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Abstract: Over the past decade, all inorganic metal halide perovskites (MHPs, CsPbX3: X = Cl, Br, 

I) have been widely investigated as promising materials for optoelectronic devices such as solar cells 

and light-emitting diodes. MHPs are defect tolerant, which allows tuning of their bandgap without 

altering their photophysical properties. From a fundamental point of view, MHPs are excellent 

candidates for photocatalytic reactions due to their light-harvesting capability, high photogenerated 

charge-carrier mobility, long diffusion lengths, and tunable bandgap energy. In this review, we 

provide an overview of various MHPs engineering strategies (e.g., surface, morphological, and 

structural modifications, heterojunction coupling, and encapsulation) which are directly linked to the 

charge-carrier mobility and lifetimes, and then to the photocatalytic efficiency. Specifically, we 

outline different synthetic approaches resulting in surface and morphological modifications, 

anion/cation substitution, metallic doping, coupling, and encapsulation that tremendously influence 

MHP’s stability, optical properties, and charge-carrier dynamics at variable time scales (from fs to 

μs). We also provide an in-depth evaluation of the MHP’s for variable photoredox reactions, 

discussing how the optical and electronic properties help to improve their stability and efficiency. 

 

 

1. Introduction 

In the last decade, all-inorganic metal halide perovskites (MHPs) CsPbX3 (X=Br, Cl, I) have 

received a close review of the photochemical and photoelectrochemical communities, although 
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their stoichiometry [1], crystallinity [2, 3], and photoconductivity [4] have been known for more 

than a century. The successful story of perovskites started in 1840, when the term perovskite was 

firstly used by German mineralogist Gustav Rose to describe the newly discovered ABX3 

compound during his exploratory expedition in Russia i.e. CaTiO3, in honor to Lev Alekseyevich 

Von Perovski, a Russian mineralogist [5]. Since then, this naming was widely accepted as a 

common designation for all ABX3  materials [6]. Later in 1893, compounds based on cesium, lead, 

and halides from aqueous solutions, CsPbX3 (X=Br, Cl, I), were reported, as well as non-

perovskite structures such as Cs4PbX6 and CsPb2X5 (X=Br, Cl) [1]. The first detail of crystalline 

MHPs structure was revealed for the high-temperature CsPbI3 perovskite phase in 1958 [2]. Two 

phases were described, the black cubic and yellow orthorhombic. The latter is a non-perovskite 

phase but thermodynamically favored and stable under ambient conditions. The cubic crystals of 

CsPbCl3 and CsPbBr3 were found to be formed at a temperature above 320K and 400K, 

respectively [3]. The phase transition studies of MHPs showed the transformation from 

orthorhombic through tetragonal to cubic phase with the temperature increase, and even 

monoclinic CsPbCl3 at a temperature lower than 310K (Table 1) [7]. 

It is worth mentioning that with the expansion of both hybrid and all-inorganic perovskites, the 

term “perovskite” has been employed for all compounds containing Cs, Pb, and Br atoms, 

regardless of their ratio [8–11]. J. Breternitz and S. Schorr emphasized the importance of defining 

perovskite as a crystalline structure ABX3 (or A:B:X=1:1:3), with B cation having either 

octahedral or distorted octahedra coordination, organized in all-corner 3D sharing network. Since 

0D, 1D, and 2D e.g. Cs4PbX6 and CsPb2X5, do not share such properties, they are considered as 

non-perovskite structures [12]. More recently, Q. A. Akkerman and L. Manna explained different 

metal halide lattice distortions, distinguishing cubic, anti, distorted, vacant, ordered, and vacancy-

ordered perovskites. Due to the size difference of the A, B cations, and X anion, halide perovskites 

usually suffer from certain distortions and do not crystalize in perfect cubic phase (aristotype), but 

rather experience lower symmetry (hettotype) [13]. What has to be taken into account when 

describing a crystallite as halide perovskite is certainly its stability with Goldschmidt tolerance 

factor (t, 0.80 ≤ t ≤ 1.00),[6, 14, 15] and octahedral factor (>0.41) [14, 15]. 

 

 

Table 1. Structural properties of all-inorganic perovskites CsPbX3 
 Lattice parameters (Å) Space 

group 

Crystal symmetry Phase 

transition 

Ref. 

a b c 
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temperature 

(K) 

CsPbCl3 5.607 5.575 5.572 Pmmm orthorhombic 315>T>310 [3],[16],[7] 

5.590 5.590 5.630 P4/mbm tetragonal 320>T>315 

5.605 Pm-3m cubic 320 

CsPbBr3 8.207 8.255 11.759 Pbnm orthorhombic ambient [17, 18] 

5.827 5.827 5.891 P4/mbm tetragonal 266-397 

5.874 Pm-3m cubic 410-500 

CsPbI3 10.028 4.853 18.164 Pnma orthorhombic () ambient [19, 20] 

6.095 6.259 6.250 Pbnm orthorhombic () 325 

6.241 6.241 6.299 P4/mbm tetragonal () 510 

6.297 Pm-3m Cubic () 645 

 

In the following fifty years, the optical and electronic properties of MHPs have been discussed, 

including their application for the X-ray and γ-ray radiation detection [21–26]. Despite the 

quantum confinement effect of CsPbX3-like quantum dots (X=Br, Cl) in CsX single-crystal host 

(X = Cl, Br), being known since 1997 [24], it was only after the breakthrough of CsPbX3 

nanocrystals (NCs) colloidal synthesis in 2015 that the astonishing development of MHP NCs 

synthetic methods has been recorded [20]. Further photophysical studies disclosing high 

photoluminescence quantum yield (PLQY), charge-carrier mobility, and diffusion lengths, i.e. the 

micrometer range, have followed [27–29]. By the time the first research MHP-based solar cell was 

proposed [30], hybrid organic-inorganic perovskite solar cells had already been extensively 

investigated [31–34]. The iodine-based MHPs strike immense attention due to their small bandgap 

of 1.73 eV [35]. However, their rapid phase transformation and relatively limited stability prevent 

the extension of their field of application. The ongoing studies are focused on their stability 

improvement; e.g. it is shown that heating up the yellow non-perovskites phase (−perovskite) 

results in the orthorhombic perovskite phase upon cooling (−perovskites), allowing longer 

stability under ambient conditions [36]. Up to date, perovskite-silicon tandem solar cells registered 

the energy conversion efficiency record, reaching up to 31.3%, while single-junction perovskite 

solar cells reached the efficiency of 25.7% [37], being in close competition with the conventional 

thin-film and silicon solar cells. The MHPs have been used in a wide range of applications, being 

identified as promising materials for optoelectronics [28, 38, 39], and very recently photocatalysis, 

which will be discussed thoroughly in this review. Besides being optically active in a large range 

of the solar spectrum, to be considered as an efficient photocatalyst, MHPs should be able to 

convert quantum energy to highly mobile and long-lived charge carriers and overcome instability 
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to moisture, non-polar media, and illumination-induced phase segregation. In general, the stability 

and photoelectronic properties of MHPs, which determine their photocatalytic efficiency, are 

elaborated through MHP coating with stable materials, and selective control of the synthetic 

procedure of MHPs. In this review, we will first expose diverse synthetic procedures, reported up 

to now, that offer great flexibility and versatility in morphology control, electronic bandgap 

engineering, and enhancement of charge carriers’ lifetime. Then, an overview of the 

photoelectronic properties, and their evolution through a selective substitution of the anion (or 

cation) atom in terms of light-harvesting properties will be discussed [20, 40–56]. The last part is 

dedicated to the recent advancements and achievements of MHPs as a photoactive photocatalyst.  

 

2. Synthetic methods for CsPbX3 nanocrystals 

The time and energy-consuming protocols are the main challenges facing industrial scale-up MHP 

synthesis, while keeping excellent dispersion, size distribution, structural, optical, and 

photophysical properties of nanocrystals. Nanocrystal colloidal hot injection method [20] has led 

to the development of different synthetic procedures such as microwave-assisted [57–61], 

ultrasonication [49, 62–64], solvothermal [65–70], ligand-assisted reprecipitation (LARP) [71, 

72], post-synthetic anion exchange [40, 51], cation exchange [53], and conversion of Cs4PbX6 

[73–76]. Here, we will discuss the versatility of different synthetic methods that yield nanocubes 

(NCus), nanowires (NWs), nanorods (NRs), nanoplatelets (NPLs), and nanosheets (NSs), as well 

as their advantages and emerging green perovskite synthesis [77–79].  

2.1. Direct synthesis of MHPs 

2.1.1. Hot-injection method 

The extensively used, hot-injection method consists of a quick injection of cesium-oleate (Cs-

oleate) in the solution of PbX2 (X=Br, I, Cl) in octadecene (ODE), containing oleylamine (OAm), 

and oleic acid (OA) as capping agents, under inert gas or vacuum, followed by immediate 

quenching in the ice water bath: 

 

2𝐶𝑠(𝑅𝐶𝑂𝑂) + 3𝑃𝑏𝑋2 → 2𝐶𝑠𝑃𝑏𝑋3 + 𝑃𝑏(𝑅𝐶𝑂𝑂)2      (1) 

 

The reaction is performed in the temperature range of 140-200 C allowing variation of the particle 

size in the range of 4-15 nm (Figure 1a) [20]. The Cs-oleate is prepared separately by mixing 
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cesium-carbonate (Cs2CO3) or cesium-acetate (CsOAc) with OA in ODE at 120 C: 

 

𝐶𝑠2𝐶𝑂3 + 2𝑅𝐶𝑂𝑂𝐻 → 2𝐶𝑠(𝑅𝐶𝑂𝑂) + 𝐶𝑂2 + 𝐻2𝑂       (2) 

 

The advantage of using Cs-acetate lies in its non-hygroscopic nature and the liquid state of Cs-

oleate upon cooling [80]. However, Lu et al. demonstrated that Cs2CO3 can be completely 

dissolved with the ratio of Cs:OA = 1:5, allowing complete solubility at room temperature, making 

CsPbBr3 synthesis independent on Cs-oleate precursor origin (Figure 1b,c) [81]. Cs-oleate in ODE 

is then heated and injected into the mixture of Pb-oleate and OAm-X (3) to trigger the formation 

of CsPbX3 and oleylammonium oleate (4). The metathesis reaction completion is driven by an 

excess of PbX2 relative to CsPbX3 [82]: 

 

𝑃𝑏𝑋2 + 2𝑅𝐶𝑂𝑂𝐻 + 2R’NH2 → Pb(OOCR)2 + 2𝑅′𝑁𝐻3𝑋 (𝑋 = 𝐵𝑟, 𝐼)    (3) 

 

𝐶𝑠(𝑅𝐶𝑂𝑂) + 𝑃𝑏(𝑂𝑂𝐶𝑅)2 + 3𝑅′𝑁𝐻3𝑋 → 𝐶𝑠𝑃𝑏𝑋3 + 3𝑅′𝑁𝐻3𝑂𝑂𝐶𝑅 (𝑋 = 𝐵𝑟, 𝐼)   (4) 

 

𝑅 = 𝐶𝐻3(𝐶𝐻2)7𝐻𝐶 = 𝐶𝐻(𝐶𝐻2)7     𝑅′ = 𝐶𝐻3(𝐶𝐻2)7𝐻𝐶 = 𝐶𝐻(𝐶𝐻2)8  
 

The MHPs morphology can be controlled by adjusting injection rate of Cs-oleate, during the 

synthesis of CsPbI3 NCs, forming either NCus (0.4 mL s-1) or NRs (0.4 mL min-1) (Figure 1d), on 

the contrary, injection rate has no impact on CsPbBr3 morphology (Figure 1e,f) [83]. 
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Figure 1. (a) HRTEM and TEM images of CsPbBr3 and structural model of CsPbBr3 (insert). Reproduced with 

permission [20]. Copyright 2015 American Chemical Society. (b) CsPbBr3 prepared with Cs-oleate (OAc) and (c) Cs-

oleate (CO3) with Cs:OA ratio 1:5. Reproduced with permission [81]. Copyright 2018 American Chemical Society. 

