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Abstract 

 
 

The fast rise in carbon emissions from 9.4 million tons to 37 billion tons since the beginning of 
the industrial revolution highlights urgent requirement of sustainable energy sources as the world 
confronts climate change and endeavors to achieve sustainability. During daylight, the solar cells can 
offer constant power supply for low power residential to high power industrial usages, however the 
intermittent nature of solar radiation requires energy storage systems to store the solar energy into 
electrochemical energy for usage in nighttime or at later stage. This conventional combination of 
solar cell and battery reduces energy poverty, but is very bulky and expensive due to the use of 
complex and multiple electronic components, duplication of electrodes as well as require use of 
various materials for these two very different type of devices. In contrast, photo-batteries, also 
known as photo-rechargeable batteries (PRBs), offer a compact energy solution by integrating solar 
harvesting and energy storage functionalities in a single device. These PRBs are composed of either 
single or dual active materials which can perform solar energy harvesting like a PV device and 
concurrently stores it in the form of electrochemical energy like a battery. The overall performance 
of these PRBs highly depends upon the optoelectronic and electrochemical properties of the active 
materials. This thesis involves the investigation of advanced PRB systems by exploring the single 
active material systems based on metal halide perovskite (MHPs). Bulk (3D) MHPs of type AMX3 
(formula defined below) are solution processed semiconductors and offer an ideal material system 
for low-cost PVs, however these materials suffer from stability issues due to degradation of their 
structural and optical properties under atmospheric and illumination conditions. Therefore, due to 
improved structural and optical properties of two-dimensional (2D) MHPs, compared to 3D MHPs, 
this thesis work highlights the investigation of optoelectronic, electrochemical and photo-
electrochemical properties of 2D MHPs for PRB applications. Briefly, the Ruddlesden Popper (RP) 
phase 2D MHPs (R`)2(A)n-1MnX3n+1 (n=1-4) are studied by exploring their structural, optical, 
optoelectronic, electrochemical as well as photo-electrochemical properties. Here, R` is the 
monoammonium alkyl organic spacer cation, A is the smaller organic cation (MA=CH3NH3, 
FA=HC(NH2)2, Cs etc.), M is the divalent metal (Sn2+, Pb2+, Ge2+ etc.), X is the halide (Cl-, Br-, I-) and n 
denotes the number of inorganic layers between the organic spacer cations. In order to study these 
properties, a wide range of samples and devices are fabricated ranging from photodetectors, Li-Ion 
batteries (LIBs) to PRBs. These 2D MHPs are found to be an interesting candidate for PRB 
applications due to their flexible structural properties, improved stability in electrolyte medium, 
tunable optical properties, compatibility with carbon additives and binders, matching energy levels 
to the charge transport materials such as rGO, PCBM, MoS2, MXene etc. as compared to their bulk 
counterpart.  
 

A hybrid material using RP perovskite (BA)2(MA)n-1PbnI3n+1 (n=1-4) and a few layers of MoS2 
nanoflakes is developed to investigate the optoelectronic and photo electrochemical properties. This 
hybrid material has shown improved transient photocurrent response than pristine material. Such 
improvement in the photocurrent leads to responsivity of ~ 97.7 µAW-1 and detectivity of ~ 6.93 x 108 
jones at 0.0 V bias under 1 sun illumination, which are ~16 and ~10 times higher respectively as 
compared to pristine device. In continuation of prior work, this RP perovskite-MoS2 hybrid material 
based LIB exhibits an average discharge specific capacity of 129.17 mAhg-1 for 50 cycles at 294 mAg-1 
current density. Whereas pristine RP perovskite LIB has shown a specific capacity of 25.60 mAhg-1 
under similar conditions. Furthermore, the hybrid material-based Li-PRB has shown an average dark 
discharge specific capacity of 128.66 mAhg-1 at a current density of 64 mAg-1 which enhanced to 
180.67 mAhg-1 (photo-enhancement: 40.42 %) under illumination. In addition, demonstrated hybrid Li-
PRB has shown photo conversion and storage efficiency of 0.52 % under standard 1 Sun illumination, 
which outperforms other perovskite-based PRBs. An aromatic spacer cation-based RP perovskite of 
type (CH)2(MA)3Pb4Br13 and MXene nanoflakes based hybrid materials is fabricated and these RP 
perovskite-Mxene hybrid photodetector (n=4 + 1.5 mM MXene) has shown responsivity of ~1.51 x 102 
AW-1 at 2.0 V bias under laser illumination (λex ~ 405 nm, Pin ~ 0.62 mWcm-2) which is ~8.39 times 
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higher than pristine RP Perovskite photodetector. Furthermore, the effect of smaller organic cation 
(A = MA and FA) on the optoelectronic properties of aromatic spacer cation-based RP perovskite of 
type (CH)2(A)Pb2I7 is studied. Where perovskite with FA as a smaller cation has shown stable 
transient photocurrent response due to its high molecular weight which has resulted in responsivity 
of ~2.6 AW-1 and detectivity of ~3.6 × 1010 jones at 2.0 V bias under CW-laser illumination (λex ~ 405 nm, 
Pin ~ 5.87 mW/cm2). This thesis provides a novel approach to improve the optoelectronic, 
electrochemical as well as photo-electrochemical properties of 2D metal halide perovskites. 
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3.1 (a) Schematic illustration of the crystal structure of (BA)2(MA)n−1PbnI3n+1 (n = 1- 4) and (b) 
the corresponding digital camera image of thin films. (c) shows the digital camera image of 
MoS2 dispersion prepared by LPET in NMP. 
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3.4 X-ray diffraction pattern of drop coated films of exfoliated MoS2 nanoflakes (top) and bulk 
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53 

