased conditions, respec-
tively. NA-ND is the net acceptor concentration on the p side of the 
junction. The EA of the defects (Eq. 9) below the conduction band can be 
described as: 

en = (σn < vn > ND

/

gn)exp
(

−
EA

kBT

)

(9)  

where en, σn, vn, ND, and gn are the rate of thermal emission of the 
trapped charges, charge capture cross-section, mean thermal velocity of 
the charges, effective density of states in the carrier band, and de-
generacy of the defect, respectively. Nevertheless, the shallow traps with 
a high thermal emission rate are non-detectable in DLTS measurement 
[208]. Hence, it is essential always to corroborate the results obtained 
from TSC or SCLC to other reliable spectroscopy analyses such as the 
photoluminescence (PL) and time-resolved photoluminescence (TRPL). 
PL and TRPL seem to be the best approach in obtaining helpful infor-
mation about the defects characteristic. As a validation over the results 
obtained from TSC measurement, Ng et al. showed that the least trap 
Ge-doped perovskite film rendered a longer carrier lifetime, credited to 
the passivation effect of Ge over the trap states. While the perovskite 
film with dense trap densities exhibited a shorter carrier lifetime and a 
shorter diffusion length of 350.3 nm compared to the Ge-doped perov-
skite film (1 µm) [124]. In summary, deeper insight and understanding 
into defect engineering is essential and is a stepping stone toward high 
efficient optoelectronic devices in the next future. 

5. Photoelectrochemical (PEC) system 

Photoelectrochemical (PEC) system is an efficient and eco-friendly 
process that produces solar fuels from sustainable solar energy. To 
ensure effective production of solar fuels, careful designation of the 
photocathode is crucially essential by choosing a material with high 
sensitivity toward solar energy, effective charge transport, appropriate 
redox reactions at their respective electrodes, high onset potential for a 
bias-free system, and stability in aqueous solution [29]. Basically, a PEC 
cell comprises a working electrode (photocathode), a counter electrode, 
and a reference electrode, as shown in Fig. 19a [22]. In general, an 
illumination photon with energy greater than the semiconductor’s 
bandgap generates and separates electron-hole pairs by an electric field 
present in the space charge region for reduction and oxidation reactions 
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at their respective electrodes. Depending on the type of the working 
electrode, a N-type photoelectrode or photoanode oxidizes water to 
produce O2. In contrast, the photogenerated electrons transfer to a 
counter electrode via an external circuit for water reduction. On the 
other hand, a p-type working electrode (photocathode) drives the pho-
togenerated electrons to the semiconductor/aqueous solution interface 
for H2 production, and the oxidation process happens on the counter 
electrode [60]. As shown in Fig. 19b, at equilibrium dark conditions, the 
Fermi level of the semiconductor aligns with the electrolyte’s redox 
potential, and the semiconductor’s energy bands in the space charge 
region bent upward. Conversely, under illumination, electrons and holes 
at the semiconductor side are non-equilibrate, and the associated 
quasi-Fermi level is responsible for photovoltage (Voc) production 
(Fig. 19c). The produced Voc should be sufficient to split water in an 
ideal condition, accompanied by sufficient photocurrent to achieve high 
STH efficiency. Nevertheless, in practice, there is always a trade-off 
between Voc and photocurrent should be made [211]. After the first 
demonstration of the PEC system using TiO2 single-crystal as the pho-
toanode and Pt black as the cathode by Fujishima and Honda in 1972, 
enormous interests have ignited in the efforts to modify the photo-
electrode through coating or growing well-defined layers onto a 
conductive substrate [212]. Hybrid perovskites are classified as 

semiconductors of high Voc. However, stability of the metal halide 
perovskite is utmost to be counteracted because it is well-knowing that 
the instability issues are particularly aroused by (i) the intrinsic ionic 
defects (organic cations and halide anion vacancies) that serve as charge 
trap sites and (ii) hygroscopic vulnerability of metal halide perovskite to 
polar solvents [128,213–215]. Up to now, it is indeed challenging to 
develop photoelectrodes that possess both superior activity and 
stability. 

