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Figure 6.2  (a) EDS spectra of the oxidized N70, N100, and N130 NiO films. (b) 

magnified EDS spectra of the Ni peaks highlighted in figure (a) indicating 

the increase in NiO with an evaporation time. 

Figure 6.3  Surface topography images of the NiO films obtained after the oxidization 

of pure Ni films synthesized at evaporation time of (a) 70 sec. (i.e., N70), 

(b) 100 sec (i.e. N100), and (c) 130 sec (i.e. N130). 
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Figure 6.4  (a) UV-Vis absorption spectra and corresponding (b) Tauc’s plot of oxidized 

Ni films. Inset to photographs in (a) shows the transformation of metallic 

gray Ni films into highly transparent NiO films. 

Figure 6.5  FESEM image of an overlayer of CH3NH3PbI3 perovskite absorber coated 

on the (a) N70, (b) N100, and (c) N130 films. Inset shows their respective 

high-magnification FESEM images. Pinholes are marked with red circles.  

Figure 6.6  Steady-state photoluminescence (PL) spectra of CH3NH3PbI3 perovskite 

absorber coated over N70, N100, and N130 films. 

Figure 6.7  Schematic illustration of the energy band levels of the fabrication prototype 

solar cell. 

Figure 6.8  J-V curves of the champion cells consisting of CH3NH3PbI3 perovskite 

absorber overlayer and NiO films, i.e., N70, N100, and N130. Solid lines in 

the J-V curves are guidelines to the eye.  

Figure 6.9  Distribution of (a) efficiency, (b) current density, (c) open circuit voltage, 

and (d) fill factor obtained for the 6 independent cells consisting of 

CH3NH3PbI3 perovskite absorber coated N70, N100, and N130 films. 

Figure 6.10  The stability study performed on the champion cells consisting of NiO, 

CH3NH3PbI3, and PCBM. 

Figure 7.1  Schematics of (a) comparison of Shockley-Queisser efficiency limits of 

various light harvesters, (b) comparison of PCE for perovskite solar cells 

with different perovskite transport materials, and (c) solar device 

architecture (upper panel) and band alignment (lower panel) of the p-type 

CBO light absorber and various n-type ABO3 buffer layers (The values in 

the lower panel are in eV). 

Figure 7.2  Energy band diagram of p-type CBO light absorber and various ABO3 

buffer layers utilized for kusachiite solar cells. 

Figure 7.3  The effect of CBO light absorber thickness on the performance of solar cells 

comprising 100 nm thick buffer layers of various PO buffer layers.  
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Figure 7.4  The effect of PO buffer layers thickness on the performance of solar cells 

with optimized 900 nm thick CBO absorber layer. 

Figure 7.5  The effect of (a) acceptor doping density in CBO absorber films and (b) 

donor doping density in perovskite buffer films on the performance of 

kusachiite solar cells. 

Figure 7.6  The effect of bulk defect density in CBO films on the performance of solar 

cells consisting of various n-type PO buffer layers. 

Figure 7.7 Effect of variation of defect density at CBO/PO interface on the 

performance of the solar cell. 

Figure 7.8  The effect of work-function of rear metal contact on the performance of 

device consisting of CBO absorber layer and PO buffer layers. 

Figure 7.9  Temperature-dependent J-V curves of the kusachiite solar cells containing 

n-type (a) STO, (b) BTO, (c) SSO, and (d) BSO buffers layers and CBO 

light harvester.  

Figure 7.10  IPCE spectra of CuBi2O4-based kusachiite solar cells with various 

perovskite oxide buffer layers. 

Figure 7.11  Optimum J-V of the device consisting of 100 nm thick (a) STO, (b) BTO, 

(c) SSO, and (d) BSO buffer layers along with an optimized CBO absorber 

layer of 900 nm. 

Figure 8.1  Morphology-controlled bi-functional 0D NiO nanoparticles (left upper 

panel) of cubic crystalline (lower left panel) phase delivered excellent 

electrocatalytic hydrogen (upper right panel) and oxygen (lower right panel) 

evaluation. 

Figure 8.2  The Porous nanorods by stacked NiO nanoparticulate exhibiting corn-like 

structure (upper left panel) show multifunctionality towards sustainable 

applications in CO2 capture (upper right panel), energy storage (lower left 

panel), and electrocatalytic H2/O2 evolution through water splitting (lower 

right panel). 
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Figure 8.3  The time-dependent increase in the ratio of PbI2 content in CH3NH3PbI3 

films (left panel), FESEM cross-sectional image depicting the facile 

NiO/CH3NH3PbI3 heterojunction (left panel inset). Time and probing 

wavelength-dependent variation of detectivity of ambient synthesized and 

stored NiO/CH3NH3PbI3 heterojunction (right panel). 