3.5 Top view (a) FESEM image and (b) atomic force microscope (AFM) plot of exfoliated MoS2, 
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n=3 and (b) RP perovskite (BA)2(MA)3Pb4I13, n=4 (c) RP perovskite (BA)2(MA)2Pb3I10+MoS2 
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3.8 (a,b) SEM images for the RP perovskite (BA)2(MA)2Pb3I10 (n=3)+MoS2 (12.8 mM) hybrid drop 
casted film taken at different locations on the film to get the energy dispersive analysis 
(EDAX) data corresponding to the scanned area shown by pink color square box. (c) and 
(d) shows the corresponding EDAX spectra of hybrid films obtained for the scanned area 
shown in figure (a) and (b) respectively. (e) and (f) shows the corresponding 
weight/atomic percentage of hybrid films obtained from the EDAX spectra shown in figure 
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3.9 Room-temperature optical absorption spectrum of (a) (BA)2(MA)n−1PbnI3n+1 (n = 1-4) and (b) 
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n-value for (BA)2(MA)n−1PbnI3n+1 (n = 1-4) and (BA)2(MA)n−1PbnI3n+1 (n=1-4)+MoS2 (12.8 mM)  
thin films. 

56 
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(BA)2(MA)n−1PbnI3n+1 (n = 1-4) and (BA)2(MA)n−1PbnI3n+1 (n = 2-4)+MoS2 (12.8 mM) hybrid thin 
films. (f) Shows the corresponding PL decay lifetimes obtained after double exponential 
curve fitting. 
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3.11 (a) Schematic illustration of vertical two electrode based photodetector for the hybrid of 
(BA)2(MA)n-1PbnI3n+1 (n=1-4)+MoS2 hybrids under the exposure of Xenon lamp along with the 
digital camera image of actual device (right side). (b) Schematic illustration of energy 
bands showing the charge transport mechanism occurring in (BA)2(MA)n−1PbnI3n+1 
(n=4)+MoS2 hybrid photodetector.  
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3.12 (a-d) J−V curves measurement in light and dark under the excitation of Xenon lamp for 
(BA)2(MA)n−1PbnI3n+1 (n=1-4) and (BA)2(MA)n−1PbnI3n+1 (n=1-4)+MoS2 (12.8 mM) hybrids 
ranging from -1 to +1. 
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3.13 (a) Transient photocurrent measurements under 1 Sun (Xe-lamp) illumination at zero bias 
condition for (BA)2(MA)Pb2I7  and (BA)2(MA)Pb2I7+MoS2 (4.2-8.5 mM) hybrids. (b-c) Rise 
(τrise) and decay (τdecay) time for (BA)2(MA)n−1PbnI3n+1 (n=2) pristine and n=2+MoS2 (8.5 mM) 
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hybrid. 
3.14 (a) Transient photocurrent measurements under 1 Sun (Xe-lamp) illumination at zero bias 

condition for (BA)2(MA)3Pb4I13  and (BA)2(MA)3Pb4I13 +MoS2 (4.2-12.8 mM) hybrids. Rise 
(τrise) and decay (τdecay) time for (b-c) (BA)2(MA)n−1PbnI3n+1 (n=4) pristine and n=4+MoS2 (12.5 
mM) hybrid thin films. (d) Transient photocurrent measurements under 1 Sun (Xe-lamp) 
illumination at zero bias condition for (BA)2(MA)3Pb4I13 +MoS2 (17.0-25.6 mM) hybrids. (e) 
Variation of responsivity (left axis-red color), NEP (left axis-green color) and detectivity 
(right axis) with MoS2 doping concentration (mM) for (BA)2(MA)3Pb4I13 + MoS2 hybrid based 
photodetector operated at 0.0 V bias under 1 Sun (Xe-lamp) illumination in ambient air 
conditions. 
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3.15 (a) J−V curves measured under light (Xenon lamp) and dark conditions for MoS2 (12.8 mM). 
Inset shows digital camera image of actual device. (b) Transient photocurrent 
measurements (under the excitation of Xenon lamp) at zero bias condition for MoS2 (25.6 
mM). 
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4.1 (a) Schematic illustration of crystal structure for the RP perovskite (n=4) and MoS2 hybrid 
((BA)2(MA)3Pb4I13 + MoS2) showing the formed heterostructures. Gaussian fitting of the 
diffraction peak at 2θ=28.5° for (b) pristine (n=4) RP perovskite and (c) RP perovskite 
(n=4)+MoS2. 
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4.2 Top view of SEM image of (a) n=4 and (b) n=4 + MoS2 dropcasted film. Inset image shows 
the close-up view. 
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4.3 Cross-section FESEM images for (a) n=4 and (b) n=4 + MoS2 dropcasted films. 68 
4.4 Top view of SEM image of dropcasted hybrid electrode without PVDF. The inset shows the 
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mAg−1 for 1000 cycles. Last 500 GCD profiles (751th - 1250th cycles) of (c) hybrid LIB and (d) 
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(12.0 mWcm-2) is used as illumination source. 
5.7 (a) 0th cycle discharge profile of Li-PRB under dark condition at a current density of 58 mAg-