5.1. Perovskite-based photoanode 

In 2015, a MAPbI3 photoanode coated with 8 nm Ni; functions as the 
passivating layer and hole transporting layer were fabricated by Zheng 
and co-workers. Despite PEC activity and stability being promoted, only 
20% of the photocurrent is retained after 1000 s continuous reaction due 
to the formation of pinholes, which is not a good choice for PEC mea-
surements [216]. Taking into account that the creation of pinholes 
during the preparation of hole/electron transport layer shall accelerate 
the degradation of the perovskite film. Oh and co-workers discovered 
that chloroform effectively got rid of the pinholes, thus resulting in an 
improved stability performance for a Ni-coated perovskite photoanode 
[217]. Further improvisation on Ni-coated MAPbI3 photoanode was 

Fig. 19. (a) Illustration of a three-electrode 
photoelectrochemical (PEC) cell, schematic 
band diagram showing hydrogen and oxygen 
evolution with two different semiconductor 
photoelectrodes. (b) After equilibration under 
dark conditions and (c) in quasi-static equilib-
rium under illumination, where H2O/O2 and 
H2/H+ represent electrolyte redox couples; VH 
represents the Helmholtz layer potential drop, 
ϕs the semiconductor work function, and ϕR the 
electrolyte work function; EF,n and EF,p repre-
sent the electron quasi-Fermi level and the hole 
quasi-Fermi level, respectively. (d) Schematic 
illustration of pristine, and hydrophobic alkyl 
ammonium cations functionalized perovskite 
film with ultrathin Ni passivate layer. The sur-
face modulation can serve as a second shield 
against the water molecules. 
(a) Reproduced from Ref. [22], with permission 
of Wiley, copyright 2020. (b,c) Reproduced 
from Ref. [211], with permission American 
Chemical Society, copyright 2020. (d) Repro-
duced from Ref. [218], with permission of 
Royal Society of Chemistry, copyright 2017.   

Fig. 20. (a) Schematic illustration of the sandwich-like MAPbI3 photocathode for PEC H2 evolution in a standard three-electrode system. The photocathode is back 
illuminated from ITO side. (b) The schematic illustration of carbon-encapsulated (Cs0.15FA0.85)Pb(I0.9Br0.1)3 photocathode with a sandwich-like structure, and (c) 
schematic illustration of the unbiased PEC tandem system for CO2 reduction reaction. The CoPc/CNT-C-CsFAPb(IBr)3 photocathode was wired with the IrOx/a-Si 
photoanode in tandem to achieve PEC CO2 reduction without external bias. 
(a) Reproduced from Ref. [220], with permission of Wiley, copyright 2018. (b) (c) Reproduced from Ref. [223], with permission of Wiley, copyright 2020. 
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brought by Wang et al. in 2017. In this context, they doubled up the 
protection over perovskite photoanode by functionalizing the perovskite 
surface with hydrophobic alkyl ammonium cations, subsequently coated 
an ultrathin Ni passivating layer on top of the completed cell (Fig. 19d), 
inferring that ultrathin Ni layer could first serve as the passivating layer 
that blocks massive water penetration. In contrast, the hydrophobic 

alkyl ammonium species function as the second shield against the 
penetrated water molecules. Although experimental results displayed 
that the TEA-modified electrode has exhibited a stable photocurrent 
(negligible degradation) after 30 min PEC measurement, credited to the 
role of capping agent of TEA against water. However, an odd occasion, 
in which the TEA-modified perovskite film displayed inferior PEC 

Fig. 21. (a) Schematic of OHP solar cell device architecture and possible passivation mechanism of the L-Proline molecular at perovskite defects, (b) maximum 
power point tracking (MPPT) test of the OHP PV cells, (c) dark storage stability (in air, humidity <50%, RT) of the OHP PV cells, and (d) real-time change in the OHP 
depending on the contact material. The contact material is only spread on the Cu electrode region (red square). The photographed side is the back side (ITO) of the 
OHP device to confirm real-time degradation. The change in the OHP was observed in air. 
Reproduced from Ref. [225], with permission of Wiley, copyright 2021. 
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performance (2.08 mAcm− 2) than the pristine (2.44 mAcm− 2 at 0 V vs 
Ag/AgCl), which could be ascribed to poor interfacial contact between 
the perovskite and hole transporting layer and the restricted charge 
transfer toward electrolyte by the hydrophobic organics [25,211,218]. 