Figure 8.4  The NiO island-like films coated with a single cationic CH3NH3PbI3 

perovskite overlayer in ambient conditions (right panel) delivered 39.3 % 

improvement in power conversion efficiency (PCE) and 41.4 % 

enhancement in current density (JSC) compared to the compact porous NiO 

thin film films (left panel). 

Figure 8.5  Kusachiite Solar Cells of p-type CuBi2O4 light absorber in combination with 

n-type perovskite oxide buffer layer achieving reasonable efficiency. The 

schematics of the modeled Kusachiite solar cells and the corresponding band 

diagram. 
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1.1 Overview of sustainable energy 

Over the last five decades, rapid industrialization has led to human behavioral 

changes consuming high energy. The prediction shows that the global energy demand in 

2050 will be 30 TW, which is expected to upsurge further to 46 TW by 2100.[1] The 

increased energy consumption will support economic development; however, it will give 

rise to greenhouse gas emissions and other issues, which the scientific and industrial 

community should focus on for controlling environmental pollution, global warming, and 

other allied problems. Therefore, various approaches are adopted toward sustainability 

with many arguments and/or agreements, but the balance between energy production, 

consumption, and carbon emission is the only promising way for a safe, cleaner, and 

sustainable future. With ever-increasing energy demand, conventional energy sources such 

as coal, oil, natural gas, etc., are not sustainable to reach the expectations. Therefore, 

renewable and sustainable energy sources need to be extensively inspected.[2] Though 

renewable energy is one of the prime solutions which scientists and industry are 

predominantly exploring, harnessing efficiencies beyond a certain limit has been critical 

until now. Even after knowing it, the scientific community is putting endless efforts into 

either developing new technologies or updating the existing ones to expand the horizons 

for further improvement in efficiency. Overall, excellent renewable energy harnessing 

technologies can administer future massive energy demand. 

Of the several available renewable energy systems, producing hydrogen fuel 

through water splitting and generating electricity from sunlight using photovoltaic (PV) 

cells are two prominent approaches that render minimal carbon emissions have attracted 

the scientific and industrial communities. The low environmental footprint, high 

gravimetric energy density, and abundance of a hydrogen source signify the advantages of 

hydrogen as an energy carrier. Electrocatalysis, being efficient and cost-effective, is the 

most preferred process compared to photocatalysis for splitting water into oxygen and 

hydrogen fuel. This green hydrogen fuel can be stored and distributed to chemical 

industries to produce electricity (through fuel cells) without generating post-combustion 

pollutants. However, using hydrogen as fuel requires appropriate preparedness due to its 

low volumetric energy density causing safety issues. Therefore, generating electricity from 

sunlight using the pn junctions PV cells is one of the safest and top-notch for scientists and 



3 
 

industrialists. These PV cells have a high power-to-weight ratio, large-scale handling 

capabilities, and zero or minimal pollution (due to post-operational waste). The 

photocarriers generated after exposing PV cells to sunlight are later separated to produce 

current and voltage in the device connected across the appropriate resistive load. The 

performance of the PV cells is determined by evaluating how efficiently the incident 

sunlight is converted into electrical energy. However, the efficiency has severely controlled 

the interfaces in the pn junction, the defect density in the material, photoconversion in the 

material, etc. Nevertheless, maintenance of PV cells during operation, in terms of the 

dusting of PV panels and protection from harsh environments, requires frequent 

monitoring.  

Overall, water electrolysis and PV systems have the most negligible carbon 

footprint compared to other renewable technologies. Though the time of sunshine is limited 

on a particular day, the excess energy from PV panels can be stored in the form of hydrogen 

fuel when PV panels and water electrolyzers work in tandem, i.e., the electrical output from 

the PV panels can be fed as input to water electrolyzers to produce hydrogen fuel which 

can be converted back to electricity on requirement using fuel cells or internal combustion 

engines. In this process, electrocatalytic water splitting and PV panels do not release carbon 

into the environment but keep the promise of sustainable energy generation. 

Similar to solar cells, photodetectors are pn-junction diodes that convert photons 

into electrical signals giving rise to various modern applications. Ideally, a photodetector 

instantaneously transforms every photon of the incident optical signal into a free electron, 

making photocurrent linearly proportional to the incident signal. However, due to practical 

difficulties in efficient absorption and carrier collection, every incident photon cannot 

create an electron. The detection wavelength is purely dependent on the properties of the 

materials used in the photodetector. Consequently, depending on the application, the 

photodetectors are designed for particular wavelengths or can be tuned for bands of 

wavelengths. The self-powered photodetectors enable self-powered photodetection to 

render applications in remote locations without external power. Notably, the self-powered 

photodetectors can be used with PV panels to monitor the intensity of incident light, 

calculate the amount of power generated in the solar cells, and align the PV panels to be 

approaching the sunlight depending on the day and month of the year. Overall, the 
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photodetectors, PV panels, and electrocatalytic hydrogen generation will be efficient 

approaches to serve future energy demands in a sustainable manner. 