1. (b) Temperature dependent OCV- profiles of hybrid Li-PRB. OCV profile under 1 Sun 
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pristine and hybrid solutions are dropcasted on FTO and bare FTO substrate is placed on 
the film keeping effective device area as 1 × 1 cm2.  
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band diagram and charge transport mechanism under illumination for hybrid (n=4 + 
MXene) perovskite. The position of VBM and CBM for perovskite and the work function for 
MXene nano flakes are determined using UPS. 
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PCE Power conversion efficiency 
FTO Fluorine-doped tin oxide 
ITO Indium tin oxide 
EQE External quantum efficiency 
FET Field effect transistor 
XRD X-ray diffraction 
CAI Cyclopropylammonium iodide 
RP Ruddlesden-Popper 
DJ Dion–Jacobson 
ACI Alternating cation interlayer 
GA Guanidinium 
ACA Acetamidinium 
QW Quantum-well 
BA Butylammonium; CH3(CH2)3NH3+ 
HA Hexylammonium; CH3(CH2)5NH3+ 
OA Octylammonium; CH3(CH2)7NH3+ 
CH 2-(1-Cyclohexenyl)ethylammonium; C6H9C2H4NH3+ 
MA Methylammonium; CH3NH3+ 
FA Formamidinium; CH(NH)2+ 
n=∞ 3D 
n Number of inorganic octahedra layer 
GCD Galvanostatic charging-discharging 
SEI Solid electrolyte interface 
OCV Open circuit voltage 
SoC State of charge 
LPET Liquid phase exfoliation techniques 
PR Photoresist 
e-beam Electron-beam 
SEM Scanning electron microscope 
FESEM Field emission scanning electron microscopy 
TEM Transmission electron microscopy 
HR-TEM High resolution transmission electron microscopy 
AFM Atomic force microscope 
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SPM Scanning probe microscopy 
XPS X-ray Photoelectron Spectroscopy 
UPS Ultraviolet Photoelectron Spectroscopy 
UV-VIS Ultraviolet-Visible 
PL Photoluminescence Spectroscopy 
ISC Intersystem crossing 
TRPL Time resolved Photoluminescence 
TCSPC Time-correlated single photon counting 
EIS Electrochemical impedance spectroscopy 
CV Cyclic voltammetry 
redox Reduction-oxidation 
CCAMI Current collector active material interface 
HOMO Highest occupied molecular orbital 
LUMO Lowest unoccupied molecular orbital 
rpm Revolutions per minute 
An. Anhydrous 
DMF Dimethylformamide 
DMSO Dimethyl sulfoxide 
NMP N-Methyl-2-pyrrolidone 
DI Deionized 
IPA Isopropyl Alcohol 
PCBM Phenyl-C61-butyric-acid methyl ester 
PVDF Polyvinylidene difluoride 
PV Photovoltaic 
rGO Reduced graphene oxide 
BHJ Bulk heterojunction 
EDAX Energy dispersive X-ray 
MQWs Multiple quantum wells 
M-S-M Metal-semiconductor-metal 
PC-SE Photo conversion and storage efficiency 
e Electron 
h Hole 
°C Degree centigrade 
Å Angstrom 
μm Micrometer 
nm Nanometer 
eV Electron volt 
meV Milli electron volt 
μs Microsecond 
ps Picosecond 
wt% Weight percentage 
mM Milli molar 
mg Milli gram 
mm Milli meter 
Å/sec Angstrom per second 
Ohms/sq Ohm per square 
mA/W Milliampere per watt 
A/W Ampere per watt 
mA/g Milli ampere per gram 
mAh/g Milli ampere hour per gram 
V/m Volt per meter 
kV Kilo volt 
MHz Mega hertz 
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nA/cm2 Nanoampere per centimeter square 
μA/cm2 Microampere per centimeter square 
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