An efficient PEC cell derived from MAPbI3-TiO2 nanorod array 
(TNAs) was reported to have exhibited efficient and stable H2 evolution 
in an aqueous HI solution. In this work, single-crystal rutile TNAs were 
grown on FTO/c-TiO2 before the perovskite coating to block hole 
transfer from the MAPbI3 to FTO. During illumination, photogenerated 
electrons are rapidly injected into TiO2 and are transported to the Pt 
counter electrode for the reduction process. The optimized PEC cell 
exhibited a high photocurrent density of 1.75 mAcm− 2 at 0.14 V (vs. Ag/ 
AgCl) under AM 1.5 G illumination; with a stable H2 production rate of 
33.3 μmolcm− 2h− 1 for more than 8 h [219]. 

5.2. Perovskite-based photocathode 

In another work, Li and co-workers reported that a MAPbI3-based 
photocathode with a sandwich-like structure could drive an efficient and 
stable H2 evolution from water splitting. The sandwich-like structure is 
formed by pasting the Pt deposited Ti foil (denoted as Pt-Ti) to the 
inverted configured planar MAPbI3 solar cell (Fig. 20a) with the assis-
tance of pre-treated silver conductive paint. Before any modifications, 
pristine MAPbI3 photocathode (without Pt-Ti cover) exhibits poor 
photocurrent density (− 0.6 mAcm− 2 at 0 V vs. RHE) and poor stability 
down to photocurrent density of 0 mAcm− 2 in only 20 s of operation. 
With the construction of sandwich-like Pt-Ti/MAPbI3 photocathode, a 
photocurrent density of − 18 mAcm− 2 at 0 V vs RHE with an onset 
potential of 0.95 V was achieved. Impressively, the modified photo-
cathode retained > 64% of its initial value after continuous illumination 
for 12 h, suggesting Ti foil is an excellent choice among the waterproof 
materials; in addition to Ti foil is cheap, robust, and chemically stable. 
This work has provided an impressive step toward achieving remarkable 
stability and activity using cheap material and a facile fabrication pro-
cess [220]. An extension work towards the aforementioned 
sandwich-like structure by Li and co-workers [220], a sandwich-like 
photocathode composed of (Cs0.15FA0.85)Pb(I0.9Br0.1)3 perovskite-bas 
ed photocathode with carbon encapsulation was reported for PEC CO2 
reduction (Fig. 20b). Commercially available carbon plate is opted as the 
waterproof material in this work, instead of metal foils, because the 
rough surface of carbon plate is expected to provide abundant binding 
sites for CO2 reduction catalyst, and its (carbon) inert property increases 
the selectivity of CO2 reduction reaction in aqueous electrolyte. Upon 
the decoration of cobalt phthalocyanine (CoPc)/CNT hybrid catalyst on 
the carbon surface [221,222], the as-prepared photocathode achieve 
PEC CO2 reduction with an onset potential at 0.58 V vs RHE and a 
photocurrent density of − 15.5 mAcm− 2 at − 0.11 V vs. RHE in 
CO2-saturated 0.5 M KHCO3 electrolyte (pH = 7.2) under AM 1.5 G 
illumination. More impressively, this photocathode showed negligible 
activity lost after continuous reaction for 25 h, credited to the shielding 
effect of carbon plate against water penetration, without compensating 
the transfer of photogenerated electrons. In addition, an unassisted PEC 
CO2 reduction is realized by pairing the photocathode with an IrOx--
decorated amorphous Si photoanode in a tandem system, as manifested 
in Fig. 20c. During illumination, the light with high-energy photons will 
first be harvested by the front IrOx/a-Si photoanode; subsequently, the 
transmitted low-energy photons will be absorbed by the back of the 
photocathode, thus giving rise to a solar-to-CO energy conversion effi-
ciency of 3.34% and a total solar-to-fuel energy conversion efficiency of 
3.85% [223]. 