(d) The effect of the injection rate of 0.4 mL min-1 on CsPbI3 NRs and (e, f) CsPbBr3 NCu synthesis. Reproduced with 

permission [83]. Copyright 2017 Elsevier B.V. 

Significant attention was dedicated to the influence of different capping agents i.e. carboxylic acids 

and alkyl amines, on NCs stability [84–86]. A variation of acid/amine ratio, chain length, and 

temperature dictates the control of the shape, size, and morphology of the MHPs, giving rise to 

NCus, NPLs and NSs (Figure 2) [80, 84, 87]. The long-chain capping agents, i.e. OA/OAm 

mixture, and their density control enhance NCs surface passivation, a feature crucial for improving 

photoluminescence in LED manufacturing [88, 89]. However, during the purification process 

MHPs could suffer from ligand loss, due to the proton transfer between acid and base, lowering 

NCs stability [89, 90]. 

(b)

(d) (e) (f)

(c)
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Figure 2. TEM and HRTEM images of CsPbBr3 NPLs synthesized at 170 °C using C18A–C12B and C18A–C8B, 

and at 140 °C using C18A-C18B, C18A–C8B, C18A–C6B, and C6A-C18B. NCus synthesized using C18A-C18B, 

C12A-C18B, C8A-C18B, and C6A-C18B at 170 °C, with the insets of CsPbBr3 NPLs colloidal solutions in hexane 

under UV light. Reproduced with permission [80], Copyright 2016 American Chemical Society.  

 

The aging of PbBr2 and Cs-oleate reaction, along with temperature and capping agents variation, 

yields CsPbBr3 NWs and CsPb2Br5 NSs, making this method perfect for synthesizing NCs with 

different photophysical properties (Figure 3.a-f) [91, 92]. 

Versatile synthetic approaches demonstrated that Pb/Cs ratio determinates the phase purity of 

CsPbBr3 synthesis: the copious amount of Cs leads to the formation of UV active Cs4PbBr6, while 
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the poor quantity of Cs results in the inhomogeneous cubic CsPbBr3 NCs (Figure 3.g-i) [73, 75, 

83, 93–95]. Jing et al. verified the influence of each Cs, Pb and Br on final product composition, 

by mixing variable amounts of cesium acetate, lead acetate, and tetraoctylammonium bromide 

(TOAB) in the amine-free environment. The authors found that the influence of bromide is weak 

compared to the Pb/Cs ratio, which determines the phase purity. In addition, the introduction of 

OAm results in strong coordination of Pb2+ cations, causing their reduced availability, indulging 

the formation of Cs4PbBr6 (Figure 3.j-l). Simultaneously, it was revealed that bromide 

concentration dictates the mechanism of MHP synthesis through CsBr-seeded growth of CsPbBr3 

[96], indicating two possible paths of CsPbBr3/Cs4PbBr6 evolution [97]. 
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Figure 3. (a-f) TEM images of CsPbBr3 NWs obtained at different reaction times. Scale bar corresponds to 100 nm. 

Reproduced with permission [91], Copyright 2015 American Chemical Society. (g) CsPbBr3/Cs4PbBr6 mixture due 

to excess of Cs-oleate, (h) non homogenous CsPbBr3 due to insufficient Cs-oleate and (i) homogeneous CsPbBr3, 

respectively. Reproduced with permission [83]. Copyright 2017 Elsevier B.V. (j-l) CsPbBr3 morphologies when the 

amount of Cs/Pb/Br was fixed at (a) 4–1–6, (b) 4–4–6, and (c) 4–6–6 mmol. Reproduced with permission [93], 

Copyright 2019 Royal Society of Chemistry. 

(g) (i)

(j) (k) (l)

(h)

                               

                              



 

 10 

 

It should be pointed that the aging of CsPbBr3 seed-clusters at 230 °C results in the formation of 

polyhedron-shaped NCs that transform into hexapods with the addition of OAm-HBr solution 

(Figure 4.a-i). Polyhedrons and hexapods exhibit lower PL intensity compared to NCus, which 

makes them ideal for photocatalytic reactions [98]. Simultaneously, Bera et al, replaced PbX2 with 

PbO and a-halo ketone i.e., phenacyl bromide, and found a synergic effect between phenacyl 

bromide and OAm forming tertiary amine upon aging at 180-220 °C, through successive 

nucleophilic substitution (SN2) reactions (Figure 4.j). Bulky tertiary amine has a key role in 

synthesizing multifaceted morphologies due to the stabilization of dodecahedron facets (Figure 

4.k) [99]. The shaping control of these MHPs leads to self-organization and self-assembly that 

could be developed to synthesize periodic nanostructure (Figure 4.k and 4.i). Such a multifaceted 

synthetic approach could be beneficial for photocatalysis due to higher surface availability. 

 

Figure 4. Schematic representation of (a) polyhedron, (b) hexapod, (c) cube-shaped MHPs, with their corresponding 

TEM images (d, e, f, g, h, i); (j) Schematic representation of multifaceted NCs synthesis using PbO and phenacyl 

bromide, and the synergic effect of phenacyl bromide and OAm forming tertiary amine upon aging at 180-220 °C 

upon immediate (red) and delayed (yellow) Cs injection, (k) nucleation of quasi-spherical dots, and formation of 12 

(k) (l)(j)

(a) (b) (c)

(d) (e) (f) (g) (h) (i)
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faceted rhombic dodecahedron and 26 faceted rhombicuboctahedron, (l) Self-assembly patterns of dodecahedrons in 

square and hexagonal close packing. Reproduced with permission [98, 99]. Copyright 2020 American Chemical 

Society. 

 

The hot-injection method provides well-dispersed and uniformed NCs, with controllable 

morphology, and it allows the direct synthesis of mixed halide perovskites. Nevertheless, it is a 

time-consuming method offering a very low yield. In light of what was previously discussed about 

ligand chain length, one should notice that the purity of OAm used in different studies varies from 

70 % to more than 90 % [20, 84, 87, 96]. OAm can contain up to 43 % of its trans isomer, shorter 

chain, and unsaturated amines as well as oxygen-incorporated impurities [100]. Hence, replacing 

OAm would be one of the interests of ongoing research that will lead to scaling up MHP production 

for reproducible synthetic methods [101, 102].  

2.1.2. Ligand-assisted reprecipitation (LARP) method 

The LARP is a room-temperature method involving the mixing and dissolving of CsX and PbX2 

(or their anionic mixtures) with OA and OAm in polar solvents, such as dimethyl formamide 

(DMF) and dimethyl sulfoxide (DMSO). Then DMF or DMSO solution is transferred dropwise in 

a non-polar solvent, such as toluene (Figure 5.a). Since the solubility of MHPs in toluene is lower 

than 10−7 g mL−1, they recrystallize under stirring due to the supersaturation. This method produces 

NCus with a well-defined monoclinic crystalline phase, with sizes in the range of 9 to 13 nm. The 

LARP method provides surface self-passivation with halide anions leading to superior PLQY 

compared to the one obtained by the hot injection method [71]. Morphology can be engineered by 

varying reaction time and capping agent ratio [103]. 

An alternative approach aiming at pre-dissolving a mixture of Cs2CO3 and PbO in OA at 120 C 

is proposed to avoid the use of polar solvents that can damage NCs, i.e. DMF and DMSO. Upon 

cooling to room temperature, toluene and OA are added to the reaction mixture, followed by 

ammonium-bromide injection, yielding uniform MHPs with an average size of 7.8 nm. More 

importantly, this method allows oleylamine free and gram-scale MHPs production, yielding a 

uniform size of 8.4 nm (Figure 5.b,c) [72]. The LARP method offers rapid MHPs preparation at 

ambient conditions with high PLQY, competitive to the time and energy-consuming hot-injection 

synthesis.  
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Figure 5. (a) Schematic representation of LARP method, (b) colloidal solution of gram-scale synthesis of CsPbBr3 

before and (c) after illumination under UV light. Reproduced with permission [72]. Copyright The Royal Society of 

Chemistry 2016. 

2.1.3. Single-step microwave-assisted synthesis (MW)  

The MW method offers efficient, quick, and controllable preparation of CsPbBr3-yX3 nanocubes, 

nanoplates, and nanorods in only four to five-minute time due to its homogenous, selective, and 

high-rate heating [104, 105]. The reaction time under 800 W should not exceed 4-5 min at the risk 

of losing the uniformity of the NCs [61]. To the best of our knowledge, only a few research groups 

have explored this procedure and its advantages [57–61]. Under microwave, a quartz tube 

containing a mixture of CsOAc, PbX2, trioctylphosphine oxide (TOPO), OA, OAm, and ODE is 

heated up to 160 °C under air, yielding orthorhombic nanocubes of ∼10.8 nm (Figure 6.a). By 

decreasing the temperature to 80 °C, nanoplates could be formed, while the pre-dissolving of 

precursors leads to nanorod morphology. The morphology of CsPbI3 can be tuned by varying 

Cs/Pb ratio (NRs), by replacing OA with octylamine (NWs), or by doubling ODE, OA, and OAm 

amount (NPLs) [58]. Raising the temperature above 160 °C leads to non-uniform size distribution 

and agglomeration due to OAm/OA poor chelating effect. The microwave-assisted method offers 

control of the heating rate, demonstrating increasing particle size from 10.8 to 15.1 nm when the 

heating rate is decreased from 28 to 12 °C min-1. Slowing down the heating rate to 8 °C min-1 leads 

to larger size NPs of 150 nm.  

CsPbX3

in toluene
Toluene

CsX, PbX2 in
DMSO or DMF

Dropwise 

(a) (b) (c)
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Figure 6. (a) Schematic representation slowed down MW-assisted synthesis Reproduced with permission [57]. 

Copyright 2018 Wiley-VCH Verlag GmbH &Co. KGaA,Weinheim. (b) Schematic representation of one-pot MW-

assisted synthesis. Reproduced with permission [58]. Copyright The Royal Society of Chemistry 2017. 

Slowing down the reaction rate while the reactants are separated on two different endings of the 

reactor, and a mixture of OAm, OA, and ODE is slowly poured into it, revealed the nucleation 

mechanism, confirming the formation of corner-sharing PbX6 octahedra, being later stabilized by 

Cs+ cations, so-called Lamer crystal growth (Figure 6.b). After 25 minutes, cubic well-crystalized 

CsPbBr3 NCs are formed, with an edge length of 10-24 nm [57]. MW-assisted synthesis is a 

versatile method that offers the preparation of NCs with different morphologies and anion 

stoichiometry. It is an open-air and rapid method that produces uniform MHP with either 

monoclinic, orthorhombic, or cubic crystal lattice, owing to its highly controllable and rapid 

heating. 

 

2.1.4. Ultrasonication synthesis method (US) 

The US method is a simple room temperature method that includes direct mixing of precursors 

(Cs2CO3, PbX2, OAm, OA, and ODE/mineral oil) without any pretreatment and pre-dissolving, 

followed by direct tip sonication at the energy of 30 W for 10 minutes (Figure 7.a) [49]. The US 

method is adequately adapted for the synthesis of mixed CsPbBr3-yXy perovskites (Figure 7.b). 

