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Hybrid organic-inorganic perovskite materials have attracted significant attention of most researchers in
recently years, which is ascribed to the superior photoelectric properties, such as the suitable band gaps
for harvesting sunlight, and exhibit high optical adsorption, high charge-carrier lifetimes and long
diffusion lengths. The photodetectors, light-emitting diodes, solar cells and photocatalysts represent the
remarkable applications for the hybrid organic-inorganic perovskite materials. Herein, we review the
recent progress of hybrid organic-inorganic perovskite-based photodetectors, light-emitting diodes,
solar cells and photocatalysts. The challenges and outlook for the hybrid organic-inorganic perovskite-
based photodetectors, light-emitting diodes, solar cells and photocatalysts are considered.
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1. Introduction

Hybrid organic-inorganic perovskite have recently emerged as
a prospective class of materials for efficient conversion of solar
energy. The typical hybrid organic-inorganic perovskite possess
excellent properties as follows: (1) High absorption coefficient and
broad absorption spectrum almost covering the whole visible
region from 300 nm to 800 nm for MAPbI; [1], with blue-shift after
Cl/Br doping for MAPbX,l5., (X =Br, Cl) [2], redshift for FA doping
for (FA)x(MA);Pblz [3] and tin (Sn) substitution of Pb [4],
especially enormous redshift for MASnl; [5], MASn,Pb; «I5 [5],
FASnl3 [6], (FA); x(MA)Snl5 [7] and (FA); x(MA)xSngPb; I3 [8]
beyond 1000 nm; (2) ambipolar charge-transport capabilities with
high charge carrier mobility of MAPbI; as high as 5-12 cm? V! s™!
for electrons and that for holes within 1-8 cm? V="' s71[9,10]; (3)
large and relatively balanced electron and hole diffusion lengths
which can reach micrometer order for MAPbIs, MAPbCl,I5_, and
(FAI)x(MABr); _4Pbl, [11-13]; (4) almost all photo-generated
excitons of perovskite can be thermally dissociate under normal
operating temperatures, the perovskite/electron-transporting
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layer interface and the perovskite/hole-transporting layer is not
essential for the exciton separation in a perovskite cell [14-18]. The
perovskite layer can not only function as light harvester but also as
electron-transporting material or hole-transporting material at the
same time. These properties enable this type of materials to be
great potential light-harvesting active materials in photodetector,
light-emitting diode, photovoltaic cells, photocatalysis, etc. Here,
we summarize the recent progress of hybrid organic-inorganic
perovskite for photodetector, light-emitting diode, photovoltaic
cells, photocatalysis. The challenges and perspectives for the
hybrid organic-inorganic perovskite-based photodetectors, light-
emitting diodes, solar cells and photocatalysts are considered.

2. Perovskite photodetectors

In the past few years, organic-inorganic hybrid perovskite and
all inorganic perovskite have attracted enormous attention in
many optoelectronic fields, including light-emitting diode (LED),
photodetector (PD), solar cells, semiconductor lasers and field
effect transistors, because of their excellent photoelectric and
electrical properties [19-34]. Among these fields, the PDs,
converting incident light into electrical signal, are critical to
various scientific and industrial applications, including military,
optical communications, space exploration, and bio-sensor [35-
37]. Up to now, a large number of semiconductor materials have
been developed for the emerging PD applications [38,39].

1001-8417/© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Although these materials are very promising, relatively expensive
synthesis methods may greatly hinder their wide applications [40].
Therefore, organic-inorganic hybrid perovskites have shown
growing interests for the development of high-performance PDs
due to their high absorption coefficients, long-range electron and
hole transport lengths, and direct bandgaps [41]. Herein, the
progresses of this hot field are introduced as bellows.

2.1. Inorganic/organic perovskite photodetectors

Graphene is a promising photoelectric material with high
carrier mobility and chemical stability [42]. The combination of
graphene and perovskite can obtain an excellent photoelectric
detection performance [42]. A new device structure by imple-
menting an Ag nanoparticles-embedded SiO, (Ag NPs-silica)
metafilm as the substrate of perovskite/graphene PD is reported by
Liu et al. (Fig. 1a) [43]. Organic-inorganic hybrid CH3NHsPbl;
perovskite films were prepared on top of the graphene. The