In another work, a stable and efficient perovskite-based photo-
cathode using a new zwitterion, L-proline (Pro) as a passivation additive 
and eutectic gallium indium alloy (EGaIn) as an encapsulation material 
between the perovskite and Ti foil was demonstrated by Kim et al. The 
authors explained the significant effect of Pro as a passivation additive, 
in which the zwitterion form of Pro (a positively charged ammonium 

cation and a negatively charged carboxylate anion in one molecule), as 
depicted in Fig. 21a, could effectively and simultaneously passivate both 
the cation defects and anion defects [224]. The effectiveness of Pro 
additive for a stable PEC performance is validated through an over 100 h 
photostability test in an N2-filled glove box (Fig. 21b) and dark storage 
of over 1100 h (Fig. 21c). In addition, the authors disclosed the reason 
why EGaIn alloy is much preferable as a solid electric contact rather than 
Ag conductive paint. As proven through the photographs (Fig. 21d), 
experimental results elucidated that Ag conductive paint would pene-
trate the layers underneath the Cu electrode, thus causing damage to the 
cell over time. As proof of concept, the Pt/Ag-OHP:Pro PEC device ex-
hibits a low photocurrent of − 1.8 mAcm− 2 at 0 VRHE due to degraded 
perovskite caused by the Ag paint. Meanwhile, the Pt/EGaIn-OHP:Pro 
PEC device exhibits a potential onset of 1.1 VRHE, average photocur-
rent density of − 21.2 mAcm− 2 at 0 VRHE, and a half 
cell-solar-to-hydrogen (HC-STH) conversion efficiency of 9.6% at 
0.56 VRHE. Worth to be mentioned, the use of L-proline and EGaIn is 
appealing to achieve excellent stability, with the highest stability 
recorded over 54 h under continuous full sunlight illumination in an 
acidic electrolyte. As far as we know, these performances surpass those 
of the current perovskite-based PEC cells [225]. 

In brief, the above studies have unleashed unbounded prospects of 
making full use of solar energy for sustainable chemical fuels conversion 
over various types of perovskite-based materials. The present research 
draws attention to the modification of perovskite-based photoelectrode 
for activity and stability by introducing additives or passivation. How-
ever, it is worth mentioning that the current STH efficiency reported is 
still low and far behind the requirement for real applications, which STH 
efficiency set by The United States Department of Energy is 20% [226, 
227]. Given this matter, we encourage the researchers to hold on to the 
scheme of "less is more"; to develop photoelectrode of minimal interfa-
cial layers because reducing the interfacial layers shall significantly 
eliminate undesirable interfacial resistance and trap states, conse-
quently benefiting photocatalytic reactions. 

6. Perovskite photovoltaic – photo(electro)catalysis (PV-PEC) 

In this context, photocathode and photoanode can be arranged in 
tandem or parallel where both the electrons and holes generated in this 
case are utilized at their respective semiconductor/liquid interfaces for 
oxidation and reduction purposes. This configuration is expected to 
achieve a higher photovoltage than the single electron configuration, 
thereafter realizing unbiased photocatalytic reactions [60]. Owing to 
the challenge faced by the PEC cells of incapable of driving overall 
photocatalytic reactions without the assistance of an external power 
source, PEC cells are often connected to photovoltaic (PV) in a tandem or 
parallel configuration. In the configuration of the PV-PEC tandem sys-
tem, the halide perovskite solar cell serves as an additional light 
absorber that would usually be paired with a photoelectrode in series, 
thus giving rise to the total photovoltage contributed from each subcell 
with maximum light energy utilization [228]. Unlike the PEC system, 
perovskite solar cell is isolated from the solution and stacked behind the 
photoelectrodes, which absorb the penetrated light through the front 
photoelectrodes. In an ideal occasion, a perovskite solar cell would have 
provided sufficient photovoltage (> 1 V) to drive solar-to-chemical fuel 
conversion without the need for an external power source. Nevertheless, 
in practice, solely relying on the efficiency of the solar cell for an un-
biased solar fuels conversion is inadequate. There are other criteria to be 
abided by the photoelectrodes for a tandem arrangement. The first key 
criterion to be fulfilled by the photoelectrode is its optical transparency. 
An optimized thickness of the photoelectrode (as the first 
light-absorbing and penetrating element) enables efficient transmission 
of photon flux to reach the next light harvesting element, the perovskite 
solar cell. Conversely, a too-thick photoelectrode in a tandem system 
would reflect the portion of the incoming radiation and substantially 
reduce the transmitted photon flux toward the back electrode 
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(perovskite solar cell) [229]. Secondly, a steep photocurrent profile, 
which is a rapid increase from onset values to saturation, is needed to 
exploit the voltage bias provided by the solar cell component, which is 
an essential factor in improving the tandem’s operational work point 
system [230]. Despite the thermodynamic potential for water splitting is 
1.23 V, the total photovoltage to initiate the reaction should be at least 
1.5 V due to overpotentials associated with the chemical reactions and 
polarization losses within devices [228]. 