The average size of CsPbBr3-yXy NCus obtained through the seeded mechanism is in the range of 

8-20 nm. Variation of Cs/Pb ratio allows tuning of NPLs thickness. This method provides high 

PLQY, comparable to those obtained by the hot-injection method, at ambient temperature and 

open air, and it could be potentially scalable when the amount of each precursor is increased by 

(a) (b)
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tenfold (Figure 7.c) [49]. Increasing the amount of precursors for the factor of 10, and extending 

the reaction time to 30 minutes yields the supercrystals of a few hundred nm size (Figure 7.d), 

exhibiting redshifted PL due to electron coupling caused by self-assembling (Figure 7.e) [63]. Rao 

et al. demonstrated the possibility of morphology and size control via capping ligands, ultrasound 

power (90-120 W), and reaction time adjustment, leading to the NCus, NPLs, NWs, and QDs. In 

another study, MHP NCus expressed enhanced photo- and thermostability (Figure 7.f,g) compared 

to NCs synthesized by room temperature LARP method, due to hydrophobic liquid paraffin used 

as a solvent, which protects NCs surface from moisture, oxygen, and halogen hydrogen bonding 

from oxidation [62]. Moreover, ultrasonication can control phase transformation, i.e., Cs4PbBr6 

could be prepared using an excess of OAm under 40-minute-ultrasonication at 90 W [62]. It was 

also denoted that the immersion height of the tip should not exceed more than 20 % of the total 

liquid height for the best PLQY effect [106]. The US method allows the preparation of MHPs in 

polar alcohols such as butanol [107]. 

  
Figure 7. (a) Schematic representation of one-step tip sonication synthesis, (b) photographs of halide substitution 

reaction, and (c) large-scale synthesis, (d) TEM image of CsPbBr3, Reproduced with permission [49], Copyright 2016 

Wiley-VCH Verlag GmbH &Co. (e) PL spectra of individual and supercystals. Reproduced with permission [63], 

Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhei. (f) Photostability of CsPbBr3 NCu colloidal 

solution under 365 nm continuous excitation, (g) thermostability of CsPbBr3 NCu film at 80 °C, synthesized by 

ultrasonication (red) and at room temperature (blue). Reproduced with permission [62], Copyright 2018 American 

Chemical Society. 

(g)(f)(e)

(a) (b) (d)(c)
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2.1.5. Solvothermal synthesis (SV)  

The SV process is a fast and simple method aiming at dissolving precursors in a reactive medium 

and growing MHPs at elevated temperature and pressure. The pre-treatment of precursors (CsOAc, 

PbX2, OAm, OA and ODE) before the reaction directs the morphology of MHPs. In the case where 

non-pre-treated precursors are inserted in the autoclave and heated up to 160 °C for 30 minutes 

under air, CsPbBr3 and CsPbI3 NCus are obtained with a size of 8.2 nm and 12.5 nm, respectively 

(Figure 8, a-e). Pre-dissolving precursors in ODE, yield orthorhombic green emitting CsPbBr3, 

blue emitting CsPb(Br/I)3, and CsPb(Cl/Br)3 nanowires with strong quantum confinement (Figure 

8.f-h) [67]. Zheng et al. demonstrated the formation of CsPbX3 NPLs and NSs through the self-

assembly of NRs. The thickness was controlled up to 1 m by varying reaction time and mixing 

of long and short-chain ligands, under an inert atmosphere at 160 °C. The final MHPs displayed a 

relatively low PLQY of 20 % (Figure 8.i-q) [69]. 

Apart from NRs self-assembling, NPLs with outstanding tunable lateral size can be synthesized 

by either temperature variation (60-180 °C) or reaction time, providing NPLs with either extended 

or reduced lateral size, respectively [65]. It is worth noting that in both cases NPLs thickness 

remains constant (∼4.2 nm) [65]. 
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Figure 8. Morphology analysis of MHPs materials. TEM images of a) CsPbBr3 and HRTEM (inset), b) CsPbCl3, c) 

CsPb(Cl/Br)3, d) CsPb(Br/I)3 and e) CsPbI3 NCus, f) CsPbBr3, g) CsPb(Br/I)3, and h) CsPb(Cl/Br)3 ultrathin 

nanowires, with CsPbX3 solution in hexane excited under UV illumination (λ = 365 nm) (inset). Reproduced with 

permission [67], Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (i-q) TEM images of CsPbBr3 

and CsPbCl3 NPLs and NSs obtained through self-assembly of NRs. Reproduced with permission [69], Copyright 

2018 American Chemical Society. (r, s) SEM images of ultrathin CsPbB3 and CsPbCl3 NWs with ultra-high aspect 

ratio. Reproduced with permission [66], Copyright 2018 The Royal Chemical Society. (t, u) SEM and TEM image of 

CsPbBr3 nanoflowers. Reproduced with permission [70], Copyright 2018 Elsevier Ltd.  

 

The impressive CsPbB3 and CsPbCl3 NWs with ultra-high aspect ratio could be obtained at 100 

°C (72 h), when using pre-dissolved PbX2 and Cs2CO3 as precursors, exhibiting PLQY of 75 % 

(Figure 8.r,s) [66]. The solvothermal method provides the possibility of designing nanoflowers 

under an inert atmosphere at 120 °C, through the seed-mediated mechanism, with PLQY of 50 % 

(Figure 8.t,u) [70]. The mechanism of nanoflower synthesis considers the formation of 
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rhombohedral Cs4PbBr6 seeds in a Cs-rich environment at the very beginning of the reaction due 

to faster dissolution of CsOAc than PbBr2, following the complete transformation to the cubic 

CsPbBr3 after 30-minute-long reaction. The SV method offers one-step synthesis providing NCs 

with versatile morphologies. However, it can be time-consuming compared to the previously 

described methods. Even though some reports present SV as a large-scale method, it is limited by 

the reactor volume, and it does not provide more than 0.2 g per batch of synthesis.  

2.1.6. Green synthetic procedures  

The development of green synthetic procedures is an essential step for scaling up MHP production. 

Such methods usually consider either solvent-free reactions, i.e., solid-state reactions, or green 

solvent approach. Finding a perfect eco-friendly procedure is an onerous task, and certain 

compromises must be taken into account, e.g., solvent-free synthesis requires considerable energy 

consumption and an inert environment. Ng et al. adapted the LARP method by replacing toluene 

and OAm with ethyl acetate and octylamine, respectively [108]. This approach reduces solvent 

waste by 62.5% and total ligand concentration by 60%, with an astonishing yield of 70% per 

reaction. Liu et al. reported the green solvent synthesis of CsPbBr3 NCs in water, using organic 

building block, 2-methylimidazole (MEIM). The organic layer helps coordination chemistry by 

absorbing metallic precursors, favoring NCs synthesis. The ground PbX2 and CsBr are immersed 

in MEIM aqueous solution and stirred for 3h. In such a way, CsPbBr3/MEIM of 8-10 nm diameter 

size NCs were formed, displaying excellent photostability [78]. 

Wang et al. reported solid-state preparation of thermally stable CsPbBr3 embedded in Al2O3 

mesoporous matrixes, by mixing CsX, PbX2, and Al-isopropoxide (AIP), followed by annealing 

at 800 °C for 10 min under nitrogen atmosphere (Figure 9.a). The carbonization of AIP at 800 °C 

produces a substantial amount of carbon, permitting MHP stability preservation. Subsequently, 

decarbonization is performed by calcination at 500 °C under an ambient atmosphere, achieving 

yellow CsPbBr3@Al2O3 NCs. Without any purification, nanocubes could be achieved with a high 

PLQY of 70 % (Figure 9.b-d). Moreover, 500 g of CsPbBr3@ Al2O3 could be obtained per one 

synthesis (Figure 9.e), being well crystallized, but not quantum-confined (Figure 9.f-h) [79]. The 

green and sustainable synthesis of MHP synthesis could also be advanced through the contribution 

of machine learning and robot-based high-throughput screening (HTS), i.e., automated synthesis 

[109, 110]. 
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Figure 9. Large-scale production of CsPbBr3@ Al2O3 powder. (a) Schematic representation of the high-temperature 

solid-state reaction synthesis. (b) Photograph of black powders after calcination under nitrogen atmosphere. (c) 

Photographs of final products after annealing under an ambient atmosphere. (d) Absorption and PL spectra. (e) 

Photography of CsPbBr3@Al2O3 powder. (f) TEM image of CsPbBr3@ Al2O3. (g) HRTEM image of one individual 

CPB NC, and (h) the corresponding Fast Fourier Transform image. Reproduced with permission [79], Copyright 2019 

American Chemical Society. 

2.2. Post-synthetic reactions and their influence on MHP’s optical properties 

 

Different synthetic pathways yield cubic CsPbBr3 nanocrystals, however, photoluminescence 

quantum yields and lifetimes, experience certain discrepancies. It is worth noting that purification 

has an important influence on PL [80].  

The origin of the excellent optical properties of MHP lies in its intrinsic defect-tolerant electronic 

structure, stemming from the lack of bonding-antibonding interactions between conduction (CB) 

and valence band (VB) [111]. According to Kang and Wang simulations, the majority of intrinsic 

defects correspond to the shallow trap states, which do not contribute dramatically to the non-

radiative recombination [111], rendering MHPs as highly defect-tolerant semiconductors with 

high PLQY (>90%) and suppressed PL blinking [112]. Moreover, they demonstrated that Br-rich 

conditions introduce high defect concentration, whereas moderate or Br-poor condition increases 

the energy formation of Cs, Br, and X vacancies, interstitial, and antisite defects above 1 eV [111]. 
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Hence, when choosing synthetic conditions, one should refer to these findings in order to obtain 

high PL quantum yields and long PL lifetimes.  

Herein, we will discuss various post-synthetic procedures and their influence on MHP’s structural, 

morphological, and optical properties. Besides direct ionic exchanges, the presence of secondary 

phases such as Cs4PbBr6, and surface coating of MHPs could have a drastic impact on the optical 

properties of MHPs. 

 

Anion exchange reactions have introduced an easy and rapid way of tuning MHP stoichiometry 

and the optical bandgap energy. Possible exchange reactions are Cl-Br-I or I-Br-Cl, but Cl/I 

perovskite cannot be obtained due to the difference in the atomic radii. Kovalenko and Manna’s 

group were the first to report anion exchange upon MHP synthesis. Kovalenko’s group used as the 

anion source PbBr2, PbI2, OAmX, and MeMgX previously dissolved in ODE at a higher 

temperature, then kept at 40 °C, followed by injection of MHP dispersed in toluene (particle size 

∼10 nm) [40]. Manna’s group reported room temperature anion exchange using methylammonium 

bromide (MA-Br), octadecylammonium halides (ODA-X), OAmX, and tetrabutylammonium 

iodide (TBA-X) (particle size ∼8-9 nm) (Figure 10) [113]. Mandal’s group reported anion 

exchange with HCl and HI acid diluted in DMF (particle size ∼11 nm) [52]. It should be noted 

that precursors with MA group could trigger Cs substitution, hence they should be avoided if the 

exchange of A cation is not the aim.  

Despite the values varying from one direct method to another, they are very similar in proving 

unambiguously dramatic decay of PLQY with Cl prevalence in the structure, while Br/I mixtures 

express higher PLQY than pure CsPbBr3, finally resulting in a high quantum yield for pure CsPbI3 

[60, 61]. However, anion exchange at room temperature demonstrated dramatic decay of PLQY, 

upon exchange of bromine with both chloride and iodine (Figure 10.c) [113], while anion exchange 

at 40 °C retained high quantum yields comparable to the direct synthesis [40]. 
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Figure 10. (a) Schema of anion exchange at RT with different precursors, (b) PL spectra of anion exchanged NCs, (c) 

PLQY recorded on the exchanged NCs (dots) as well as on the directly synthesized NCs (stars), TEM images of the 

anion exchanged (d) CsPbBr3-yCly, (e) pristine CsPbBr3 NCs, (f) and anion exchanged CsPbBr3-yIy. Reproduced with 

permission [113], Copyright 2015 American Chemical Society. 