@ CH,NH,PbI, /graphene/Ag NPs-silica metafilm (b)
=
Si0/Si substrate o]
=
:
v
(© @
& light on | light off
8.0x107F  With Ag NPs-sitica metafilm |
z 6.0x10”}
E 5 L
; 4.0x10 /
[ &)
2.0x107f
0.0F ™ without Ag NPs-silica metafilch 2
0 25 50 75
Time (s)
(e) ®
365 nm
034
20
£
g
1
=
~ 0l
- = Timew *
o 00 1000 1500 2000
Time(s)

Z. Wei et al./Chinese Chemical Letters 31 (2020) 3055-3064

channel region of active devices was determined by two Au
electrodes. Ag metal NPs were embedded in a 10-nm-thick SiO,
layer underneath the graphene channel. The local surface plasmon
resonance on the embedded Ag NPs can generate a strong
enhanced evanescent electromagnetic field to enhance the
absorption of perovskite. The 10-nm thick SiO, superlayer
separates the Ag NPs below from the perovskite layer to inhibit
the transfer of harmful charge and energy from perovskite to Ag
NPs, so as to achieve the best effect of plasma light capture. An
experimental apparatus for light response measurement can be
found in bottom panel of Fig. 1a. The dynamic light response
(585 nm, 1.27 x 10~% W) measured on graphene/perovskite heter-
ojunction PDs is shown in Fig. 1b. Black and red lines represent the
light response of 120 s with and without plasmonic Ag NPs-silica
metafilm, respectively. Repeatable dynamic response modes can
be clearly observed for these two devices, which indicates the
stable light detection of the device is obtained. An enlarged view of
a 60 s on/off response period measured under 585 nm illumination
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Fig. 1. (a) Schematic structure of a perovskite/graphene heterojunction photodetector on the Ag NPs-silica metafilm, experimental setup for photoresponse measurement.
(b) Dynamic photoresponse of perovskite/graphene heterojunction photodetectors with (black) and without (red) an Ag NPs-silica metafilm. (c) Amplified view of one cycle
of photoresponse of perovskite/graphene heterojunction photodetectors. (d) Schematic illustration of the MAPbI; film photodetector. (e) Photocurrent response of the
photodetector to monochromatic light in the ultraviolet and visible range. (f) The more detailed transient photocurrent of this device. (a-c) Reproduced with permission [43].
Copyright 2019, American Chemical Society. (d-f) Reproduced with permission [44]. Copyright 2014, Wiley. (For interpretation of the references to color in this figure citation,

the reader is referred to the web version of this article.)
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with a power of 2.51 x 10-° W is shown in Fig. 1c. Interestingly, the
photo-response of perovskite/graphene PDs on the Ag NPs-silica
metafilm is 7.45 times higher than that of perovskite/graphene PDs
without metafilm. It is understood that this enhancement factor is
the highest in all reports using an integrated NPs strategy for
perovskite PDs [43]. Another important type of PD is demonstrated
by Hu et al. (Fig. 1d) [44]. CH3NH5Pbl; (MAPbI3) film deposited on
indium-tin oxide (ITO) electrodes with bridging-gap length of 1 cm
and width of 15 wm, respectively. Fig. 1e shows photocurrent
response of the PD to monochromatic light in the ultraviolet and
visible range. The average photocurrent over 2000s is about
0.25 pA, and no obvious degradation is detected, which indicates
that the sensor based on MAPDI; exhibits a good photocurrent
stability. The inset of Fig. 1e is the enlarged portion of 20—100s
range. The transient photocurrent of this device with more details
can be found in Fig. 1f. In general, the rise time and decay time of
PDs are defined as the time for the peak current increases to 90% of
the initial current, or vice versa. For this device, the decay time and
rise time are both shorter than 0.2s. Fast response speed and
excellent stability of this device hold high promise for the
emerging PD applications.
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2.2. New type of perovskite-based photodetectors