1.2 Sustainable energy applications 

Green energy sources play an important role in sustainable energy distribution and 

controlling the environmental impact. Over the last decade, PV panel installation has 

drastically increased for water desalination, green hydrogen production, and heat and 

electricity generation. Similarly, water electrolysis to generate green hydrogen fuel is an 

important technology for a sustainable future.  

1.2.1 Water splitting for hydrogen generation 

Presently, 95% of global hydrogen is generated by natural gas or fossil fuels.[3] 

Industrially processed hydrogen results in low purity with carbonaceous by-products. 

Therefore, high-quality green hydrogen is produced by sustainable means of water 

splitting through electrocatalytic and photocatalytic processes. Electrocatalytic water 

splitting is the most promising approach, in which oxygen evolution reaction (OER) 

and hydrogen evolution reaction (HER) is pivotal to determining the performance. 

These two half-reactions, OER and HER, took place at the anode and cathode, 

respectively. The reaction in an acidic medium is expressed as: 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 2𝐻+ + 2𝑒−  ↔ 𝐻2       (1.1) 

𝐴𝑛𝑜𝑑𝑒: 𝐻2𝑂 ↔ 2𝐻+ + 
1

2
 𝑂2 + 2𝑒−      (1.2) 

and in the neutral and alkaline medium as: 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 2𝐻2𝑂 +  2𝑒− ↔  𝐻2 + 2𝑂𝐻−     (1.3) 

𝐴𝑛𝑜𝑑𝑒: 2𝑂𝐻−  ↔  𝐻2𝑂 +  
1

2
 𝑂2 +  2𝑒−     (1.4) 

For these reactions to happen, the thermodynamic standard equilibrium voltage 

of water splitting is 1.229 V at 298 K, P = 1 atm, and pH = 0. The applied voltages are 

usually higher than the equilibrium voltages to accomplish electrochemical water 

splitting. Therefore, overpotential is applied to overcome the intrinsic activation barrier 

at the anode (a), cathode (c), and other resistive drops (other). Thus, total operational 

potential (Eop) is expressed as  

𝐸𝑜𝑝 = 1.23 𝑉 + 𝜂𝑎 + 𝜂𝑐 + 𝜂𝑜𝑡ℎ𝑒𝑟      (1.5) 
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Where, 𝜂𝑎 and 𝜂𝑐 can be optimized by using efficient oxygen and hydrogen evolution 

catalyst. This indicates that reduced overpotentials for water splitting can make 

hydrogen production more economical. 

(a) HER mechanism 

The most widely accepted HER pathways are either Volmer–Heyrovsky or 

Volmer-Tafel for electrochemical adsorption and desorption, respectively, 

represented below, 

(i) Electrochemical adsorption (Volmer reaction) 

𝐻+ + 𝑀+ +  𝑒−  ↔ M − 𝐻∗ (𝑎𝑐𝑖𝑑𝑖𝑐)    (1.6) 

𝐻2𝑂 + 𝑀+ +  𝑒−  ↔ M − 𝐻∗ + 𝑂𝐻− (𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑒)   (1.7) 

(ii) Electrochemical desorption (Heyrovsky reaction) 

M − 𝐻∗ +  𝐻+ + 𝑒−  ↔  𝑀∗ +  𝐻2 (𝑎𝑐𝑖𝑑𝑖𝑐)    (1.8) 

M − 𝐻∗ + 𝐻2𝑂 +  𝑒−  ↔ 𝑀∗ + 𝑂𝐻− + 𝐻2 (𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑒)  (1.9) 

(iii) Chemical desorption (Tafel reaction) 

2M − 𝐻∗ ↔ 2𝑀∗ + 𝐻2 (𝑎𝑐𝑖𝑑𝑖𝑐 𝑎𝑛𝑑 𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑒)             (1.10) 

where M-H* represents chemically adsorbed an H atom on a single active site of 

the electrode surface (M). Even though two pathways, in acidic and alkaline 

mediums, are used to express the hydrogen evaluation, still reactants and products 

vary depending on the pH of the reaction solution. 

(b) OER mechanism 

OER mechanism is comprised of four proton and electron transfer steps. 

The adsorbate evolution mechanism (AEM) is the most widely accepted pathway. 