 

Cation exchange reaction of Cs with MA was recognized in the above-mentioned reaction when 

MABr was used as a precursor for anionic exchange. Substitution of Cs with MA or FA organic 

moieties could be easily achieved; however complete substitution of B cation leads to distortion 

of PbX6 octahedra and cubic crystal lattice. Partial substitution of Pb appeared to be successful, 

and it was achieved by metal bromide salts (MBr2, M = Sn2+, Zn2+, and Cd2+) dissolved in toluene 

in the presence of OAm, with preservation of the pristine size and shape (Figure 12.a-e), the main 

disadvantage of this method is a lack of MHP precipitation [53]. Partial substitution of Pb with 

divalent cations Sn2+, Zn2+, and Cd2+ allows tuning of PL from 452 to 512 nm, with PLQY over 

60 %, due to the change in the electronic structure upon creation of a shorter Pb-halide bond. Such 

lattice distortion leads to stronger interactions between Pb and halide orbitals, and consequently to 

the increased MHP band gap. It is worth noting that in the case of Sn2+ partial substitution, 

observed PL and absorption fingerprints stem from PbBr6, while the additional absorption band in 
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the red region corresponds to SnBr6 octahedra (Figure 12.d) [53]. It is well known that CsPbCl3 

suffers from very low PLQY being less than 10 %, doping with Cd2+ drastically enhances its PL 

features while keeping PL peak position and spectral width (Figure 12.e) [114]. 

 

Further MHP doping was achieved with Cu2+, Ni2+or Co2+, resulting in PL enhancement (Figure 

12.f-i) [41–45, 54–56]. Interestingly, nickel and copper at excessive dopant concentrations lead to 

PL quenching (Figure 12.g, i) [45, 56]. Such behavior indicates non-radiative electron transfer that 

could enhance the charge-carrier separation, allowing efficient photocatalytic reactions. Doping 

of CsPbCl3 NCu and CsPbBr3 NPLs with Mn2+
 causes the appearance of a new PL band in higher 

energy region, at ambient conditions (Figure 12.j, k) [60, 115, 116], while CsPbBr3 NCus 

experience such emission only below 225K (Figure 12.f) [117].  

 
Figure 11. MHP doping with different transition metals, and their PL responses. (a-e) Partial substitution of Pb with 

Sn, Zn, and Cd in CsPbBr3. Reproduced with permission [53], Copyright 2017 American Chemical Society; (f,g) 

CsPbBr3 doped with Ni2+. Reproduced with permission [45], Copyright 2021 Wiley-VCH GmbH; (h,j) CsPbBr3 doped 

with Cu2+. Reproduced with permission [55], Copyright 2019 American Chemical Society, and (j,k) CsPbCl3 doped 

with Mn2+. Reproduced with permission [60], Copyright 2017 American Chemical Society. 

 

Apart from divalent doping, MHP could be modified by trivalent cations i.e., Al3+, Ce3+, or Bi3+. 

A DFT study demonstrated that Ce3+/Bi3+ occupy either Pb2+ anti- or interstitial sites in the MHP 

host lattice, at Br rich/moderate or poor condition, respectively (Figure 13.a-c) [47]. The BiPb 

antisite has a transition level energy at 0.59 eV and interstitial Bii at 0.7 eV below conduction band 
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minimum (CBM), while CePb and Cei transition levels are located at 0.2 eV below CBM for both 

orthorhombic and cubic MHP host. These transition levels are known as the deep and shallow trap 

states introduced through the doping [47]. Ce3+ shallow traps improved PLQY, which evolved 

from 41% to 89%, without influencing defect-tolerant properties [46–48]. On the contrary, doping 

with bismuth negatively affects photoluminescence due to the formation of the deep trap states 

(Figure 13.d, e) [47]. The Ce3+ and Bi3+ doping leads to the formation of shallow and deep traps, 

respectively. The formation of a shallow trap enhances the PL, which translates to higher 

recombination of photogenerated e-/h+, which could be detrimental to photocatalytic reaction. 

However, Bi3+ doping generates a deep trap that lowers the charge carrier recombination, and 

induces a PL quenching and longer e-/h+ lifetime, which could lead to improved photocatalytic 

efficiency.  In contrast, the same group reported that  defects created in the CsPbBr3 using in situ 

Bi3+ doping using a hot-injection strategy lead to the formation of shallow defects (also known as 

trap states) with no modification of the bandgap structure [118]. The invalidity of the bandgap 

engineering using Bi3+ doping was also reported by Miyasaka’s group [48], indicating the 

formation of localized states. Further doping with aluminum results in blue-shifted luminescence 

of CsPbBr3 and CsPb(Br/I)3, with PLQY and PL lifetime being significantly decreased [119]. 

 

 
Figure 12. (a) Schematic representation of the cubic- and orthorhombic CsPbBr3 crystal phase with Bi3+ and 

Ce3+ dopants at Cs, Pb, and Br sites (Bi/CeCs, Bi/CePb, and Bi/CeBr) and with Bi3+ and Ce3+ interstitials (Bi/Cei), (b) 

calculated doping formation energies, and (c) doping charge-transition levels for Bi/CeCs, Bi/CePb, Bi/CeBr, and 

Bi/Cei in cubic and orthorhombic CsPbBr3 crystal phase (HSE+SOC level of theory), (d) normalized PL spectra of 

CsPbBr3 NCs upon Bi3+ and Ce3+ doping (2, 5, and 10 mole %), (e) and schematic representation of energetic diagrams 

(e)(d)
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depicting the PL quenching/enhancing process in Bi3+-doped and Ce3+-doped CsPbBr3. Reproduced with permission 

[47], Copyright 2019 American Chemical Society. 

 

Post-conversion of Cs4PbX6. The synthesis of Cs4PbX6 is very similar to the hot injection method. 

Cs and Pb salts, together with OAm and OA, are dissolved in ODE at 150 °C and then cooled 

down to either 80°C, 100°C, or 60 °C for PbBr2, PbCl2, and PbI2, respectively. Then Cs-oleate is 

quickly injected, and the reaction mixture becomes white. Depending on the desired size, the 

reaction is quenched by immersion in an ice-water bath for 0-10 minutes. In order to obtain MHPs, 

zero-dimensional Cs4PbBr6 are dispersed in toluene, and a solution of PbBr2 is injected, leading to 

the formation of the CsPbBr3 [73]. The same quenching principle can be applied in solvothermal 

reaction for the preparation of CsPbBr3 NPLs, but also, Cs4PbX6 can be prepared by treatment of 

CsPbBr3 with  CsX [65]. MHPs can be also obtained upon calcination of Cs4PbX6 at 150-250 °C, 

however, conversion is not complete. It is rather a reaction with Prussian blue in a solution that 

succeeds full conversion [74], and water-triggered conversion in a two-phase hexane/water 

solution that yields MHPs (Figure 10.a) [75]. Due to the surface decorated with OH groups, the 

stability and PL properties of CsPbBr3 are improved (Figure 10.b-d) [76]. 

 
Figure 13. (a) Schematic representation of crystal structure and transformation process from Cs4PbX6 to CsPbX3 upon 

water treatment. (b) Colloidal solutions of Cs4PbX6 to CsPbX3 in hexane under UV illumination (λ = 365 nm) during 

transformation. TEM and HRTEM (insets) images of (c) Cs4PbBr6 and (d) CsPbBr3 NCs. Reproduced with permission 

[75], Copyright 2017 American Chemical Society. 

 

The co-existence of the secondary phase significantly alters the PL quantum yield of MHPs, 

although the origin of Cs4PbBr6 green emission remain unclear. It is widely accepted that the green 

emission is a consequence of CsPbBr3 traces, however, some studies are claiming defect-induced 

emission originates either from Br vacancies, polybromide, self-trapped excitons, or interstitial 
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hydroxyl [9]. According to Wang et al, there should be distinguished three different types of 

Cs4PbBr6-based materials: pure UV active non-emissive Cs4PbBr6 (P-Cs4PbBr6), defective-

Cs4PbBr6 (D-Cs4PbBr6), and CsPbBr3/Cs4PbBr6 hybrid (H- Cs4PbBr6), depending on their 

different structural and PL properties [9]. We will not focus on the intrinsic photoluminescent 

properties of Cs4PbBr6, but on its influence on charge carrier dynamics of CsPbBr3. The impact of 

Cs4PbBr6 on photoluminescence can be understood through the temperature-dependent PL 

measurements (Figure 14.a-d) [120]. In the temperature range of 300 to 77 K, pure CsPbBr3 films 

exhibit improved PL intensity as expected in such conditions: lower vibrational population in the 

crystal lattice results in less phonon-electron interactions, allowing recombination of charge 

carriers (Figure 14.e). The presence of Cs4PbBr6 impurities gives rise to the shallow trap states near 

the conduction band (Figure 14.f), which could be only thermally activated, leading to enhanced 

PL lifetime (Figure 14.g). These states are considered shallow since the minimum ionization 

energy, kbT, needed for the electron de-trapping, is achieved at the ambient temperature.  

 

 

 

Figure 14. (a) Thin films of CsPbBr3 with the increasing amount of Cs4PbBr6 (A-F); (b) absorption, (c) PL spectra, 

and (d) maximum PLQY for different samples (A-F); (e) temperature-dependent PL (f) schematic representation of 

trapping mechanism and (g) PL decay for samples (A-F). Reproduced with permission [120], Copyright 2017 

American Chemical Society. 
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Encapsulation of metal halide perovskites. MHPs undergo severe damage due to the high 

sensitivity to moisture when submitted to UV light and they need to be protected from a highly 

humid environment [121]. A significant improvement of the MHPs stability has been achieved by 

crosslinking C=C double bond structure [49], organic ligands [20, 122], and polymer matrices 

[123], forming a hydrophobic coating. Thermal and humid resistance of CsPbI3 was also achieved 

by Br doping and PTA organic cation surface passivation, leading to enhanced efficiency 

conversion.[124] Other strategies aimed at encapsulating MHPs in graphene oxide, SiO2, TiO2, 

and AlOx, forming a protective shell [125–133]. The core-shell nanostructure showed higher 

stability in a humid environment. The TiO2 shell coating was also proposed as a protective layer 

for the MHPs, exhibiting improved chemical stability, and remarkable (photo)electrochemical 

properties  [132]. 

The encapsulation of CsPbBr3 with different amorphous metallic oxides MO2 (M = Ti, Si, Sn) 

allowed greater stability of MHP while preserving its morphological and structural properties [131, 

133–135]. Encapsulation does not impact absorption spectral lines, except the SnO2 coating layer 

that causes a blue shift in both absorption and PL spectra due to the chloride impurities in the 

commercially available SnO2 precursor, forming CsPbBr1-xClx@SnO2 (Figure 15.a-d) [135]. This 

approach enables a simultaneous core@shell structure design and optical band gap tuning. The 

shell is usually amorphous with a thickness of 1-3 nm (Figure 15.e-h). Due to the CB and VB 

alignment of SnO2, TiO2, and MHP, electron transfer from MHP to metallic oxide is possible, 

resulting in the photoluminescence quantum yield (PLQY) reduction from 37 % to 7 % (TiO2) and 

3 % (SnO2) [134]. Silica acts as an insulating layer enhancing the radiative recombination and PL 

emission intensity, resulting in a quantum yield of 64 % versus 37 % for pristine CsPbBr3. The 

reason behind such PL improvement lies in surface defect passivation. Besides amorphous MO2 

layers, attempts to encapsulate MHP in crystalline TiO2 were successful (Figure 15.j-k). A 

core@shell crystalline structure formed upon calcination at 300 C under argon, displayed 

enhanced stability (Figure 15.l-n) as well as superior photoelectrochemical properties [132].  
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Figure 15. (a) UV–vis spectra, (b) sample photographs under day and UV light (λ = 365 nm) (c) PL spectra, and (d) 

time-resolved PL decay curves of CsPbBr3 NC, CsPbBr3 NC/SiO2, CsPbBr3 NC/TiO2, and CsPbBr3 NC/SnO2. (e-h) 

TEM images of CsPbBr3 NC, CsPbBr3 NC/SiO2, CsPbBr3 NC/TiO2, and CsPbBr3–xClx NC/SnO2. Reproduced with 

permission [134], Copyright 2018 American Chemical Society; (i) Schematic illustration of CsPbBr3/TiO2 core/shell 

NCs synthesis; TEM images of (j) CsPbBr3 NCs and (k) CsPbBr3/TiO2 core/shell NCs after calcination at 300 °C for 

5 h. Photostability of (l) CsPbBr3 NCs in toluene, (m) CsPbBr3 NCs powder, and (n) CsPbBr3/TiO2 NC powder under 

UV light by monitoring the relative PL intensity of the samples; (o) the comparison of relative PL intensity for the 

three samples. Reproduced with permission [132], Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 
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3. Charge-carrier lifetime: transient absorption spectroscopy, time-resolved 
photoluminescence, and time-resolved microwave conductivity 

The long carrier lifetime and long diffusion lengths exceeding to micro-scale are rendering MHP 

perfect for photovoltaics and photocatalytic reactions, where charge carrier separation is pivotal 

[136–138]. Hence, substantial research on MHP’s photophysics has been conducted to understand 

the excited state, trapping, and recombination dynamics, by means of various techniques such as 

transient absorption (TAS), time-resolved photoluminescence (TRPL),[139] time-resolved 

terahertz spectroscopy (TRTS) [140–142], time-resolved microwave conductivity (TRMC) [143, 

144], and two-dimensional electronic spectroscopy (2DES) [27]. 