Flexible PDs are widely used in portable and wearable devices
due to their low cost and weight [24,45]. Recently, the flexible
perovskite PDs based on CsPbBrs; nanosheet/carbon nanotubes
(CNT) composite films are reported by Li et al. [46]. Fig. 2a shows a
schematic diagram of the device structure in which an active
composite film is deposited on a flexible substrate by drop casting
approach. When the voltage is applied, the photo-carriers are
quickly separated and transferred to the electrode as shown on the
right panel. The 442 nm light was applied during the measurement
to show the photo-switching behavior of the CNT-doped PDs.
Fig. 2b shows I-t curve of the PD (3V, 40 wW). When the light is
turned on, the current rises sharply to be 100 pA. The current falls
fast when the light is turned off, implying that the fast response of
the PDs is observed. The response speed can be also measured by a
continuous 442 nm laser light (Fig. 2¢). From this figure, it is clearly
estimated that the decay and rise times were 0.38 ms and 16 s
respectively, which are much shorter than those reported in two-
dimension (2D) lead halide perovskites nanosheet based devices
[47].
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Fig. 2. (a) Schematic illustration of the flexible PD and enlarged schematic illustration of the film. (b) I-t curve of the PD. (c) Rise and decay time of the device at a frequency of
500 Hz. (d) Equivalent circuit diagram of the device. (e) The change in the measured voltage (AV) and voltage responsivity of the device at different light intensities. (a—
c) Reproduced with permission [46]. Copyright 2017, American Chemical Society. (d-e) Reproduced with permission [48]. Copyright 2017, Wiley.
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In addition to flexible perovskite PDs, self-powered PDs are also
highly desirable for applications in smart building, optical
communications, and image sensing [2,3]. Recently, a self-
powered and flexible PD based on the methylammonium lead
iodide (CH3NHs3Pbl3) perovskite is reported by He et al. [48], and
the equivalent circuit diagram is shown in Fig. 2d. When the light
absorbing perovskite is irradiated by light, the generated photo-
carriers will reduce the resistivity. Therefore, the voltage generated
by triboelectric nanogenerators (TENGs) is separated by the
perovskite and a 10M{) resistor, and the electric potential
difference of perovskite decreases. It is worth noting that self-
powered PD can work quantitatively and continuously even driven
by irregular motion, thus avoiding the need for large motion
actuators. The changes of device voltage (AV) and voltage response

rate can be found in Fig. 2e, which are defined as " x 100% and
V‘,’,L—‘;;V respectively. It is clearly extracted that PD can achieve large

AV of about 90% at an incident light intensity of 100 mW/cm?,
which strongly indicates the good sensitivity of the self-powered
perovskite PD is obtained. This interesting result provides a new
direction for the generation of imaging applications, sensing and
optical communication, etc.

2.3. Perovskite light-emitting diodes

In recent years, organic-inorganic halide perovskite materials
have attracted many attentions because of their excellent
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properties of electronic and photoelectric properties [49-51].
The efficiency of perovskite-based solar cells has been greatly
improved from 3% to 22.1% [52]. In addition to solar cells, light-
emitting diodes (LED) also represents a wide range of applications
of halide perovskite materials, including in optical communication,
medical science and display technology [20,21]. Therefore, it is
necessary to make a brief introduction to the recent developments
of perovskite-based LED.

2.4. Low-dimensional perovskites light-emitting diodes

The traditional metal halide perovskite (MHP) has three-
dimensional (3D) structure with a chemical formula of AMXj;
(A=CH3NHs3 (MA), Cs; M=Pb, Sn; X=Cl, Br, I). Recently, by
separating 3D inorganic octahedral network, a quasi-2D perovskite
material with reduced size domain was developed [53]. Xing et al.
reports color-stable sky blue perovskite LEDs obtained by
enhancing the phase monodispersity of quasi-2D perovskite films
[54]. The device structure and cross-sectional scanning electron
microscope (SEM) image are shown in Figs. 3a and b, respectively.
In order to investigate the influence of the thickness on the device
performance, the perovskite LEDs with the active layer thickness
ranging from 125 nm (Device I) to 80 nm (Device II), 60 nm (Device
IlI), and 40nm (Device IV) are fabricated. The best external
quantum efficiencies (EQEs) about 1.5% (Device II) can be found in
Fig. 3¢, which is governed by exciton and charge carrier dynamics.
Another type of quasi-2D perovskite LED is demonstrated by Tian
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Fig. 3. (a) Device structure of perovskite LEDs. (b) Cross-sectional SEM image of the perovskite LEDs. (c) EQE-current density. (d) Processing of quasi-2D perovskite/PEO
composite thin films. (e) The structure of the LED. (f) EQE versus voltage. (a-c) Reproduced with permission [54]. Copyright 2018, Springer. (d-f) Reproduced with permission
[55]. Copyright 2018, Wiley.
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Fig. 4. (a) Device architecture of perovskite nanoparticles-LEDs. (b) Schematic illustration of size-controllable perovskite nanoparticles synthesis. (c) Luminance
characteristics and photograph (inset) of perovskite NC-LEDs. (d) The structure of multilayer all-inorganic CsPbBr3 nanoparticles perovskite LEDs. (e) The diagram of flat-band
energy level. (f) EQE as a function of voltages. (a—c) Reproduced with permission [57]. Copyright 2017, American Chemical Society. (d-f) Reproduced with permission [58].

