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ABSTRACT

Perovskite solar cell research has emerged as a focal point of the future energy industry as a result of expanding environmental
concerns and significant advancements in solar technology. Perovskite materials offer a variety of advantages as photo-absorbers,
including tunable bandgaps, high charge mobility, and process advantages via low-temperature solution processes. Thus, per-
ovskite solar cells have presently attained a power conversion efficiency of 26.1%. However, due to their reliance on light en-
ergy, their power output can be inconsistent, making commercialization difficult. To address this issue, integrated devices com-
bining perovskite solar cells with energy storage devices have been devised to provide uninterrupted energy supply and storage
without external interference. This review paper provides an overview of the latest trends in the integrated devices and explores
their potential application areas. These integrated devices have employed supercapacitors and lithium-ion batteries, with different
designs using 4 electrodes and 3 electrodes. Furthermore, integrated devices have been designed using flexible substrates instead
of glass substrates, making them applicable to various industries. These integrated devices can be utilized as various energy
conversion-storage components, such as electric vehicle batteries and wearable devices.
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Fig. 1. (a) Schematic diagram of flexible-PSCs on the PET substrates. Adapted with permission from [10]. Copyright
2021, Elsevier Ltd. (b) Schematic diagram of flexible-PSCs on the PEN substrates and J-V curves of the best
performing cell. Adapted with permission from [11]. Copyright 2022, Wiley-VCH GmbH. (c) The image of 400
em’ scale flexible module and J-V curves of flexible sub-module with aperture area of 100 cm’, 225 cm?’ and
400 cm’. Adapted with permission from [12]. Copyright 2020, The Royal Society of Chemistry. (d) The image
of bending test and normalized PCE of flexible modules under 100 cycles of bending test with bending
distance of 20nm. Adapted with permission from [13]. Copyright 2023, Wiley-VCH GmbH. (e) Schematic
diagram showing R2R fabrication processing of flexible PSCs, photograph and cross-sectional SEM image of
fully R2R gravure-printed PSCs. Adapted with permission from [14]. Copyright 2020, The Authors. (f)
Schematic diagram showing gravure/slot-die coating process of flexible PSCs, device architecture, and MPPT of
a flexible PSC for 24h. Adapted with permission from [15]. Copyright 2022, The Authors.
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Fig. 4. (a) Charge-discharge graph of the ENHANs
device which has been photocharged for 1
min and removed from light 10s before
discharge after 20, 50, 100 cycles of the
bending test. Adapted with permission from
[36]. Copyright © 2016, The Authors. (b)
The schematic diagram of a integrated device
coupled in parallel structure by using shared
substrate. Adapted with permission from [37].
Copyright © 2020, Elsevier B.V. (c) The
schematic diagram of the flexible photo-
supercapacitor using bi-polar TiO, nanotube
arrays. Adapted with permission from [39].
Copyright © 2018, Elsevier Ltd. (d) The
schematic diagram of a integrated device
using Li-ion capacitor and perovskite solar
cell connecting with wearable sensor. Adapted
with permission from [40]. Copyright ©
2019, Elsevier Ltd.
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Table. 1. Summary of integrated perovskite-rechargeable system device

MAPbI;_polypyrrole SC* 4 10% - - [20]
MAPbI; xCIx-SSG SC 4 - 425 Wikg 5.87Wh/kg [21]
MAPbI; MnO,&Carbon SC 3 5.26% 22.9 mW/em’ [22]
CsPbBr3-Nanocarbon SC 3 5.1% 450 uW/em® 6.8 uWh/icm’ [23]
FA“”CS°'25Pb(I""‘§é°'2)3'MPNC layer 3 12.5% 117.64 Wikg~14,814 wkg 1.8 Whikg~13.8 Whkg  [24]
MAPbI;-AC SC 3 13.17% 1,479.47 Wikg 42.74 Whikg [25]

MAPbI; CuOHNT electrode SC 3 - 243 WL 1.15 WhiL [36]
e m - -
MAPbI;-Carbon fiber SC 3 4.9% - - [38]
Device profile I\;::tlzzzezf et?i\:i:(reilcly Discharge capacity Coulombic efficiency Ref

MAPbI; LFO-LTO LiB" 4 7.8% 140 mAh/g ~99.5% [17]
MAPbI; LFO-LTO LiB 4 9.25% 124.42 mAh/g >99.3% [26]
CsPbL,Br-Li-SB 4 11.2% (LED/1,000 Lux) 1585.3 mAh/g - [27]

MAPbI; LFO™-LTO LiB 3 9.9% 0.587 mAh 98.3% [30]
MAPbI; Li-SB 3 5.14% 762.4 mAh/g - [31]

SC"(Supercapacitor), LiB*(Lithium ion battery), Li-SB"(Lithium ion-sulfer battery).

HZHATIO|E BjgHIA]
= 77t Y= AR,
O B2 et E3lo] g ofAln &3], 3 ek
A e k0] a9e), Fdsk RT3 14d5s)
7t AAE, o A Sgo] B2 glo] AR =1

Aoz Aot 4t Wi &8 He7 o5 SdiE
Aoz 7diEct

7|sM9H

ITO: Indium tin oxide

FTO: Fluorine-doped tin oxide

CIGS: Copper indium gallium selenide thin-film
solar cells

FF: Fill factor

Voc: Open circuit voltage

Jsc: Short circuit current
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PCE: Power conversion efficiency
PSCs: Perovskite solar cells

SSG: Self-stacked solvated graphene
MPNC: Mesoporous N-doped carbon nanospheres
LIB: Lithium ion battery

DSSC: Dye-sensitized solar cell

LFO: LiFePO,, Lithium iron phosphate
LTO: LisTisOy,, Lithium titanate

IPVs: Indoor photovoltaics

PV: Photovoltaic

JEM: Joint electrode mode

PET: Polyethylene terephthalate

PEN: Polyethylene naphthalate
CuOHNT: Copper hydroxide nanotube
TNARs: Bi-polar TiO, nanotube array

LIC: Lithium ion capacitor
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