Ultrafast spectroscopy i.e., TAS, is focused on the exciton dynamics and many-body interactions, 

i.e., biexciton effect, state filling, and Auger non-radiative recombination. TAS also provides 

information on carrier-phonon interactions, charge-carrier trapping, and exciton radiative 

recombination, further being complemented with TRPL. Charge-carrier diffusion and mobility 

could be investigated by techniques such as 2DES, TRTS, and TRMC. Along with previously 

mentioned experimental techniques, molecular simulation studies provide complementary 

information on carrier-carrier and carrier phonon interactions [145]. 

3.1. Ultrafast charge-carrier dynamics: transient absorption spectroscopy (TAS)  

TAS is a powerful tool for the investigation of rapid carrier processes due to its adaptable set-up 

(e.g. two pump excitation, pump-push-probe, and circular polarized probe beam) that allows 

differentiation of symmetric and asymmetric biexcitons, the role of cold carriers, and exciton spin 

relaxation lifetime, respectively [146–148]. In general, pump-probe measurements shed light on 

hot-carrier intraband cooling dynamics in fs time scale exceeding to pico- and nanoscale, 

discerning trapping and recombination processes while considering quantum confinement [149], 

cation and anion type [150, 151], excitation energy and fluence dependence [152, 153]. 

Typically, TA spectra of CsPbBr3 obtained on above-band-edge using 350 nm excitation 

wavelength consist of photoinduced bleach (PB1), so-called ground state bleach (GSB), which 

corresponds to the bend-to-bend exciton transition (Figure 16.a,b). At early delay times (t ≤ 1 

ps), PB1 signal is redshifted (xx) due to the formation of the biexciton [153]. Biexciton formation 

is a consequence of attractive Coulombic forces that bound two neutral excitons forming a 

biexciton [154]. Simultaneously with PB1, photoinduced absorption (PA2) at lower energies 

arises, representing a hot exciton cooling fingerprint, i.e., the intraband transition of the excited 
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state (Figure 16.a,b). PA2 could also be a signature of bandgap renormalization (BGR) [149], and 

a polaron formation in thin films [155]. High energy tail (PB2) could be assigned to either BGR 

or hot exciton bleaching [153]. Photoinduced absorption above the bandgap (PA1) arises from 

forbidden exciton transitions in strongly confined MHP, and bandgap renormalization in weakly 

confined/bulk MHP [152, 156]. After t > 1 ps, redshift and PA2 disappear, and only symmetric 

pronounced bleach is observed, representing continuum bleach due to the state-filling effect. 

 

Figure 16. (a,b) Typical TA spectra of CsPbBr3 obtained on above-band-edge using 350 nm excitation wavelength 

consisting of photoinduced absorption (PA1, PA2) and bleach (PB) at different delay time. Reproduced with 

permission [153], Copyright 2017 The Royal Society of Chemistry. (c,d) Influence of excitation fluence. Reproduced 

with permission [157], Copyright 2018 The American Physical Society, and (e) quantum confinement on spectral lines 

panel. Reproduced with permission [149], Copyright 2017 American Chemical Society. 

 

High charge-carrier densities obtained at high excitations fluence (Figure 16.c,d) demonstrated 

bandgap renormalization in weakly confined/bulk MHPs, observed as broadening (Figure 16.c) of 

the bleach signal (high-energy tail), and PA1 band at the longer delay (Figure 16.d), which are 

attributed to shifting in the density of states upon BGR. Furthermore, high excitation fluences lead 

to slower charger-carrier relaxation due to the many-body interactions i.e. non-radiative Auger 

recombination, phonon bottleneck, and polaron screening [152, 158]. The right choice of the 

excitation energy successfully determines trapping processes in VB and CB discerning trapping 

states at low or high energy levels [153]. The effect of the quantum confinement on charge carrier 
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dynamics appeared to be important only for very small NPs, resulting in a multimodal bleach shape 

(Figure 16.e), whereas weakly confined NPs (> 7 nm) exhibit bulk-like photophysics [149]. 

Notably, the phonon bottleneck is independent of the size of NPs at higher excitation fluences 

[149]. Li et al. did not observe any multimodal GSB shape for NCs < 7nm, on the contrary, they 

demonstrate exciton relaxation through ligand-induced non-adiabatic relaxation mechanism in 

strongly confined CsPbBr3, avoiding a hot bottleneck relaxation path [159]. 

A great deal of research was dedicated to cation and anion influence on the excited state dynamics. 

Cs-based halide perovskites showed slower hot-carrier dynamics than organic halide perovskite 

due to the reduced effect of electron-phonon couplings due to less dominant interactions between 

Cs and PbX6 octahedra [151, 160]. Describing charge-carrier excited state dynamics upon anion 

substitution is more complex since the electronic values of the bandgap change. Chung et al. 

demonstrated slower charge-carrier cooling upon partial substitution of bromide with iodide, 

possibly caused by the change of density of states (DOS), suggesting that holes might contribute 

mainly to hot carrier relaxation. Simultaneously, Mondal et al. demonstrated the migration of holes 

from bromide to iodide, rendering iodide as a hole-trapping center. A partial substitution of Br 

with Cl has been quite investigated. However, the influence of Cl on charge carrier dynamics is 

still elusive. Soetan et al. demonstrated that the addition of Cl affects a decrease in BGR energy 

leading to bandgap narrowing, larger exciton binding energy, and reduced Coulombic interactions 

[161]. The addition of chloride resulted in a decreased Burstein-Moss effect compared to solely 

bromide-based MHP, which explains faster hot carrier cooling in mixed Br/Cl MHP. Moreover, at 

higher pump fluences (13-80 µJ/cm2) Auger recombination stands out as a dominant decay path, 

diminishing trapping assisted decay. In another study, Mandal et al., at lower excitation fluences 

(<3 µJ/cm2), assigned faster carrier cooling to the near band edge trapping states introduced upon 

insertion of chloride in the crystal structure [162]. 

 
To the best of our knowledge, ultrafast charge-carrier dynamics of doped MHP have not been 

widely investigated, and there are only a few studies dealing with transient metal doping; such as 

Bi, Ni, and Mn [46, 163–165]. MHP doping with bismuth results in the Burstein-Moss effect since 

the conduction band is filled with additional electrons. Nanosecond TAS measurement showed 

slower bleach recovery (36 ns) compared to pure CsPbBr3 (7 ns), implying a change in the 

electronic band structure that eventually leads to delayed carrier recombination. A slower 

intraband relaxation and more efficient charge transfer of doped MHPs in the presence of electron 
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acceptors was observed by fs-TAS, due to the increase of Gibbs free energy (-G) [163]. Doping 

with nickel also slows down intraband relaxation, probably due to charge separation of the 

plasmon-MHP conduction band, where hot electrons are transferred at the interface [166]. In the 

case of Mn-doped CsPbBr3 NPLs, a strong competition was observed between energy transfer and 

electron transfer. The TA spectra reveal an additional bleach, energetically lower than band bleach, 

corresponding to the charge transfer, while photoluminescence studies describe energy transfer 

from NPLs to Mn at a picosecond time scale [165]. 

3.2. Photoluminescence lifetime  

Photoluminescence lifetime is essential to understand MHPs’ photophysics on pico- and 

nanoscale. As previously stated, the high-temperature synthetic procedure proved that the 

prevalence of chloride in MHP results in reduced PLQY and lifetime, whereas the presence of 

bromide and iodide enhances QY and the PL lifetime (Figure 17.a) [20]. The MHPs obtained 

through high-temperature synthesis show drastically lower PL loss (10 %) [139] when heated in 

the range of 80-273 K compared to MHPs synthesized through the LARP method at room 

temperature (85 %) [71]. The average lifetimes calculated vary in different studies; note that NCs 

purification substantially affects PL lifetime, ranging from 1 to 112 ns [20, 61, 83]. One should 

take into account the anion substitution method, since, at room temperature, PL quenching occurs 

even in the presence of iodide [113]. 

The most compelling way to investigate the PL of MHPs is through temperature-dependent 

photoluminescence, which provides valuable information on short and long PL lifetimes, giving 

insight into trap-assisted nonradiative and radiative recombination. Temperature-dependent PL 

measurements showed that Cl-based MHPs suffer from PL loss even at T < 300 K, while CsPbBr3 

and CsPbI3 exhibited higher resistance up to T = 450 K (Figure 17.b) [139]. The extended PL 

lifetime for CsPbBr3 and CsPbI3 is attributed to surface reactions that mostly originate from 

halogen vacancies and surface defects. TRPL measurements proved that CsPbBr3 expresses a short 

PL lifetime at T > 400 K, due to thermally introduced nonradiative pathways. PL loss appeared to 

be reversible up to 450 K. Once this temperature is exceeded (> 450 K), the PL loss becomes 

irreversible. PL loss at elevated temperature could be due to increased anion mobility and ligand 

loss, which passivates the surface states.  
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Figure 17. (a) Time-resolved PL lifetime from CsPbI3 (red), CsPb(Br/I)3, CsPb(Br)3 to CsPb(Br/Cl)3 (blue). 

Reproduced with permission [20], Copyright 2015 American Chemical Society. (b) Integrated PL evolution of MHPs 

containing Cl, Br, I, at different temperatures. Reproduced with permission [139], Copyright 2017 WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim. (c) Absorption spectra of CsPbBr3/TiO2 films under white light continuous 

irradiation at ambient atmosphere, (d) normalized absorption of CsPbBr3/TiO2 recorded at 500 nm irradiated under 

ambient (black) and nitrogen (red) atmosphere. Reproduced with permission [121], Copyright 2018 American 

Chemical Society (e) Time-resolved PL lifetime decay of pristine CsPbBr3 and Bi-doped CsPbBr3. Reproduced with 

permission [163], Copyright 2016 American Chemical Society. 

 

Nenon et al. evaluated the PLQY dependence on the concentration of surface halide defects in Br-

poor conditions. Their findings showed that an increased concentration of halogen defects has little 

effect on CsPbI3, moderate on CsPbBr3, and substantial on CsPbCl3 PLQY, meaning that the 

majority of defects originate directly from halide vacancies, since Pb vacancies would introduce 

the same effect to all CsPbX3 NCs. Their ab initio calculations demonstrated that CsPbCl3 consists 

of localized mid-gap traps that are responsible for trap-assisted nonradiative recombination, while 

CsPbBr3 and CsPbI3 consist of slightly localized electrons and completely delocalized holes, 

a) b)(a)

(d) (e)

(c)(b)
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resulting in higher PLQY. Surface passivation could enhance both PLQY and PL lifetime of 

CsPbBr3 and CsPbI3 through the exchange of hard oleate with soft carboxylates such as 

hexylphosphonate and benzoate, through the coordination of soft Pb binding sites with soft X-

ligand carboxylates, while Cs vacancies are passivated with oleylammonium ligands [167]. Hutter 

and Savenije further investigated the mechanism of charge-carrier recombination in CsPbI3 by 

means of temperature-dependent TRMC. The authors demonstrated that charge-carrier mobility 

and recombination dynamics in CsPbI3 and MAPbI3 are only limited by phonon scattering. In other 

words, MHPs’ charge-carrier dynamics strongly depend on the PbI6 framework, being completely 

independent of the A cation type. What is more, their findings indicate thermally enhanced second-

order recombination, which could be a signature of an indirect recombination pathway [143]. 