Copyright 2016, Wiley.

et al. [55]. Fig. 3d shows the preparation process of luminescent
quasi-2D perovskite/PEO composite films. Blending metal halide
perovskite with polymer is an effective way to improve the
performance of perovskite based optoelectronic devices. The
structure of the device is shown in Fig. 3e, where tris-1-phenyl-
1-H-benzimidazole (TPBi) is electron transport layer, poly(3,4-
ethylenedioxythiophene)-polystyrene sulfonate (PEDOT:PSS) is
hole injection layer, and poly(4-butylphenyl-diphenyl-amine)
(poly TPD) is hole electron/transport block layer, respectively.
The EQEs corresponding to different composite films is shown in
Fig. 3f. Interestingly, a high EQE value of 6.23% has been obtained
based on the composite thin film No. 3, which is the highest value
for red perovskite LEDs.

2.5. Perovskite nanocrystals light-emitting diodes

Zero dimension (0OD) perovskite-based colloidal nanocrystals
(NCs) CsPbX3 (X=Cl, Br and I) is another type of perovskite with
good light-emitting performance [56]. Based on the colloidal
perovskite NCg, high efficiency LEDs with size >Dg (Bohr diameter)
has been reported by Kim et al. [57]. Fig. 4a shows the device
architecture of perovskite nanoparticles LEDs where Buf-HIL is a
multifunctional buffer hole injection layer. The size of perovskite
nanoparticles can be controlled by adjusting the amount of oleic
acid (Fig. 4b). By increasing the thickness of emitting layer to
~30nm, the luminous efficiency of NC-LEDs can be further
optimized. The perovskite NC-LEDs exhibits a very bright green
emission (Fig. 4c). Furthermore, a high EQE value of 5.09% has been

obtained, which is the best performance in green LEDs based on
colloidal organic-inorganic metal-halide perovskite nanoparticles.
Another new type of perovskite LED using all-inorganic CsPbBr3
nanoparticles composite nanocrystals as emitting layer has been
reported by Zhang et al. [58]. The structure of multilayer all-
inorganic CsPbBr; nanoparticles perovskite LED is shown in Fig. 4d.
The flat-band energy level of device is shown in Fig. 4e, where the
TPBi and PEDOT:PSS are employed as electron and hole transport
layers, respectively. Compared with single CsPbBrs, the CsPbBr3
and CsPb,Br5 nanoparticle composites can further achieve a larger
EQEs value of about 2.21%, as shown in Fig. 4f. Basically, the
introduction of CsPb,Brs nanoparticles can improve the ionic
conductivity and emission lifetime by reducing the potential
barrier of electron and ion transport. Biphasic all inorganic CsPbBr3
nanoparticle and nanocrystal composite would provide a new
perovskite material path for the advanced light-emission appli-
cations.

3. Perovskite solar cells

Hybrid organic-inorganic perovskite, a hybrid organic-inor-
ganic lead (Pb) (or tin (Sn) or binary Pb/Sn) halide-based
compounds with ABX3 perovskite structure [59], not only possess
strong capacity of light absorption and high efficiency of photon-
induced carrier generation but also excellent dual-carrier (hole and
electron) transport ability. These special photoelectric character-
istics endow perovskite materials with great potential as photo-
active materials in photovoltaic cells. In addition, the simple
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Fig. 5. Efficiency roadmap for perovskite solar cells: efficiency values taken from
publications and NREL's latest chart on record cell efficiencies.