Up to now, immersed research interest has been devoted to the 
development of bismuth vanadate (BiVO4) as the photoanode for water 
splitting due to its suitable bandgap, high stability, and superior PEC 
performance. Kamat group has successfully paired a single junction 
MAPbI3 hybrid perovskite solar cell to a cobalt phosphate (CoPi) 
catalyst-modified BiVO4 (CoPi/BiVO4) photoanode for water splitting 

application, as shown in Fig. 22a. Considering the first key criterion, as 
aforementioned, the penetration ability of low-energy light across the 
photoanode depends on the photoanode’s transparency. For this reason, 
a highly transparent BiVO4 photoanode should be placed above the solar 
cell; allowing the transmission of wavelength > 500 nm to the solar cell 
compartment (Fig. 22b), thus yielding a solar-to-hydrogen efficiency 
(STH) of 2.5% in a neutral solution without the needs of an external bias 
[231,232]. Further improvisation on BiVO4 photoanode where Kim 
et al. modified the BiVO4 photoanode through a dual-doping strategy 
(hydrogen treated and 3 at% Mo-doped), subsequently the loading of 
cobalt carbonate (Co-Ci) as a catalyst. They showed that the MAPbI3--
BiVO4 photoanode tandem cell with a wired configuration exhibited 
STH efficiency of 4.3%. While, a 3% STH efficiency in a wireless 
configuration is recorded for the 12 h stability test, inferring a higher 

Fig. 22. (a) Schematic diagram of the tandem 
BiVO4-MAPbI3 device for solar fuels generation, 
(b) optical absorption and transmittance of the 
BiVO4 thin film. Inset: photograph demon-
strating the translucence and limited visible 
light scattering of the spin cast BiVO4 thin film. 
(c) Schematic illustration of the optical ab-
sorption mechanism and electron transport of 
nanoporous BiVO4 on the flat substrate and the 
conductive nanocone substrate. 
(a,b) Reproduced from Ref. [231], with 
permission of American Chemical Society, 
copyright 2015. (c) Reproduced from 
Ref. [234], with permission of Science Ad-
vances, copyright 2016.   

Fig. 23. (a) Schematic illustration of the 
double-sided textured Si photocathode with a 
buried-junction, (b) false colored scanning 
electron microscopy images of Si photocathode 
showing the textured light harvesting front 
surface (blue) and catalytically active rear sur-
face (orange), and (c) schematic illustration of 
the series-connected perovskite/Si PV-PEC cell 
architecture used for unbiased solar water 
splitting measurements. 
Reproduced from Ref. [226], with permission of 
Wiley, copyright 2020.   
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Ohmic resistance at the interfaces [233]. The dissatisfactory perfor-
mance of BiVO4 photoanode could be attributed to short diffusion length 
and the issue of incompatible penetration depth. To solve these issues, 
growing photoactive layers on the nanocone conductive substrates have 
proved to enhance light absorption of the photoactive material while 
maintaining an efficient charge separation and providing a large contact 
area at the electrode/electrolyte interface for the surface water oxida-
tion process. The left schematic in Fig. 13c shows that thin pristine 
BiVO4 film resulted in insufficient light absorption, short carrier life-
time, and poor electron transport behavior owing to fast recombination 
of photoexcited electrons in the flat photoelectrode film. Meanwhile, the 
growth of thicker BiVO4 film on nanocone arrays (right schematic in 
Fig. 22c) shortened the charge transport path, enhancing charge 
collection around the conductive nanocones and light absorption 
capability to multiple light scattering effect in this unique structure. The 
tandem system exhibited a photocurrent of 5.01 mAcm− 2 with a theo-
retical STH efficiency of 6.2% as a proof-of-concept [234]. Yang and 
co-workers tailor-made Mo-doped BiVO4 films on an inverse nanocone 
array (ICA) substrates. Surprisingly, the ICA demonstrates a remarkable 
light trapping effect in a convex form where the intensive light ab-
sorption region was shifted from the top part on the planar substrate to 
the bottom surrounded by ICA. In addition, the charge separation is 
strikingly more efficient, thus giving rise to STH efficiency of 6.3% when 
Mo:BiVO4 ICA PEC cell is paired to the FA0.83Cs0.17PbI2Br perovskite 
solar cell in a tandem arrangement. In addition, this tandem device is 
highly stable with negligible decay within 6 h irradiation [235]. 