OER on a single metal site of metal oxide (M*) is expressed as: 

In an acidic solution:  

𝐻2𝑂 +  𝑀∗ ↔ M − O𝐻∗ + 𝐻+ + 𝑒−                (1.11) 

M − O𝐻∗ ↔ M − 𝑂∗ + 𝐻+ + 𝑒−     (1.12) 

M − 𝑂∗ + 𝐻2O ↔ M − OO𝐻∗ + 𝐻+ + 𝑒−    (1.13) 

M − OO𝐻∗ ↔ M + 𝑂2 + 𝐻+ + 𝑒−     (1.14) 

In alkaline solution: 

O𝐻− +  𝑀∗ ↔ M − O𝐻∗ + 𝑒−     (1.15) 

M − O𝐻∗ + O𝐻− ↔ M − 𝑂∗ + 𝐻2𝑂 + 𝑒−    (1.16) 
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M − 𝑂∗ + O𝐻− ↔ M − OO𝐻∗ + 𝑒−     (1.17) 

M − OO𝐻∗ + O𝐻− ↔ 𝑀∗ + 𝑂2 + 𝐻2𝑂 + 𝑒−    (1.18) 

The OER performance of the electrocatalyst depends on the bonding 

strength of the absorbents on the M site. 

1.2.2 Photodetectors 

Photodetectors convert photon flux into electrical signals. Photodetectors with 

lateral and vertical types of device architectures are in demand for a variety of 

applications. The active layer of photodetectors is formed by constructing a homo-

junction, planar heterojunction (PHJ), or bulk heterojunction (BHJ).[4] Photodetectors 

consisting of inorganic materials (i.e., metal oxides) in combination with perovskite 

materials exhibit broadband spectral response and improved performances due to the 

formation of perovskite/metal oxide heterojunctions which facilitate exciton 

dissociation and charge-carrier transport. Photodetectors possessing vertical structure 

with their active layer sandwiched between electrodes, known as photodiode 

configuration, can be categorized as conventional and inverted configurations, in which 

the presence of interface layers effectively reduces the dark current and obtain high 

detectivity accompanied by small noise equivalent power (NEP) and large linear 

dynamic range (LDR). In photodiodes with the PV effect, an absorbed photon can 

generate, at best, one electron-hole pair with a quantum efficiency of less than 100%, 

codetermined by photon-harvesting, exciton dissociation, charge-carrier transport, and 

collection efficiency.[5] The collection of photogenerated carriers is controlled by the 

built-in potential due to the different work functions of the two electrodes. An 

additional reverse bias is often applied to increase the charge collection efficiency. 

However, the self-powered configuration is refereed when the photodetectors work at 

0 bias.  

1.2.3 Solar Cells 

Among all the renewable energy resources and harvesting approaches, solar 

energy conversion into electrical energy has shown promise for sustainable 

development.[6] Solar cells are devices that convert incoming light energy into usable 

electrical energy. Although myriad efforts have been undertaken in the past 50 years to 
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achieve high power conversion efficiency (PCE) through different solar cell designs 

and architectures, a knowledge gap still persists in the comprehensive understanding of 

how different material interfaces can affect the overall advancement of solar cell 

technology.[7] The silicon-based solar cell is one of the earliest solar cells making use 

of crystalline silicon with a bandgap of 1.11 eV, which is well-positioned in the 

optimum range for wide light absorption. At present, first-generation silicon solar cells 

continue to show dominance, with significant progress toward high PCE due to the 

well-matured fabrication technology and earth abundance of the material concerned.[8] 

Recent oversupply against the demand has also reduced the areal costs of other 

involved materials, and improved yields have dropped the price of PV technology 

below the projection.[9] Moreover, over the years, various materials like amorphous-

Si, GaAs, CdTe, CIGS, etc., have been successfully deposited and optimized into thin 

films of required thickness and are used as absorbers in second-generation solar cells 

to combat this problem further. The advantages of these second-generation solar cells 

are low production cost, flexibility, lightweight, etc.[10] During the last couple of 

decades, third-generation solar cells based on nanocrystals, polymers, sensitized dyes, 

and organic-inorganic perovskites have shown tremendous progress bringing in a high 

degree of novelty and versatility in both the design of new materials and solar cell 

architectures.[11-14] Specifically, the emerging perovskite solar cells (PSCs) have 

gained enormous interest in the last decade, with the corresponding conversion 

efficiency (~25 %) competing with the first-generation silicon counterparts.[15] Also, 

the newly introduced perovskite/Si tandem cells are already delivering a remarkable 

efficiency of 29.5% (Fig. 1.1, Referred from the NREL website). 