chemical composition and facile fabrication processes of the
perovskite layer, significantly reduces the costs of whole device
fabrication and minimizes the barrier to entry of this field,
exhibiting huge advantages than silicon (Si) solar cells, copper
indium gallium diselenide (CIGS) solar cells and organic solar cells
(OPV), etc. [4]. Therefore, many researchers have participated in
this research field to explore many species of materials and
technologies to advance the development of perovskite solar cells
(PSCs), with most conspicuous syndrome of continuous break-
through in efficiencies. As shown in Fig. 5, since 2012 [60,61], PSCs
have undergone tremendous development and power conversion
efficiency (PCE) greater than 25% [62-70] has been achieved
through structural evolution of device [4,59,71,72], perovskite
crystalline engineering [2,13,65,73-79] and interfacial engineering
[4,62,80-94], making this a fastest-advancing solar technology to
date. Among these issues, the first that to be discussed is, the
structural evolution of the PSC device, which has evolved from
initial solid-liquid type known as dye-sensitized solar cells
[95,96], to all-solid-state type [60,61] which is exactly referred
to PSCs currently. The all-solid-state typed structure was further
simplified from mesoscopic heterojunction type to planar hetero-
junction p-i-n type [97,98]. On this basis of the structure
modification, plenty of perovskite crystalline engineering strate-
gies consisting of two aspects, the selection of deposition patterns
and regulation of composition, were implemented to facilitate the
perovskite film deposition process and quality. The deposition
patterns involve single-step solution deposition including direct
spin-coating [99,100] and one-step rapid crystallization by adding
anti-solvent in the early stage of spin-coating [73,101], two-step
sequential dipping (or spin coating) method [102,103], dual source
vapor deposition [97] vapor-assisted solution method [104] and
acetic acid assisted crystallization method [105]. The regulation of
composition was realized by adjusting the chemical element
composition of perovskite materials, mainly adopting introduce of
FA, Cs cation [106-108] and Br, Cl anion [2,61] to partially
substitute MA cation and I anion respectively, which produce more
excellent perovskite materials with superior stability, light-
absorption, charge mobility and life-time. Besides structure and
perovskite material aspects, interfacial engineering has been
considered as one of most effective approaches toward highly
efficient PSCs, through which the carrier extraction and transport
from perovskite layer to electrodes can be greatly enhanced
[82,109]. Except that used in other types of solar cell like OPV, a lot
of novel and specific interfacial materials for PSCs have emerged,
including hole transporting materials (HTMs) [62,83-85], electron

transporting materials (ETMs) [89-95], passivation materials of
perovskite [65,110-115], and modification materials of electrode
[116-121]. Widely used HTMs fall into two categories: inorganic
such as NiOy, CuOy, CuSCN, Cul, V,0s, etc. [4,83,85]. and organic
semiconductors, which can be subdivided into small molecules
and polymers [4,62,83,84,88]. Small molecules are represented by
spiro-OMeTAD, pyrene-core arylamine derivatives, arylamine
derivatives, and donor materials in OPV, while polymers are
commercial PEDOT:PSS, P3HT, and later developed polythiophene
derivatives, poly(triarylamine) derivatives, and donor material in
OPV. Similar with HTMs, ETMs can also be classified into inorganic
semiconductors primarily TiO,, ZnO, SnO, and organic semi-
conductors subdivided into small molecules and polymers [89,81-
94]. The ETMs of small molecules include fullerene derivatives like
Cgo, PCBM, bis-Cgp, and naphthalimide, perylene-bisimide, azaa-
cene-based derivatives, as well as fused-ring electron acceptors.
On the other hand, the ETMs of polymers are naphthalimide-
thiophene, naphthalimide-thiophene, perylene-bisimide-based
copolymer derivatives, and so on. Usually, single layer of HTM
or ETM cannot function very well to achieve high efficiency,
therefore bilayer or tri-layer of HTM or ETM were applied. Other
desirable materials were also exploited, consisted of passivation
materials inserted between perovskite layer and interfacial
layer, and modification materials for electrodes, which act on
identical effects, forming selective contact between perovskite
layer with electrode layer for more smooth charge transfer,
reducing charge recombination and thus improving device
performance [122-124].