Although the presence of chloride is considered non-beneficial for photoluminescence, it could 

slightly improve PL lifetime when added in small amounts to the mixed Br/I perovskite. In such a 

way, chloride becomes a lead defect (VPb) healer when added in small quantities, acting as a hole 

repellent, further reducing trapping and enhancing PL [168]. As previously stated, 

photoluminescence lifetime could be improved in the presence of Cs4PbBr6 impurities (Figure 14), 

and doping with different metals, such as Ni, Cu, Co, and Ce, that are discussed above. A more 

detailed discussion on the Cs4PbBr6 phase is given in the previous chapter and a detailed review 

by Wang et al [169]. 

From the photocatalytic point of view, long-lived charge carriers are needed for optimal and 

efficient photochemical reactions. Assuming that the reactions occur at the μs scale, quenching the 

PL signal could be interpreted as a non-radiative phenomenon, thus beneficial for charge carrier 

separation and their lifetime. PL lifetime could be manipulated through an adjusted synthetic 

approach previously discussed, i.e., room-temperature synthesis, multifaceted morphology, 

doping with metallic cations, and coating with appropriate semiconductors forming core@shell 

nanostructure [121, 132]. In the case of coupling with TiO2 as a semiconductor, the electron 

transfer from MHP to TiO2 enhances charge-carrier separation. Interestingly, a thin TiO2 layer 

could favor a Z-scheme electron transfer when optimal VBM and CBM are well adjusted, 

enhancing PL signal [169]. An efficient electron transfer occurs when nanostructures are excited 

under an inert atmosphere, avoiding electron capture by oxygen, which causes the accumulation 

of charges, leading to the corrosion of MHP (Figure 17.c,d) [121]. The MHPs doping is another 

way of suppressing PL by directly influencing electronic band structure. So far one of the most 
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interesting dopants is bismuth, which can significantly suppress PL even at very small amounts 

(Figure 17.g) [163]. In addition, PL lifetime can be diminished by Zn, Cd, Sn, Al doping and 

excessive amounts of Ni and Cu [45, 53, 56]. 

3.3. Charge-carrier diffusion lengths in CsPbX3  

MHPs are known for their long carrier diffusion length (𝐿𝐷) exceeding > 9.2 μm [140]. A direct 

study performed by scanning photocurrent microscopy (SPCM) on the single crystal of APbX3 (A 

= MA, FA, Cs, X = Br, Cl, I) revealed that Cs-based halide perovskites experience 𝐿𝐷  at the 

micrometer scale, however shorter than their organic counterparts. The diffusion lengths 𝐿𝐷 

decrease in the order MA > FA > Cs, where the difference between MA and Cs is 50 %. 

Interestingly, unbalanced diffusion of electrons 𝐿𝐷
𝑒−  and holes 𝐿𝐷

ℎ+  in all APbBr3 nanocrystals 

appeared to be of one order of magnitude difference between 𝐿𝐷
ℎ+ (cc. 10-50 m) and 𝐿𝐷

𝑒− (cc. 1-5 

m) in APbBr3 (A = MA, FA, Cs) nanocrystals. 

It is important to note that 𝐿𝐷
ℎ+ of MAPbBr3 and MAPbI3 do not depend strongly on halide type, 

whereas 𝐿𝐷
𝑒−  are strongly dependent on anionic substitution. MAPbBr3 experienced five times 

smaller 𝐿𝐷
𝑒− and 1.3 times smaller 𝐿𝐷

ℎ+ than MAPbI3. This behavior was confirmed by indirect 

TRMC measurements. These results are of great significance for the best choice of photocatalyst 

and solar cell efficiency [27]. 

4. Photocatalytic applications of metal halide perovskites 

Designing an efficient photocatalyst with a suitable bandgap energy potential for hydrogen 

evolution remains a challenge. Hydrogen is considered as a promising chemical fuel, and studies 

are ongoing considering its production and storage [170–172]. Besides hydrogen production, CO2 

reduction, and degradation of organic molecules have been gaining tremendous interest in the 

photocatalytic community. The main obstacle to the employment of MHPs in photocatalysis is 

their inherent instability in polar solvents, and upon exposure to UV irradiation, which enhances 

the interactions between MHP (e.g. CsPbBr3), CO2, O2, and H2O, resulting in PbO formation (i.e. 

anodic corrosion) (Eq. 5,6) [173]: 

 
2CsPbBr3 ∙ H2O + 0.5O2 + CO2 → 2CsBr + PbCO3 + Pb(OH)2 + 2HBr + Br2 (5) 
 
Pb(OH)2 → PbO + H2O         (6) 
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The least stable cubic iodide-based MHPs (e.g. CsPbI3) retain their structural properties only at 

temperatures above 645 K, and suffer from quick phase transition, resulting in a so-called yellow 

non-perovskite phase (δ-orthorhombic CsPbI3 nanocrystals), which limits their application [19, 

174, 175]. In order to protect MHPs, a straightforward approach considers covering MHPs with a 

stable and robust overlayer, which would act as a barrier, preventing direct contact with the 

surrounding media, simultaneously allowing charge diffusion. What is more, polar medium can 

be substituted with either less polar or non-polar medium (e.g., ethyl acetate) allowing their wider 

application [176]. 

The photocatalytic performances of these materials have been intensively explored. The studies 

showed effective enhancement of the photocatalytic efficiency for CO2 reduction when inorganic 

MHPs (e.g. CsPbBr3) were coupled to graphene oxide  titanium dioxide,[133] zeolite [177], and 

Re(CO)3Br(dcbpy) (dcbpy = 4,4’- dicarboxy-2,2’-bipyridine) complex molecule as the active 

material [178]. The heterojunction improves the efficiency of charge-carrier photogeneration (i.e. 

electron-hole separation) and CO2 capture. Mixed metal halide perovskite CsPb(Br0.5/Cl0.5)3 

demonstrated the effective removal of CO2 from ethyl acetate saturated solution [176]. Several 

methods have been proposed to enhance the stability and, thus, the photocatalytic activity of MHPs 

for CO2 reduction [179], H2 generation [180], and toluene/ benzyl alcohol oxidation [181]. Herein, 

we will introduce some efficient strategies to boost the photocatalytic performance of MHPs, 

including surface and morphological modifications, doping with metals, and encapsulation with 

non-toxic and stable oxides such as TiO2 and SiO2. 

4.1. Surface and morphological modifications of metal halide perovskites 

Typically, CsPbBr3 nanocrystals are prepared by ionic metathesis, which considers the injection 

of Cs-oleate into the solution of PbBr2 in oleic acid (OA), oleylamine (OAm), and octadecene 

(ODE), at elevated temperature. In the preparation of metal-halide-perovskite nanocrystals, 

capping ligands are indispensable for colloidal stability and shape control. However, long alkyl-

chain capping ligands used in conventional MHP NCs synthesis (e.g., OAm and OA) are 

unfavorable for CO2 adsorption, since they hinder the efficient carrier separation on the surface of 

MHP NCs and thus reduce the photocatalytic activity [182]. To meet these challenges, employing 

small organic molecules as capping ligands could be an ideal solution. Ying Xu et al, functionalized 

CsPbBr3 NCs with short-chain glycine molecules (CsPbBr3-Gly) and compared their 
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photocatalytic performance in CO2 reduction reaction (CO2RR) with CsPbBr3 NCs functionalized 

with long-chain OA and OAm ligands (CsPbBr3-OA/OAm) [183]. CsPbBr3-Gly NCs were 

prepared by simple ligand exchange of as prepared CsPbBr3-OA/OAm upon adding to a saturated 

solution of glycine (Figure 18.a, insert). CsPbBr3-OA/OAm NCs show a poor photocatalytic 

activity for CO2 reduction in water, with CO formation rate of 4.8 µmol g-1 h-1. However, CsPbBr3-

Gly NCs exhibit an excellent yield with CO generation rate of 27.7 µmol g-1 h-1, being 5 times 

higher than that of CsPbBr3-OA/OAm, with reproducible yields for three consecutive cycles. The 

enhanced photocatalytic performance of CsPbBr3-Glycine NCs could be mainly attributed to the 

reduced hindrance of short-chain ligands, together with the strong interaction of glycine with CO2 

[183]. Moreover, replacing OA and OAm with glycine leads to a significantly higher photocurrent 

density compared to CsPbBr3-OA/OAm NCs (Figure 18b), demonstrating enhanced charge-carrier 

separation of CsPbBr3-Gly. From the EIS Nyquist plots, one can observe a smaller semi-circle for 

CsPbBr3-Gly, indicating significantly lower charge transfer resistance (Figure 18c) [183]. 

The conventional OA could be also replaced by a shorter acetic acid, after the treatment of CsPbI3 

with methyl acetate. The obtained MeAc-CsPbI3 proved to be more active in photocatalytic 

polymerization of 3,4-ethylenedioxythiophenereaction in nonpolar solvents (toluene and 

dichloromethane) than pristine CsPbI3. The increase of photoactivity was attributed to an 

improvement in the charge transport, originating either directly from OA replacement or from 

introduced surface defects [184]. 

Morphology tuning is one strategy that has been proposed to improve the photocatalytic activity, 

assuming that the charge (e-/h+) separation and photocatalytic reactions are driven by the facet 

orientation. The multifaceted NCs could be an excellent strategy for efficient 

adsorption/desorption of reactants/products. Nanocrystal morphology modification could increase 

the number of active sites and boost the photocatalytic performance of CsPbX3. Multifaceted 

polyhedron six-armed hexapods, and conventional six-faceted CsPbBr3 NCs demonstrated an 

interesting photocatalytic activity in CO2 reduction reactions (Figure 18.d) [179]. Among these, 

six-faceted nanocrystals showed the lowest catalytic activity for CO2 reduction, with the maximum 

yield of CO and CH4 being 16.4 and 7.4 µmol g-1, respectively. The hexapod structure exhibited 

medium photocatalytic activity, while the polyhedron CsPbBr3 NCs with 26 facets indicated the 

strongest photocatalytic activity among the three structures yielding 130.7 and 58.8 µmol g-1 of 

CO and CH4, respectively. This confirmed that charge-carrier separation is more efficient in 
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multifaceted CsPbBr3 nanocrystals than in standard six-faceted cube nanostructures. Cube-shaped 

nanostructures showed efficient carrier recombination with high PLQYs (> 50 %). However, the 

charge carriers in multifaceted structures were trapped and resulted in poor emission with PLQY 

~ 1 %, demonstrating enhanced photocurrent and lower charge-carrier resistance (Figure 18.e,f) 

and enhanced photocatalytic performance [179]. 

In addition to multifaceted MHPs, 2D structures exhibited unique advantages, including increased 

stability in aqueous systems, abundant active sites for CO2 reduction, and reduced bulk 

recombination [185]. The 2D CsPbBr3 nanosheets possess a higher bandgap than nanocubes, 

revealing stronger driving forces that trigger the reduction of CO2 to CO, and H2O to O2 (Figure 

18.g). The CsPbBr3 nanosheets with a thickness of 4 nm exhibited high photocatalytic activity in 

CO2 reduction, with a CO formation rate of 21.6 µmol g-1 h-1, which is 3.8 times higher than that 

of CsPbBr3 NCs (5.7 µmol g-1 h-1) (Figure 18.h) [185]. High photocurrent density further 

reinforces 4 nm CsPbBr3 NSs photocatalytic performance, indicating significantly higher charge-

carrier separation compared to NCs, and NSs with different thicknesses, i.e., 2, 3, and 4.6 nm 

CsPbBr3 (Figure 18.i). The 2D CsPbBr3 demonstrated excellent stability and performance for up 

to 30 h (Figure 18.j). 
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Figure 18. (a) Photocatalytic evolution of CO generated upon CO2 reduction with CsPbBr3-OA/OAm and CsPbBr3-

Gly NCs as the photocatalysts, and ligand exchange in CsPbBr3 (insert), (b) I-t curves at a bias potential of -0.4V (vs. 