In another work, Yang et al. reported a highly efficient PV-PEC 
tandem device composed of Sb2Se3 photocathode as the bottom elec-
trode and a semitransparent perovskite solar cell as the top electrode. 
The Sb2Se3, which possesses a bandgap of 1.18 eV, serves as the bottom 
electrode responsible for absorbing the unabsorbed photons and the 
long-wavelength photons transmitted through the top electrode. The 
authors deposited a thin layer of SnO2 on the TiO2 layer for an efficient 
charge separation process and to suppress undesirable recombination of 
the long-wavelength photons. The SnO2-coated photocathode exhibited 

a photocurrent density of 29 mAcm− 2 at 0 V vs VRHE and a maximum 
half-cell efficiency value of 3.8%, credited to the proper band alignment 
for the efficient charge separation process. In contrast, the top photo-
voltaic (MAPbI3 in this case) should possess high transparency and 
photocurrent density for sufficient photovoltage surge. Optimizing the 
top electrode’s thickness is crucially important; to a certain extent, the 
transmission of unabsorbed photons or photons in the range of 500 nm 
< λ < 800 nm would be captured by the bottom Sb2Se3 photocathode. A 
too-thin or too-thick perovskite layer resulted in a non-equal distribu-
tion of photon energy in the top or bottom cell, thereafter affecting the 
overall current. The semitransparent perovskite solar cell is constructed 
by parallelized perovskite nanopillar arrays embedded in an anodized 
aluminum oxide template. The unbiased PV-PEC tandem device 
rendered a photocurrent density of 8.3 mAcm− 2, corresponding to STH 
efficiency of 10.2% [236]. Recently, a buried p-n junction Si photo-
cathode was fabricated by depositing Ti/Pt layers on the rear side 
(nn+-Si) of the p+nn+-Si, which is responsible for HER reaction. While, 
the front side (p+n-Si) of the photocathode is composed of pinhole-free 
Al2O3 passivation, Si3N4 anti-reflection coating, and Cr/Pd/Ag grid 
metal electrode (Fig. 23a). The dual-sided photocathode is designed to 
reduce photocurrent losses by spatially decoupling light-harvesting and 
reaction interfaces and providing additional freedom to include thicker 
protection layers. The p+nn+-Si/Ti/Pt photocathode exhibited an 
excellent photon-to-current efficiency of 14.1% under biased conditions, 
ascribed to the surface roughness on the light-harvesting surface and the 
reaction interface of the Si photocathode (Fig. 23b), thus enhancing light 
trapping and providing abundant active catalytic sites for reactions. By 
pairing a semitransparent and higher bandgap (1.75 eV) mixed perov-
skite solar cell on top of the Si photocathode (bottom absorber), as 
shown in Fig. 23c, a remarkable photocurrent of 14.3 mAcm− 2, which 
corresponds to an unprecendented 17.6% STH efficiency is achieved for 
self-driven solar water splitting [226]. 

Scheme 2. Interrelationship of predominant factors in reaction medium system, functionalization and encapsulation systems, and sealing system of perovskite-based 
hybrid nanocomposite for stable photocatalytic reaction environments. 
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7. Conclusions, perspectives, and outlook 

Over the years, the efforts dedicated to metal halide perovskite in 
photovoltaics have led to a piece of rich knowledge and database, which 
can be translated and applied for innovative engineering in solar-to- 
chemical fuels conversion. The boundless breakthroughs and remark-
able photophysical properties achieved in the arena of perovskite-based 
nanomaterials give hope for real application in solar-to-chemical fuel 
conversion. Since the pioneering work on metal halide perovskite 
(MAPbI3) by Park et al. in 2017, comprehensive studies have empha-
sized the designation of metal halide perovskite with high light ab-
sorption coefficients and adjustable bandgap, excellent charge carrier 
dynamics properties, as well as suitable charge transfer during redox 
reactions. For these reasons, our review focus on the imperfections of the 
metal halide perovskite state-of-art in the field of the photo(electro) 
catalytic energy conversion and environmental remediation, particu-
larly looking into the stability, toxicity, and defective issues that are the 
critical factors for commercialization, without overlooking the funda-
mental knowledge on the composition, crystal structure, and photo-
physical properties of these promising materials (Scheme 2). In addition, 
we disclosed up-to-date progress of the metal halide perovskites in the 
applications of photocatalytic water splitting and CO2 photoreduction. 
Up to this stage, solar fuel production has proved to be realizable in 
perovskite powder (photocatalysis) and thin film (PEC and PV-PEC)- 
based photocatalysis systems. Nevertheless, from the viewpoint of 
commercialization, the factors of yield, reaction kinetics, scalability, 
stability, and cost of the state-of-the-art shall be reassessed. To the extent 
of our knowledge, the present devices are still not up to standard for 
practical applications owing to poor stability and efficiency issues. Thus, 
several promising approaches to resolve the bottlenecks of stability and 
efficiency are proposed: 