Hybrid Perovskites are molecularly assembled organic-inorganic 

compounds that absorb incoming light energy efficiently across a significant 

portion of the solar spectrum. They can be highly tuned to generate various 

desired optical and optoelectronic properties. These Organo-inorganic 

perovskite materials form the ABX3 structure, where A represents the organic 

cation (like CH3NH3
+, Cs+, etc.), B represents the divalent metal (namely Pb2+, 

Sn2+, etc.), and X being the halogen (Cl-, I-, Br-). The size of these three ions is 

strictly confined by the tolerance factor (T) for a stable perovskite structure.[16] 



8 
 

Moreover, the perovskite light absorbers possess a high absorption coefficient in 

the visible region (~350 to 800 nm), high extinction coefficient (~104 cm−1 at 

550 nm), long charge diffusion lengths, and ease of processing, which have led 

to the fabrication of low-cost PSCs at room temperature consuming less amount 

of material.[17] These intrinsic properties of perovskite light absorbers can be 

tailored to meet the requirements by merely substituting the ions in the perovskite 

materials.[18] However, other than the perovskite light absorbers, transport 

layers have equal importance in solar cell designs to render high efficiency and 

stability.  

 

Figure 1.1 Best efficiencies report for various generation of solar cells. (Source, 

NREL website). 

Two carrier-selective transport layers are required to achieve effective 

carrier extraction at both external terminals. These transport layers preferably 

perform selective charge carrier extraction (i.e., n- or p-type) by blocking the 

transport of the other (i.e., p- or n-type). The first deposition of the p or n-type 

transport layer on the light exposure side of the solar cell, followed by the 

intrinsic layer, configures the device as the conventional negative-intrinsic-

positive (n-i-p) and inverted positive-intrinsic-negative (p-i-n). From the 

conceptual point of view, both (n-i-p) and (p-i-n) device architectures should 

give the same efficiency, but it differs due to optical properties, transmittance in 

the UV-Vis-NIR region, materials compatibility, and its ohmic contact formation 
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with a transparent side of the electrode. Additionally, investigation on inverted 

(p-i-n) architecture that alters optical behavior is also reported in the 

literature.[19] After all, the recombination process involves both types of carriers 

present within the proximity of charge diffusion length, and the extraction of a 

particular type of charge carrier at different ends will reduce the recombination. 

However, other various qualities such as high conductivity for selected carrier 

type, reducing unfavorable effect at interfaces, closely matching mobilities of 

charge carriers, tuning bandgap for smooth charge transfer, etc., of interfacial 

charge carrier type selective transport layers contributed to high efficiency from 

PSCs 

(a) Importance of transport layers 

 
Figure 1.2 Schematics representation of (a) dye-sensitized solar cell (i.e., 

DSSC) and (b) perovskite solar cells (i.e., PSC). 

Transport layers in PSCs perform specific functionalities akin to the 

functionalities in dye-sensitized solar cells (DSSCs) (Fig. 1.2). The term 

‘division of labor’ has been widely used to understand the functionalities of 

each component in PSCs.[20] The functionalities of basic components for 
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PSC include (i) Perovskite light absorber: To absorb the majority of the solar 

spectrum and create electron-hole pairs, (ii) Transport layers: To selectively 

dissociate the excitons generated in the light absorber, and (iii) Electrodes: 

To interface the device to the external circuit with minimal resistance. The 

systematic synchronization of these basic components in terms of optical, 

chemical, structural, and electronic properties leads to the high performance 

of PSCs. Notably, the interface at the transport layer/perovskite absorber 

plays a crucial role in overall device performance. Depending on the structure 

of transport layers (i.e., planar or mesoporous) employed, PSCs are classified 

into planar and mesoporous device architectures (Fig. 1.3). Theoretically, 

device architecture is identified as a planer device architecture has a larger 

charge diffusion length (Ld) than the thickness of the perovskite absorber (t) 

(i.e., Ld > t) and it is completely reverse in the mesoscopic device architecture 

(i.e., Ld < t). The structure is further divided into two configurations, regular 

planar with negative intrinsic positive (n-i-p) and inverted planar with 

positive intrinsic negative (p-i-n), which facilitates excellent optical 

transparency to the transport layer and allows maximum light illumination on 

the perovskite-like absorber.[21] On the other hand, the mesoporous structure 

demonstrates a large effective interface between the transport layer and 

perovskite, easing dissociation of exciton generated, but lacks in charge 

collection efficiency due to grain boundary assisted recombination.[22]  

 
Figure 1.3 Schematic of (a) mesoporous and (b) planar PSC. 
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(b) Electron transport layers (ETL) 

The bandgap and band alignment of the ETLs control and channelize 

the electron transfer at the ETL/perovskite interface. ETLs, in the form of 

wide bandgap n-type semiconductors transparent to visible light, absorb the 

wavelength in the UV range.52 Moreover, they allow full visible radiance to 

strike on the perovskite absorber; but this may not be true in inverted device 

architectures where light strikes through the hole transport layer (HTL) and 

transparent conducting substrates.53 Typically, the bandgap values of the 

ETLs are higher than the perovskite absorbers utilized to fabricate PCSs. 