The prototype of present PSCs origins from organo-metal
nanocrystals sensitized-TiO, for solar cells reported by Tsutomu
Miyasaka group in 2009 adopting structure to achieved 3.9%
efficiency [96]. In 2011, Nam-Gyu Park group improved the efficient
of this perovskite quantum-dot-sensitized solar cell to 6.5% [95].
However, a fatal defect of these devices was that electrolyte solution
would damage the perovskite materials and lead to a rapid
degradation of solar cell. To overcome this shortcoming, in 2012,
Nam-Gyu Park group implemented a milestone structure innovation
for PSCs[60]. Anall-solid-state mesoscopic heterojunction solar cells
were constructed featuring FTO/compact-TiO,/mesoscopic-TiO,/
CH3NH5PbI3/2,2/,7,7'-tetrakis-(N,N-di-p-methoxyphenyl-amine)-
9,9’-spirobifluorene (spiro-MeOTAD)/Au configuration (Fig. 6) and
9.7%PCE with much better stability was obtained [60].In 2013, Henry
J. Snaith group developed the traditional mesostructured TiO, or
Al,03, and a relatively simple planar heterojunction p-i-n solar cell
was successfully constructed to give a 15.4% efficiency [61]. On basis
of the regular structure of FTO/ETL/perovskite/HTIM/Metal discussed
above, the inverted device structure of ITO/HTM/CH3NH5Pbl3/ETM/
metal was first reported by Tzung-Fang Guo group in 2013 [98]. This
cell of ITO/poly(3,4-ethylenedioxythiophene)polystyrene sulfonate
(PEDOT:PSS)/CH3NH3Pbl3/Cgo(or phenyl-Cgi-butyric acid methyl
ester (PCg;BM)/ bathocuproine(BCP)/ aluminum(Al) achieved a
decent efficiency of 3.9% [98].

In 2014, Sang Il Seok group described the compositional
engineering of (FAPbIs);_x(MAPbBr3), for efficient PSCs [73].
Optimized perovskite composition of (FAPbIs)ggs5(MAPbBI3)g15
proves many advantages over the systems of MAPbIs, FAPbI3, and
MAPb(Ip g5Brg 15)3, which enhances the PCE for more than 18%. This
strategy gives major implications for the subsequent research on
improving PSC efficiency via adjustment of perovskite chemical
components. In 2015, Sang II Seok group reported an approach to
depositing high-quality FAPbI; films with large-grained dense
microstructures and flat surfaces without residual Pbl,, by the
direct intramolecular exchange of dimethylsulfoxide (DMSO)
molecules intercalated in Pbl, with formamidinium iodide,
resulting in an efficiency greater than 20% [125]. In 2016, Michael
Grdtzel group added small amounts of inorganic cesium (Cs) or
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Fig. 6. Solid-state device and its cross-sectional meso-structure. (a) Real solid-state device. (b) Cross-sectional structure of the device. (¢) Cross-sectional SEM image of the
device. (d) Active layer-underlayer-FTO interfacial junction structure. (a-d) Reproduced with permission [60]. Copyright 2012, Springer.

rubidium cation (Rb") in a “triple cation” (Cs/MA/FA or Rb/MA/FA)
configuration to obtain more pure perovskite films with highly
monolithic grains [126], through which method, efficiencies up to
21.1% and 21.6% (stabilized) were achieved, respectively. In 2018,
Jang won Seo group synthesized a fluorene-terminated HTM with a
fine-tuned energy level and a high glass transition temperature, to
realize a champion device of 23.2% efficiency (under reverse
scanning) with a steady-state and certified efficiencies of 22.85%
and 22.6%, respectively [62]. In 2019, Jingbi You group and Michael
Grdtzel group respectively reported the utilization of an organic
halide salt phenethylammo-nium iodide (PEAI) or pentafluoro-
phenylethylammonium (FEA) inserted between the 3D perovskite
and HTM to passivate surface defect of perovskite and suppress
non-radiative recombination, contributing to the enhanced
efficiencies [65]. In this way, a certificated record efficiency of
23.32% (quasi-steady state) is created by You's group. In 2019,
Moungi G. Bawendi group developed a selective precursor
dissolution (SPD) strategy, that is employing a unique precursor/
solvent combination (linear alkyl ammonium bromides/chloro-
form) for to build a layered perovskite (LP) onto an underlying 3D
perovskite film [67]. This LP can effectively passivate interface and
grain boundary defects, increase moisture resistance, and outper-
form state of the art single layer 3D devices, leading to a striking
PCE of 22.6%. Dong Suk Kim group systematically investigated the
effects of MACI addition into FAPbI; perovskite, and the highest
PCE achieved was 24.02% based on the optimal perovskite
composition, certified as 23.48% [64]. These excellent efficiencies
had been exceeded subsequently, reaching as high as about 25%.
Current PSC performance seems to approach the limit of its single-
junction solar cells, and higher efficiencies than this record is hard
to achieve, which could still be expected through adjusting
perovskite composition to increase the light-harvesting ability,
exploring more efficient interfacial materials or constructing
tandem structure. Although the efficiency is no longer an obstacle
to commercial production of PSCs, however, another thorny issue
about the device stability must be solved before the actual
application of PSCs.