The first approach is to control the synthesis of high-quality perov-
skite with definite structures from the aspects of size, morphology, 
composition, defect types, and crystallinity. For this reason, rational 
design of nanostructures with more exposed surfaces such as 1D, 2D, and 
3D undeniably increases the surface area and available active sites for 
reaction to occur. Single-atom catalysis could be another option to 
improve the stability and catalytic activity of the metal halide perovskite 
owing to its rapid increase of surface free energy, quantum confinement 
effects, unsaturated coordination, and interactions between the metal 
with reduced size and substrate [21]. Nevertheless, when a nanoparticle 
of unknown particle size is decorated on the catalyst anchoring sites at 
the molecular level, it tends to aggregate, therefore increasing the dif-
ficulty level to construct an intimate heterojunction interface between 
the catalyst and nanoparticles. To solve this issue, the surface charge of 
perovskite photocatalyst with specific surface groups should be 
fine-tuned to strengthen the perovskite’s anchoring ability [8]. In 
addition, the theoretical prediction could be used as guidance for 
rationally designing better photocatalysts with appropriate redox power 
to drive redox reactions. 

The second approach is to design perovskite with a desirable/well- 
matching band alignment charge-transporting motif. The coupling of 
hole or electron transporting materials such as GO, rGO, MOF, MXene, 
etc., to a perovskite, guarantee an efficient charge separation and 
migration process to their respective reaction sites, thereby promoting 
efficient catalytic activity. It is expected that heterojunction (Type-II and 
Z-scheme) can be formed when the perovskite is coupled to a well 
aligning transporting materials to achieve rapid charge transfer. In 
addition, the coupling of perovskite to a semiconductor with more 
positive VB could effectively strengthen the oxidation abilities of the 
perovskite, widen light absorption, and assist charge separation and 
transport in metal halide perovskite. 

The third approach is to prepare a defective-free perovskite catalyst. 
The presence of defect states within the perovskite photocatalyst such as 
interstitial and anti-sites is disadvantaging the efficiency and stability 
performances because bulk defects serve as non-radiative recombination 

sites that would reduce the number of available free charge carriers for 
charge migration, consequently impairing charge separation and 
migration process and limit solar-to-fuels production. Improving the 
quality and morphology or the film’s crystallinity are critical factors for 
photocatalytic and stability performance to overcome this problem. For 
example, filling the defect states or grain boundaries with petite Ge2+

prevents the invasion of moisture or heat in deteriorating the perovskite 
material. In addition, there is a lack of comprehensive understanding of 
the basic degradation mechanisms and trap landscape of the perovskite 
in photocatalytic applications. Thus, it is necessary to establish a theo-
retical model to explain the process of degradation in photocatalysis. 