Ag/AgCl), and (c) EIS Nyquist plots of CsPbBr3-OA/Oam and CsPbBr3-Gly. Reproduced with permission [183], 

Copyright2020 Wiley-VCH GmbH (d) CH4 and CO evolution during CO2 reduction reaction using multifaceted 

polyhedron, six-armed hexapods, and conventional six-faceted CsPbBr3, (e) I-t curves and (f) EIS Nyquist plots of the 

multifaceted polyhedron, six-armed hexapods, and conventional six-faceted CsPbBr3. Reproduced with permission 

(b)
(c)

(d)
(e) (f)

(a)

(g) (h)
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[179], Copyright 2020 American Chemical Society. (f) The schematic illustration of band structures of CsPbBr3 NCs 

and CsPbBr3 NSs, (g) The comparison of CO production with CsPbBr3 NCs and CsPbBr3 NSs as photocatalysts. (h) 

I–t curves of CsPbBr3 NCs and CsPbBr3 nanosheets measured at a bias potential of 0.4 V (vs Ag/AgCl), (i) CO 

evolution using CsPbBr3 NCs and 4 nm CsPbBr3 NSs during 30h photocatalytic CO2 reduction. Reproduced with 

permission [185], Copyright 2021 Wiley-VCH GmbH. 

4.2. Anion substitution 

Mixed halide perovskites proved to be more photoactive compared to solely CsPbBr3. For 

example, polymerization of 2,2′,5′,2″-ter-3,4-ethylene-dioxythiophene (TerEDOT) over a series 

of mixed MHPs (CsPbX3, X = I, I0.67Br0.33, I0.5Br0.5, Br0.67I0.33, Br) demonstrated higher 

photocatalytic activity when iodine was added in the crystal structure. It was shown that CsPbI3 

QDs exhibited the most efficient performance due to their narrow bandgap and low exciton binding 

energy, which was further confirmed with high charge-transport efficiency (Φ) [184]. A series of 

2D CsPbBr3-xIx (x = 0.3, 0.6, 0.9) nanosheets was also investigated for CO2 reduction. Compared 

with CsPbBr3 nanosheets, all the CsPbBr3-xIx exhibit improved photocatalytic activity (Figure 

19.a,b), due to the enhanced visible light-harvesting capacity by replacing Br- with I- [185]. 

However, an excess of iodide content can result in the lower photocatalytic performance of CsPb3-

xIx, probably due to the decrease in the thermodynamic driving force for catalytic CO2 

photoreduction.[185] Fourfold higher amount of bromide in CsPbBr2.4I0.6 proved optimal for best 

photocatalytic activity and charge-carrier separation (Figure 19.c) [185]. Recently, M. Knezevic 

et al. demonstrated photocatalytic hydrogen generation using CsPbBr1.95I1.05@TiO2, reaching 250 

μmol g−1 of H2 after 3h of irradiation. An optimal room-temperature substitution of bromide with 

iodide is crucial for hydrogen generation together with a thin TiO2 overlayer, essential in both 

MHP stability and interfacial charge transfer.[186] 

Anion substitution strategy was also used to boost the photocatalytic performance of CsPb(BrxCl1-

x)3 (x = 1, 0.7, 0.5, 0.3, 0) for CO2 reduction, indicating that CsPbBr0.5Cl0.5 was the best catalyst, 

with a total generation rate of CO and CH4 up to 875 µmol g-1, which is almost 4.5 and 9.1 times 

higher than of pristine CsPbBr3 and CsPbCl3, respectively (Figure 19.d) [187]. Furthermore, the 

selectivity toward CO and CH4 of all CsPb(BrxCl1-x)3 was up to 99%, and the common H2 

byproduct was not obtained (Figure 19.e). The high yield of CsPb(BrxCl1-x)3 in CO2 

photoreduction was explained by the efficient charge separation and moderate stability in mixed-

halide perovskites [187]. Transient photocurrent responses were also used to explain the 
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predominant photocatalytic activity of CsPb(Br0.5Cl0.5)3, revealing slightly higher charge carrier 

density of CsPb(Br0.5Cl0.5)3, being essential for charge-carrier separation (Figure 19.f). 

 

Figure 19. (a) The photocatalytic evolution of CO upon anion substitution of bromide, and (b) CO evolution during 

30h photocatalytic reaction using 4 nm CsPbBr3 nanosheets and CsPbBr3-xIx nanosheets. (c) I-t curves of 4 nm CsPbBr3 

and CsPbBr3-xIx nanosheets. Reproduced with permission [185], Copyright 2021 Wiley-VCH GmbH. (d) The 

evolution of CO and CH4 using CsPb(Brx/Cl1-x)3 (X = 1, 0.7, 0.5, 0.3, 0), (e) CO and CH4 generation rate using 

CsPb(Br0.5/Cl0.5)3 as catalyst. (f) Transient photocurrent responses of mixed halide CsPb(Brx/Cl1-x)3 (x = 0.7, 0.5, 0.3) 

NCs. Reproduced with permission [187], Copyright 2018 Elsevier Inc. 

 

4.3. Doping with metals 

Doping with metals represents a valid approach to elevate the photocatalytic performance of 

CsPbX3. Sanjib et.al, successfully demonstrated the photocatalytic performance of 3%Fe(II)-

doped CsPbBr3 and its selectivity towards CH4 instead of CO (Figure 20.a) [188]. EIS Nyquist 

plots show excellent charge-carrier separation in Fe-doped MHP due to the electron transfer 

(Figure 20.b), as well as high photocurrent response for 3% doping, i.e. 25% in crude solution 

(Figure 20.c). Moreover, the Fe: CsPbBr3 photocatalyst does not require any additional carrier 

transportation material or heterostructures like other CsPbBr3 systems (e.g., CsPbBr3/graphene 

quantum dots, g-C3N4 and Pd-nanosheets) [188]. Besides Fe(II)-doped CsPbBr3 perovskite NCs, 

Mn-doped CsPb(Br/Cl)3 mixed-halide MHPs for CO2 photoreduction were reported [189]. A 

series of CsPb(Br/Cl)3:Mn perovskites, (samples: 1-4, Pb : Mn = 4:1, 2:1, 2:3, 3:7) showed good 

(d)

(a) (c)

(f)

(b)

(e)
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photocatalytic activities in CO2 conversion to CO and CH4, with 2:1 ratio demonstrating the 

highest yield, reaching 1917 µmol g-1 and 82 µmol g-1 for CO and CH4, respectively, being 14.2 

and 1.4 times higher than those of CsPbBr3. Zhang group reported improved photocatalytic 

performance of cobalt-doped CsPbBr3/Cs4PbBr6 for CO2 reduction [190]. CsPbBr3/Cs4PbBr6 

nanocrystals with 0.5-3% cobalt doping were employed as photocatalysts for CO2 reduction in 

pure water due to the increased stability upon coating with hexafluorobutyl methacrylate 

hydrophobic surface layer. Co2%@CsPbBr3/Cs4PbBr6 heterojunction perovskite showed the 

highest efficiency for photocatalytic CO2 conversion into CO and CH4, with an impressive overall 

yield of 247 µmol g-1under visible light irradiation (Figure 20.d).  Co-doping extends the PL 

lifetime of photogenerated electrons, making transporting them to the acceptor in the reduction 

process easier. Electrochemical impedance spectroscopy (EIS) and photocurrent response 

measurements were also used to investigate the effect of Co doping on charge-carrier transfer and 

separation efficiency (Figure 20.e,f) [190]. The Nyquist plot of Co2%@CsPbBr3/Cs4PbBr6 NCs 

experience a much smaller semicircle diameter than pristine CsPbBr3/Cs4PbBr6 NCs, indicating 

that Co doping creates more active sites and hence promotes charge transfer from NCs to other 

components in the reaction system. 

Ling Ding et.al. reported photocatalytic activity of Zn2+- doped CsPbBr3 NCs for hydrogen 

generation from water, with Na2S and Na2SO3 used as the sacrificial agent [191]. In Zn2+ doped 

CsPbBr3, photogenerated electrons are transferred to Zn active site, where proton reduction occurs. 

Zn-doped MHPs nanocrystals outperformed pure CsPbBr3 NCs in the evolution of hydrogen in 

water, with a hydrogen production rate of 127 µmol g-1 [191]. 
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Figure 20. (a) the evolution of CH4 and CO using Fe-doped CsPbBr3, (b) EIS Nyquist plots, and (c) I–t curves at a 

bias potential of -0.4 V (vs. Ag/AgCl) of Fe-doped CsPbBr3, where 25% represents the amount of Fe in crude solution 

corresponding to 3%Fe doping. Reproduced with permission [188], Copyright 2019 American Chemical Society. (e) 

EIS Nyquist plots, and (f) I–t curves at a bias potential of -0.4 V (vs. Ag/AgCl) of CsPbBr3/Cs4PbBr6 and 

Co2%@CsPbBr3/Cs4PbBr6. Reproduced with permission [190], Copyright 2019 Wiley-VCH Verlag GmbH & Co. 

KGaA,Weinheim. 

4.4. Construction of heterojunctions with perovskites 

CsPbX3 coupled with metal complexes that can serve as co-catalysts is also regarded as a useful 

strategy to enhance photocatalytic performance, i.e., Ni(tpy) [192] and Re(CO)3Br(dcbpy) [193]. 

Ni(tpy) can supply specific catalytic sites and serve as electron sinks to avoid electron-hole 

recombination in CsPbBr3 NCs. As a result, the yield of CO/CH4 increased dramatically, reaching 

1724 µmol g-1 CO/CH4, which is nearly 26 times higher than that of pristine CsPbBr3 (Figure 

21.a,e). The introduction of Re(CO)3Br(dcbpy) onto CsPbBr3 nanocrystals can serve as a co-

catalyst with high catalytic activity and CO selectivity (Figure 21.b,f). 

doping
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Figure 21. Schematic representation of CO2 photoreduction over (a) CsPbBr3-Ni(tpy),[192] (b) CsPbBr3- 

Re(CO)3Br(dcbpy),[193] (c) CsPbBr3 QD/graphene oxide (GO),[194] and (d) CsPbBr3 NC/Pd NS 

photocatalysts.[195] The yield of CO2 reduction products using (e) CsPbBr3-Ni(tpy) [192] and (f) CsPbBr3- 

Re(CO)3Br(dcbpy) as photocatalysts [193]. EIS Nyquist plots of (g) CsPbBr3/graphene oxide (GO),[194] (f) CsPbBr3 

NC/Pd NSs [195]. Reproduced with permission [192–195], Copyright 2020 American chemical Society, 2019 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright 2017 American chemical Society, and Copyright 

2018 American chemical Society, respectively. 

 

Besides metal complexes, other organic molecules were used for coupling with CsPbBr3 in order 

to enhance the photocatalytic properties through the electron transfer, e.g., methyl viologen, or 

ferrocene [196–198]. Furthermore, MHPs could be coupled to heterogeneous components such as 

poly(3-hexylthiophene-2,5-diyl) (P3HT) polymer [199], fullerene [200], MXene nanosheets 

[201], and porous g-C3N4 (PCN) [202], in order to promote interfacial charge transfer. In such a 

configuration, MHPs provide better photocatalytic activity than the pristine CsPbBr3, with a good 

to excellent yield of products, due to the charge separation that determines the yield of the whole 

process.  