Therefore, the CB edge of ETL should be at a lower potential than that of the 

perovskite absorber to channelize the electrons through the ETL and reduce 

the leakage of excited charges in the opposite direction. Being n-type, the 

Fermi levels of ETLs are close to the CB; hence the probability of the VB 

electron movement from the perovskite to ETL is close to zero and hence 

ignored (Fig. 1.4). Therefore, a variety of ETLs are explored to control the 

recombination process and accelerated charge carrier recombination 

dynamics in search of efficient and stable photovoltaic performance.  

 
Figure 1.4 Schematic depicting the path of a photogenerated electron from the 

perovskite light absorber to the external circuit. (CBM: Conduction band minimum 

and VBM: Valence band maximum) 
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(c) Hole transport layers (HTL) 

HTL is equally essential to transport acceptors or holes generated in 

the photoactive perovskite layer to the cathode. The HOMO of the hole 

transport material (HTM) under consideration for the PSCs is required to be 

located at a higher level than the valence band edge of the perovskite absorber 

(Fig. 1.5). The minimized energy barrier at the perovskite/HTL interface 

allows easy collection of photogenerated holes. Moreover, the conductivity 

of HTM, which plays a vital role in charge transfer and charge recombination 

at the perovskite/HTL interface, can be revamped by governing interface 

energetics and defect densities. Apart from this, the thermal and chemical 

stability of HTMs continues to be a concern for long-term and efficient 

photovoltaic performance. So far, various nanostructured, doped, and 

passivated HTLs have been explored in PSCs depending on the selected 

device architecture.  

 

Figure 1.5 Schematic displaying the path of the photogenerated hole from 

the perovskite light absorber to the external circuit. (CBM: Conduction band 

minimum and VBM: Valence band maximum) 

1.3 Significance of metal oxide and thin film for energy applications 

Metal oxides comprise metal cations and oxygen (O) anions, where the ionic radius 

of the metal cations is lower than that of O anions. Depending on the atomic radium and 
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periodic occupancy of the metal and oxygen ions, the interstitial sites of cubic, triangular, 

tetrahedral, and octahedral nature control the physical, chemical, electronic, and structural 

properties of the metal oxides. The transition metals with +1, +2, and +3 oxidation states 

from ionic bonds, whereas +4, +5, +6, and +7 oxidation states form covalent bonds with O 

anion present in the metal oxides. Therefore, the oxides of all kinds of metal ions go from 

ionic mixtures to covalent bonding and strongly basic to strongly acidic. Oxides of 

transitional metals, namely Ti, Sn, Mn, Fe, Co, Ni, Cu, and Zn, have been offering precise 

control over their physicochemical and electronic properties and are explored for various 

applications, especially in solar cells, water splitting, and photodetectors. Nevertheless, 

metal oxides downscaled to nanostructure morphologies offering larger volume, better 

electronic confinement, increased surface-to-volume ratio, and controlled defect states, 

providing precise control over optical and electrical properties in various morphological 

forms such as zero-dimensional (i.e., 0D), one-dimensional (i.e., 1D), and two-dimensional 

(i.e., 2D).[23-25] The same is valid in thin films, hence gaining equal interest in device 

miniaturization. Specifically, thin films and nanomaterials of metal oxides in pristine, 

mixed, and/or composite forms are gaining increased interest in the field of sustainable 

energy, like solar cells, hydrogen fuel, photodetectors, etc. 

1.3.1 Water splitting for hydrogen fuel 

The metal sites support redox reactions due to different valence sites enabling 

electrochemical processes. The metal oxides serve as a catalyst in water electrolysis 

and photocatalysis depending on their band alignment with water oxidation and 

reduction potentials (0 and 1.23 eV, respectively). Moreover, oxidation states were 

found to directly impact the water-splitting process and efficiency. Metal oxides 

offering multiple oxidation sites (i.e., 2+, 3+, and 4+) have gained tremendous research 

momentum in electrochemistry, which can be able to provide excellent water splitting 

at relatively reduced overpotentials (~ < 100 mV). Therefore, metal oxides are 

employed for water splitting through either oxygen evocation reactions (OER) or 

hydrogen evaluation reactions (HER). CoOx offering multiple oxidation sites (i.e., 

Co2+, Co3+, and Co4+) is important in electrocatalytic for water splitting via OER 

activities. Porous CoOx with controlled surface oxygen vacancies [26] and CoO 
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nanoparticles wrapped with porous graphene sheet attracted attention by exhibiting an 

overpotential of 306 and 348 mV, respectively, toward OERs at 10 mA/cm2.[27] The 

Fe-doping in the electrospunned CoO/C nanofibers reduced the overpotential (i.e., 362 

mV) and also offered good cyclic stability for 2500 CV cycles with almost no loss in 

overpotential in an alkaline medium.[28] Likewise, α-MnO2 requiring an overpotential 

of 490 mV for OER activity was reduced further by the formation of different phases 

in order of α-MnO2 > amorphous MnO2 > β-MnO2 > δ-MnO2.[29, 30] The poor 

electrical conductance of pristine CuO hinders its usage as an electrocatalyst. 