4. Hybrid organic/inorganic perovskite photocatalysts
4.1. Photocatalytic hydrogen evolution reaction

The first hybrid organic-inorganic  perovskite  of
methylammonium lead iodide (MAPbI;) was applied in photo-
catalytic hydrogen evolution reaction (pHER) by Park et al. [127].
Their experimental results identified that pHER from high
concentration electrolyte of hydriodic acid (HI) solution is feasible
(Fig. 7a). Compared with the unstable MAPDI; in the water, the
dynamic equilibrium between HI solution and MAPbI3, leading to

the stable phase of MAPbDI; (Figs. 7b and c). Peter C.K. Vesborg point
out, however, the triiodide product competing in absorbing the
incoming light with the proton H* (Fig. 7d) [128]. Even so, lots
of researchers have tried their best to exploit and develop the
applicable HI solution methods for pHER. Wu et al. reported that
the composite of MAPbI; with reduced graphene oxide (rGO) is an
outstanding visible-light pHER catalyst in saturated HI solution
with MAPbI; [129]. The specific electron transfer mechanism from
MAPDI; to rGO sites is the key to the excellent pHER performance
in the HI solution than that of pristine MAPbI;. Moreover, the
composites revealing the highly stability in the repeated pHER
experiments. Wang et al. considered that the MAPbI5 will affect the
light adsorption of the black nature of rGO. Thus, choosing a more
suitable candidate with minor influence on light adsorption is
important for the electron transportation. They reported the
composite of Pt/TiO, and MAPbI; can effectively enhance charge
transportation between MAPbI; and TiO, [130]. And the Pt
anchored in the TiO, can be as the pHER cocatalyst to improve
the catalytic performance. Li et al. reported a photocatalytic Hy
evolution catalyst of MAPDbBrs; nanocrystals, which can be
stabilized in HBr solution [131]. Further, the hybridizing MAPbBr3
with Pt/TaOs and poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT: PSS) can effectively enhance the H, evolution
performance under the visible light. Moreover, the mixed halide
perovskite can also adjust the charge carriers to enhance the pHER.
Wau et al. adopted the mixed-halide MAPbBr3; «Ix/Pt to enhance
photocatalytic activity for pHER under visible light. The 250 mg
catalysts exhibited a photocatalytic H, evolution rate of
651.2 wmol/L and a solar-to-chemical conversion efficiency of
1.05%. Similarly, Zhao et al. reported a stable hybrid perovskite
MAPbD(I;_Bry)s for pHER in HX solution [132]. The optimized MAPb
(I;xBryx)s (x=0.10) shows a highest H, evolution rate of
1471 wmol h~' g~' under visible light. It is important to develop
theoretical and experimental methods to reveal the mechanism of
hybrid organic-inorganic perovskite in HX solution for pHER.

It is a great challenge for hybrid organic-inorganic perovskite to
catalyze H, production in an aqueous solution under visible light.
Recently, Ju et al. reported that DMASnI; (DMA = CH3NH,CH5")
exhibit excellent water phase stability [133]. Experimental results
identified that the DMASnI; can maintain the initial phase
structure in the deionized water with 16 h. The pure DNASnI;3
crystals have the good recycling properties with a photocatalytic
H, evolution rate of 0.64 pmol/h. Similarly, Pisanu et al. reported
the DMASNBr5; crystals have a stable phase structure in deionized
water [134]. Moreover, under visible light, the DMASnBr; exhibited
an effectively H, production performance with a rate of 6 pumol/h.
Designing stable hybrid organic-inorganic perovskite and improv-
ing the H, production rate may be needed detail and in-depth
investigation.
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4.2. Photocatalytic CO, reduction reaction