The fourth approach is to explore novel functionality and encapsu-
lation technology for stability attainment. Although research works 
have proved the effectiveness/workability of metal halide perovskite in 
protonic and mild protonic solutions, these methods are not universal 
compared to water. Improving the intrinsic stability of perovskite 
through functionality such as introducing bulky hydrophobic organic 
materials is a good option for photocatalytic systems. For example, 
incorporating hydrophobic bulky cations such as phenylethylamine or 
butylamine into the 3D perovskite framework enhances the stability of 
the technology [237]. The use of these bulky cations is likely one stone 
killing two birds because they are not merely passivating the perovskite 
matrix, but they also foster crystal grains connectivity that boosts effi-
ciency performance [18]. Ligand, such as alkylamine ligand, is a long 
alkyl hydrophobic chain with an amine group capable of anchoring the 
A-site cations of the perovskites, acting as a grain and interface modifiers 
[238]. In addition, metal catalysts such as Bi, Mn, Au, Co, etc., which 
abiding the Goldschmidt tolerance factor, can be added into the 
perovskite materials to stabilize the perovskite structure. Moreover, 
exploring novel protective layers or ligands is necessary for stability 
purposes. For instance, synthesizing a core-shell structure such as an 
oxide serves as an outer encapsulating layer that could protect perov-
skite from contacting any polar solvent. Polymeric encapsulation is also 
usable as a capping agent for stability enhancement. Taking an example, 
the encapsulation of CsPbBr3 QDs by polypyrrole has proven its excel-
lent water stability for about 30 days in water, in addition to exhibiting 
efficient charge transport property [239]. It should be bear in mind that 
as the capping layer envelopes the perovskite material, it should be 
highly transparent to allow light penetration and render good conduc-
tivity for charge separation and transport. In addition, an in-depth un-
derstanding of deposition approaches and the effect of the protective 
layer on the perovskite material is necessary. 

The last approach is to improve the sealing technology of perovskite 
to secure stability performance. Two essential criteria to be considered 
in establishing this technology are the transparency of the sealing ma-
terials that could allow the penetration of sufficient light absorption. 
The second criterion would be that the sealing material should possess 
good conductivity to ensure an effective charge extraction process. To 
date, the most common sealing material used in most research is 
transparent resin (epoxy). Alternatively, it is also viable to employ 
conductive carbon paste as the sealing agent, credited to its higher 
resistance towards degradation and conductive property. In addition, 
coupling the PEC system with a perovskite-based photovoltaic cell (PV- 
PEC) in an external manner by separating the photovoltaic from the 
polar solvent is another option ensuring robust stability. The advantage 
of this system lies in the photovoltaic device increasing the redox ca-
pacity of the PEC cell by allowing larger voltage in series; thus, it is 
viable for a wide range of applications. 

From the viewpoint of commercialization, large-scale production 
always comes along with the cost and simplicity of production. Trans-
lating the technology from perovskite photovoltaic modules, scaling up 
perovskite-based photocatalytic system could be realized by preparing 
high-quality perovskite thin-film through low cost and scalable deposi-
tion methods without compensating their reproducibility. The spin 
coating technique has been the most common solution-based process in 
fabricating miniature perovskite solar cells due to well-defined 
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thicknesses and obtainable high-quality thin film. However, this method 
is challenging to replicate in scalable deposition processes for large area 
modules and thus is incompatible with sheet-to-sheet and roll-to-roll 
manufacturing. In addition, the techniques used to synthesize perov-
skite materials, such as the hot-injection method, milling, and anti- 
solvent engineering, are seemingly suitable for laboratory studies but 
are not favoring the industries. As a solution for this problem, direct 
growth seems to be a promising way that requires further exploration to 
attain large scale, large area, and high-quality heterostructures in a 
controlled manner. Alternatively, spray coating could be considered the 
most appropriate candidate for large-scale perovskite deposition 
because diverse parameters, including precursor, solvents, nozzle spray 
angle, the flow rate, and the scanning speed, could be tuned and 
controlled for controllable perovskite thin films’ quality [240]. In 
addition, roll-to-roll processes are also viable for the upscaling process 
because it is precisely like newspaper printing, which is standard 
worldwide. Chemical vapor deposition (CVD), vapor-assisted sequential 
processing, and vacuum-solid reaction (VSR) could be other options for 
scalable deposition purposes. These technologies have been used to 
fabricate large solar modules [241]. Besides emphasizing the upstream 
process, it is also essential to highlight the downstream processes such as 
the storage system to avoid energy loss. For instance, channeling the 
produced H2 and O2 (from photocatalysis) to the fuel cell to generate 
electricity. To achieve commercialized standards, finely tuning the pa-
rameters such as band alignment, lattice mismatch, etc., are essential. It 
is expected that this great class of semiconductors could be molded to 
suit any material required for an efficient and stable photo(electro) 
catalysis. In conclusion, the metal halide perovskite for photocatalysis 
chapter is still in the infancy of discovery, and further explorations are 
needed to put forward optimal photocatalytic performance and stability 
that fulfill the standard of real applications. It is of paramount impor-
tance to promote joint efforts between academia and industry to work 
together to kick start a revolution of renewable energy by applying 
perovskite-based nanomaterials practically and commercially. 
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