 

For example, in the CO2 reduction reaction using solely CsPbBr3 as a photocatalyst, the amounts 

of CO and CH4 formed after 12h were 49.5 and 22.9 µmol g-1. After the introduction of graphene 

oxide (GO), the obtained yield slightly increased to 58.8 and 29.6 µmol g-1 for CO and CH4, 

respectively (Figure 21.c) [194]. Although the CO and CH4 generation rate is quite low, GO 

facilitates charge-carrier separation via electron transfer, as evidenced by the Nyquist results 

(Figure 21.g and 21.h). However, one must consider the possible carbon oxidation that could lead 
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to the apparent CO and CO2 yield increase [203]. In order to reinforce GO influence, bandgap 

modification through anion exchange could be a possible solution. The charge separation 

efficiency could also be improved by loading CsPbBr3 NCs graphitic carbon nitride, containing 

titanium-oxide species (TiO-CN) [204]. The introduction of TiO-CN leads to the swift interfacial 

charge separation between CsPbBr3 and TiO-CN due to their favorable energy offset and strong 

chemical bonding, which enhanced the photocatalytic activity of CsPbBr3@TiO-CN in the CO2 

reduction to CO. Particularly, the rate of CO formation when using CsPbBr3@TiO-CN as 

photocatalyst is 129 µmol g-1, which was over 3 times and 6 times higher than those of pristine 

CsPbBr3 and TiO-CN, respectively. Interestingly, Pd NSs can act as an electron acceptor and co-

catalyst in CO2 reduction [195]. As a result, the introduction of Pd NSs boosts the photocatalytic 

performance of CsPbBr3, with a CO generation rate of 12.633 µmol g-1, which is a 2.4-fold increase 

compared to the pristine CsPbBr3 (Figure 21.d,h). 

5.5. Encapsulation of perovskites 

As previously mentioned, CsPbX3 nanocrystals are unstable in polar reaction systems, and their 

catalytic activity is reduced. To meet this challenge, encapsulation is considered as an efficient 

strategy to protect the CsPbBr3 surface as well as to promote their photocatalytic performance. Up 

to date, several studies have been carried out, including coating with a thin graphdiyne (GDY) 

layer [205], silica, TiO2, and polymers such as PANI. Under the protection of GDY, the stability 

of CsPbBr3 in an aqueous photocatalytic system was improved. Moreover, the surface was 

decorated with Co, and thus the CO formation rate was also increased, reaching 10.2 µmol g-1, 

which was 3.1 times higher than pure CsPbBr3 (Figure 22.a). Low charge-transfer resistance has 

been observed for samples containing GDY, demonstrating successful interfacial charge transfer 

(Figure 22.b) and stability for over 36h long photocatalytic reaction (Figure 22.c). The silica 

encapsulation demonstrated the effective removal of methyl orange under visible light. Moreover, 

CsPbBr3/SiO2 proved to be efficient for generating singlet oxygen through energy transfer [206]. 

To improve the stability of CsPbBr3 NCs in photocatalytic water splitting reaction, Zou group used 

conductive polymer-polyaniline (PANI) as the encapsulating material for the nanocrystals. The 

PANI-coated CsPbBr3 NCs could remain stable for approximately 11 days, while pure CsPbBr3 

decomposed into a white precipitate very quickly [180]. The CsPbBr3@PANI was then used for 

the hydrogen generation achieving high photocatalytic performance, with the H2 formation yield 
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of 4.81 mmol.h-1.g-1 and the stability in 120 h [180]. 

A chemically stable amorphous TiO2 (a-TiO2) has been identified as both an excellent protective 

layer (Figure 22.d), and an electron transfer layer (Figure 22.e). The photocatalytic performance 

of CsPbBr3 NC and CsPbBr3 NC/a-TiO2 (anatase crystalline form) was investigated in CO2RR, 

and the results showed that the yield of reaction products (CO, CH4) increased significantly after 

the encapsulation with a-TiO2 (Figure 22.f) [207]. The improvement in photocatalytic 

performances comes from the band position of a-TiO2, which can build band energy offset with 

CsPbBr3 NC and provide an additional deactivation pathway through electron transfer (Figure 

22.e) [207]. The in situ growth of halide perovskites (Cs3Bi2Br9, Cs2AgBiBr6) in a mesoporous 

titania framework showed enhancement of the CO2RR [208]. The built-in electric field at the 

interface of the perovskite nanodots and titania channels promoted the photogenerated charge 

transfer leading to higher selectivity toward CH4 generation. In other work, ultrathin and small-

size graphene oxide (USGO) nanosheets were employed as the electron mediator to construct an 

efficient Z-scheme system by combining CsPbBr3 with α-Fe2O3. The heterojunction demonstrated 

improved efficiency for visible-light-driven CO2RR with water as the electron source [209].  
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Figure 22. (a) Schematic illustration of photocatalytic reaction over CsPbBr3@GDY-Co. (b) EIS Nyquist plots of 

CsPbBr3@GDY-Co. (c) Photocatalytic evolution using CsPbBr3@GDY-Co. Reproduced with permission [205], 

Copyright 2020 American Chemical Society. (d) A schematic illustration of the enhanced charge separation and CO2 

fixation in a-TiO2-encapsulated CsPbBr3 nanocrystal. Reproduced with permission [207], 2018 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim. (e) Transient absorption decay curves demonstrating electron transfer from MHP to 

TiO2, (f) evolution of CH4, CO, H2 using a-TiO2-encapsulated CsPbBr3 as photocatalysts. (g) Illustration of chemical 

immobilization effect induced by MOFs-derived Co3O4/N-doped C framework to enhance the aqueous stability of 

CPB nanocrystal. Reproduced with permission [210], Copyright 2019 Published by Elsevier B.V. (h) CH4, CO, 

evolution using encapsulated CsPbBr3 by BIF-122-Co and its schematic representation. Reproduced with permission 

[211], Copyright 2021 American Chemical Society. 

 

Metal-organic frameworks (MOFs), such as ZIF-67-derived Co3O4, MIL-88 derived FeOx have 

proved to be efficient PEC water oxidation photoanode materials [210]. Yin group demonstrated 

CsPbBr3@metal-organic-frameworks derived Co3O4/N-doped Carbon core/shell composite 

(MHP@Co3O4/N-C) [210]. The unique N-Br halogen bonds are formed between Pyrrodic-N from 

N-frameworks and the Br atom from CsPbBr3 NCs. Due to this distinct chemical bonding 

(g)

(f)(e)
(d)

(b)(a) (c)

(h)
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immobilization effect introduced by the MOFs-derived Co3O4/N-C frameworks, the 

decomposition of CsPbBr3 in an aqueous solution can be effectively inhibited, thus greatly 

enhancing the stability of MHP@Co3O4/N-C system (Figure 22.g). Such a configuration results in 

the unique type-II heterojunction, allowing charge-carrier separation, where holes are accumulated 

into the VB of the MOF and electrons are flowing to the CB of MHP, enhancing the photocatalytic 

performance of pristine MHP, while acting as a co-catalyst during water oxidation.  

Boron imidazolate frameworks (BIFs) have recently attracted a lot of interest in the field of CO2 

reduction [211]. Due to the electron-deficient property of B and the presence of active B-H sites 

in the internal pore surface, the affinity of BIF with the confined perovskite could be directly 

increased, and thus provide an interfacial contact [211]. The terminal oxygen in BIFs can 

coordinate with Pb2+ cation, which induces preferential nucleation of CsPbX3 crystals. Therefore, 

BIFs could be suitable for perovskite encapsulation and catalytic activity improvement toward 

CO2RR. Zhen-Yu Chen et.al. designed and synthesized ctn-type microporous BIF (cation) 

[Co3[BH(2-ipim)3]2(BTC)2]n(BIF-122-Co; with ipim = isopropylimidazolate and BTC = 1,3,5-

benzenetricarboxylate) and used it as a host matrix to encapsulate CsPbBr3, to afford a perovskite-

BIF composite, CsPbBr3/BIF-122-Co. The porous skeleton of BIF-122-Co in the composite 

material could considerably improve the stability of the CsPbBr3 perovskite in the photocatalytic 

reaction system (Figure 22.h, insert). The photocatalytic activity of CsPbBr3/BIF-122-Co in 

H2O/ethyl acetate exhibits high activity in CO2RR with the total CO and CH4 formation rates 

being 15.23 and 15.76 µmol.g-1 after 3 hours, respectively (Figure 22.h) [211]. 

 

Herein, we described different strategies to enhance metal-halide perovskites' photocatalytic 

performance. The above-mentioned modifications have shown improved photocatalytic activity 

compared to the pristine CsPbX3. MHP encapsulation is widely used to improve MHPs stability 

and boost charge-carrier separation. However, studies have shown that surface treatment, 

morphology manipulation, and metal doping could highly influence, both MHP stability and 

photocatalytic activity. One should note, coating with carbon-based materials could influence the 

photocatalytic yield of CO and CO2, due to carbon oxidation [203]. 

4. Conclusion and perspectives 

Metal-halide perovskites are perfect candidates for photocatalytic applications due to their optical 
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and electronic properties. This review highlights a variety of synthetic procedures focused on the 

surface, morphological, and structural modifications that influence MHP’s stability, optical 

properties, charge-carrier dynamics, and especially photocatalytic activity. We provide an 

overview of MHP’s charge-carrier dynamics to discern charge-carrier intraband relaxation, 

trapping, and non-radiative and radiative recombination while considering quantum confinement, 

cation and anion type, metallic doping, coupling, and encapsulation of MHPs in stable materials. 

We then summarize the charge transfer mechanisms upon MHPs coupling, encapsulation, and 

doping that are necessary to maximize charge-carrier separation for photocatalytic applications. 

Photocatalysis requires slow charge carrier relaxation at early delay times, whereas non-radiative 

losses (e.g., Auger recombination) need to be minimized. At the pico- and nanoscale, the charge-

carrier lifetime could be prolonged through charge transfer, resulting in photoluminescence 

quenching. MHPs exhibit unbalanced charge-carrier diffusion, demonstrating significantly higher 

diffusion of holes; this property could significantly improve oxidation reactions.  

The stability and the toxicity remain, without a doubt, the major issue to overcome. While studies 

are discussing the protection of MHPs and claiming improved stability toward various reaction, a 

lack of post-reaction characterization can be observed, and the development of in situ 

characterization techniques during the photocatalytic process is needed. Moreover, new synthetic 

strategies should be explored to encapsulate and protect MHPs using a water-repellant organic and 

inorganic shell to maintain their stability in an aqueous solvent. 

The versatility of the optical and electronic properties of MHPs allows the adjustment of their 

conduction and valence band potential energy for selective oxidation and reduction reactions. 

Simultaneous and rigorous characterization of the optical and electronic properties of modified 

MHPs could lead to a better correlation between the photochemical and electronic properties. The 

presence of defects in MHPs has not yet been explored in terms of photocatalytic reaction. The 

defect nature (shallow or deep) is known to affect the carrier separation, and, thus the quantum 

efficiency during the photocatalytic reaction. The defect nature control would enlighten a strategy 

to reach an effective charge carrier lifetime, and better understanding of the photocatalytic reaction 

mechanism. 

To go further, the future studies should focus on the charge-carrier dynamics and photocatalytic 

properties of 2D materials, i.e., NPLs, and NSs. 2D cesium-lead halide-based materials could 

demonstrate significantly improved photocatalytic activity, due to their higher surface availability 
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and reduced thickness that allows efficient transport of the free charge carriers to the surface of 

the photocatalyst.  

Finally, MHPs commercialization in the photocatalytic field could be attainable with the 

development of automated high-yield synthetic procedures and, most importantly, with stability 

improvements that are needed for achieving high photocatalytic activity and reproducibility. So 

far, the concept of MHPs’ employment in photocatalysis has been demonstrated on a small scale, 

and medium or industrial scale is yet to be explored and developed. 
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