More recently, the hybrid organic-inorganic perovskite
have been adopted in the photocatalytic CO, reduction reaction
[135-137]. Wu et al. reported that the MAPbI; perovskite quantum
dots (QDs) protected by the metal organic framework (MOF) PCN-
211(Fey) exhibiting stable phase structure in reaction systems
containing water (Fig. 8a) [135]. The composite systems exhibited
a high total yield of 1559 pmol/g or photocatalytic CO, reduction,
which can be ascribed to the rapidly transfer of photogenerated
electrons in the QDs to the Fe active sites in the MOF. Wang et al.
adopted graphene oxide (GO) wrapped MAPbBr3 perovskite QDs
for photoelectrochemical CO, reduction in nonaqueous media
[136]. The perovskite QDs can be protected by the GO and serve as
electron transport medium to separate photoinduced electrons
and holes. Remarkably, Fu et al. predicted that the hybrid organic-
inorganic perovskites can be as the substrates for Pt single-atom
catalysts for CO, reduction reaction and CO oxidation (Fig. 8b)
[137]. The first principle computational results revealed that the Pt
exhibits a higher adsorption energy than MA, suggested the
exothermic adsorption of Pt in replacing the MA species on the
surface of (110) and (001) substrates. The reaction pathway and
free-energy profile of the catalytic CO oxidation at Pt;@(110) shows
that the reaction rate-determining step is the adsorbed O, and CO
molecule combine into OCOO complex with an endothermic of
0.58 eV (via TS1) (Fig. 8c). The formation of CO, has the negative
charge of 0.55 e~ demonstrate the activation of CO,, suggesting the
applicable CO, reduction reaction on the substrate. These findings
demonstrated that the hybrid organic-inorganic perovskites have
the potential application as the photocatalytic CO, reduction
catalysts. The hybrid organic-inorganic perovskites not only have
the suitable band gaps for harvesting sunlight, and exhibit high
optical adsorption, high charge-carrier lifetimes and long diffusion
lengths. Thus, the hybrid organic-inorganic perovskite is the
promising candidate as photocatalysts for HER, CO2RR, ORR, N2RR
and etc.

5. Conclusions and outlook

Up to now, a large variety of inorganic/organic perovskite PDs
with impressive photoresponse performance have been realized.
Flexible and self-powered perovskite PDs are widely used in
portable and wearable devices. Although remarkable achieve-
ments have been made in this field, there are still some critical
challenges in the future development of hybrid PDs, such as ion
migration, intrinsic instability of organic-inorganic hybrid perov-
skite and some incorporation of toxic element etc. [138,139].
Therefore, in the future work, more efforts are needed to
understand the basic characteristics of materials and develop
new process technologies for this kind of devices.

Perovskite not only has been successfully applied in photo-
voltaics and LEDs, but also has a broad application prospect in
future display and lighting technologies due to its wide range of
color tunability, high quantum yield, narrow photoluminescence
and low-cost fabrication process [40,41,140-144]. Although the
efficiency of devices has reached a competitive level, long-term
solutions are still needed due to the challenges of the moisture and
thermal stability, the feasibility of large-scale manufacturing, and
the toxicity of Pb, etc. [36,43,44,47,145-147]. Therefore, new
strategies are still needed to improve the stability of perovskite
LEDs and investigate Pb-free LEDs in the next few years.

PDs have inspired tremendous attention and extensive
research, due to the peculiar electronic and optical properties of
perovskite semiconductor materials. PDs performance can be
improved by: (i) The engineering of interface layer and device
structure, (ii) the synthesis of varying morphology perovskite

active layers and (iii) the construction of a heterojunction between
perovskite materials and inorganic (or organic) materials. Despite
the great progress of perovskite PDs, there is still room to further
improve the PDs performance and extend its response spectrum.
For example, the broadband perovskite PDs of spectral response
ranging from ultraviolet to short-wave infrared can be achieved by
combining perovskite materials with other semiconductor mate-
rials. Before the real applications, the challenges of toxicity and
stability issues should be well addressed for the further develop-
ment of perovskite PDs. These issues can be solved via the
development of chemically stable leadfree perovskite materials. All
in all, perovskite PDs is a promising device for various scientific and
industrial applications including military, optical communications,
space exploration and biosensors.

Perovskite based solar cells have achieved tremendous process
in conversion efficiency, whereas their stability and toxicity
stemming from lead element, still lie across the application of
this photovoltaic technique since its birth. Although many
methods such as designing novel interfacial materials and adding
Cs element to enhance the stability of perovskite layer through
preventing entering of water or the migration of iodine ions, or
improvement of perovskite crystalline, have been demonstrated
that can improve the stability of devices at some extent, it cannot
compare with other photovoltaic techniques such as silicon, CIGS,
even OPV. On the other side, lead-free perovskite solar cells, mainly
Sn-based ones, develop very slowly, displaying much inferior
efficiency. Therefore, better strategies are expected such as rising
all-inorganic, or 2D-3D structural perovskite solar cells.

Additionally, it’s in its infancy for the hybrid organic-inorganic
perovskite materials as the photocatalyst. Different strategies and
methods are still needed to be designed to enhance the catalytic
activation and the stability of hybrid organic-inorganic perovskite
materials in the further.
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