Therefore, doping and hetero-structuring strategies are adopted.[31] The less explored 

electrocatalyst, Fe2O3, combined with CuO to form core-shell nanotube arrays over 

copper foam, provided increased mass transfer and active sites for OER activity (398 

mV to reach 100 mA/cm2).[32] The presence of Fe3+ active sites enhances the 

adsorption of the hydroxyl group from water and improves the overall OER activities. 

[33] Apart from this, NiO has gained interest due to its higher corrosion resistance and 

stability. The stoichiometric NiO nanoparticles of diameter 3.3 nm containing Ni2+ and 

Ni3+ states showed the highest OER activity with an overpotential of 300 mV.[34] 

However, The 3D NiO/Ni formed by electro-oxidation of nickel foam required 390 mV 

for O2 evolution.[35] Therefore, doping and composite formation of NiO was explored 

to improve the OER activity. NiO/Co3O4@nitrogen-doped-carbon with a high 

concentration of Co3+ and Ni3+ on the surface showed a 200 mV overpotential on Ni 

foam at 10 mA/cm2 for OER reactions. Fe-cation doping of NiO, i.e., FexNi1-xO 

nanoparticles (1.5-3.8 nm), provided an overpotential of 297 mV for OER catalytic 

performance, which was further improved to 297 mV after thin film formation by 

dispersing Fe0.1Ni0.9O nanoparticles in ethanol.[36] However, one should consider that 

the 2D metal oxide nanosheets provide a high surface area and offer water oxidation 

with are reasonable overpotential of 350 mV.[37]  

Accounting for the high thermodynamic and acidic stability, metal oxides are 

employed as electrocatalysts for HER. The perfect stoichiometric metal oxides show 

unfavorable HER activity. Therefore, oxygen vacancies are generated to modulate the 

hydrogen adsorption energies, electronic structure, and conductivity. The oxygen 

defects in the WO2.9 nanostructure tuned the hydrogen adsorption energy showed lower 

https://www.sciencedirect.com/topics/physics-and-astronomy/manganese-oxide
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values of Tafel slope (i.e., 50 mV/dec) compared to stochiometric WO3 (i.e., 120 

mV/dec). [38] The rich oxygen vacancies in liquid-exfoliated W-oxide nanosheets 

provided gap states and acted as a degenerate semiconductor for H2 evolution with an 

overpotential of 38 mV at 10 mA/cm2.[39] Likewise, TiO1.23 synthesized by 

electrochemical cationization delivered excellent HER activity in acidic 

conditions.[40] The non-metal and or metal doping of metal oxides were also found to 

enhance the HER activity. The phosphorous doping in MoO3-x nanostructures displays 

superior performance in H2 evolution due to the synergy between phosphorous and 

oxygen vacancies in an acidic medium.[41] However, sulfur doping yield better 

overpotential than phosphorous.[42] Mo doped in W18O49 increases the active surface 

sites and enhance the HER activity in an acidic medium.[43] Apart from doping and 

vacancy generation, strain engineering of the metal oxides can also improve HER 

activity in alkaline conditions. The CoO nanorods with surface strain possessed high 

oxygen vacancy showing HER activity similar to the reference Pt/C catalyst.[44] 

Further, the comparison between the trigonal, orthorhombic, and cubic phases of Ti2O3 

revealed the effect of phase tuning on the HER performance. The smallest charge 

transfer in cubic Ti2O3 results in strong hybridization of Ti(3d) and O(2p) orbitals 

favoring better H2 evolution among the Ti2O3 polymorphs.[45] On the other hand, one 

cannot neglect that (i) the ultrathin MnO2 nanosheets with two monolayer thicknesses 

improved hydrogen evolution owing to abundant surface oxygen vacancies and Mn3+ 

sites [46] and (ii) the porous structures provide not only large surface sites but also 

offers efficient pathways for gas diffusion, reactant, and electrolyte transfer.[47] 

Therefore, morphology engineering of the metal oxides needs to be explored to produce 

distinctly oriented morphologies in the 0, 1, or 2 dimensional (i.e., 0D, 1D, or 2D) form 

because the variation in dimension with porous nature can enhance the number of active 

surface sites and provide connecting pathways resulting in higher HER activity. 

1.3.2 Photodetector 

Highly sensitive self-powered photodetectors (PDs) are widely used for optical 

communication, microelectronics, monitoring, etc. Along with various other materials, 

metal oxides such as tin oxide (SnO2), gallium oxide (Ga2O3), zinc oxide (ZnO), 
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titanium dioxide (TiO2), and tungsten oxide (WO3) are extensively used in 

photodetectors owing to their different bandgaps. Depending on the bandgap of these 

metal oxides, the device architecture and detection range of the photodetector can be 

easily tuned from narrow to wide spectral ranges. Metal oxides, known for high 

chemical inertness and a variety of morphologic forms, have been synthesized in 

various 1D and 2D nanostructural forms to tune the optoelectronic properties. 

Photodetectors fabricated with the WO3 nanoshale delivering a high surface-to-volume 

ratio provided photoresponse of 5.1 A/W [48] can be one good example to cite. 

Nevertheless, the doping or introduction of impurities has also been adopted to search 

for improved optoelectronic properties. On the other hand, the heterostructures of the 

metal oxides created more excitement for the development of photodetectors. 

Therefore, doped metal oxides are combined to form the hetero/homo-structures to gain 

a better photodetection response in self-powered mode. The energy band alignment 

between p-Cu2O and n-ZnO generated a built-in electric field of ~2.2 eV and favored 

the self-powered operation of the photodetector to provide a better response ranging 

from UV to visible range (570 nm). [49] The photodetector consisting of NiO/beta-

Ga2O3 heterojunctions showed a response of 27.43 A/W when illuminated with 245 nm 

(deep UV).[50] Likewise, the synergistic interactions between the homojunction of p- 

and n-type SnO2 worked in the self-powered mode and exhibited the responsivity and 

detectivity of 1.55 mA/W and 9.8×1010 Jones.[51] Hybrid photodetectors of TiO2 and 

CH3NH3PbI3 (i.e., MAPI) perovskite composite films showed detectivity of the order 

of 1010 Jones under the illumination of a 532 nm laser, which was assigned to the 

exposure of a high percentage of [001] TiO2 facets.[52] Nevertheless, the 

photodetection performance of the perovskite-based device is generally enhanced due 

to engineering the favorable interface at heterojunctions and the controlled morphology 

of perovskite films. [53-57] The heterojunction of perovskites with the metal oxides 

facilitates exciton dissociation and carrier transport resulting in broad spectral response 

and improved performance.[4] Therefore, several organic and inorganic 

semiconductors, along with metal halide perovskites, are used to fabricate 

heterojunction photodetectors.[58-61] Among the variety of inorganic semiconductors, 

chemically stable NiO is a promising candidate for optoelectronic and 



17 
 

energy/conversion applications.[23, 62-64] Recently, self-powered perovskite-based 

PDs have attracted intense attention due to their independence, less complicated 

circuitry, and self-sufficient potential for device operation. These photodetectors 

depend on PV behavior to produce light current at 0 V bias, which is achieved by 

forming Schottky junctions with single perovskite crystals and p-i-n junctions.[65-67] 

Overall, metal oxides are competent materials widely used in multifunctional 

applications. 

1.3.3 Solar cells 

The systematic synchronization of metal oxide transport layers (MOTLs) with 

the perovskite light absorber and metal electrodes in terms of optical, chemical, 

structural, and electronic properties leads to the high performance of PSCs. The range 

of coverage, uniformity, and thickness of metal oxide transport layers depends on the 

coating technique used. Notably, the interface at the MOTL/perovskite absorber plays 

a crucial role in overall device performance. Moreover, the MOTLs optically protect 

the perovskite absorber from high-energy UV radiation, enhancing stability. Leijtens 

et al.[68] have observed higher stability in mesoscopic PSCs sensitized with metal 

oxide than in non-sensitized PSCs. The surface adsorbed oxygen states of metal oxides 

possess deep trap sites for the injected electrons upon continuous exposure to the UV 

spectrum and may leak into the hole transport material. Furthermore, the presence of 

defects, interstitials, and impurities in the transport layer and, thereby, at its interface 

with perovskite strongly influence charge mobility, transport, and recombination. The 

oxygen vacancies and interstitial atoms at the interface are known to create shallow or 

deep levels near the band edge, which form recombination centers.[69] Therefore, the 

selection of defect-tolerant interfaces is a prerequisite for smooth charge transfer and 

to avoid charge recombination. The charge mobilities of the MOTLs, when closely 

matched with the perovskite light absorber, drastically reduce charge accumulation at 

the MOTL/perovskite interface and enhance collection efficiency.  

Therefore, the engineering of the MOTLs either by doping, faceting, or growing 

heterostructures is sought to address the charge recombination issues.[70-74] Though 

a wide range of MOTLs is attempted to efficiently channelize electrons from the 
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perovskite absorbers into the contacts, the bandgap and band alignment of the transport 

layers with perovskite light absorbers are fundamental prerequisites for the fabrication 

of a working device. Usually, wide bandgap semiconductors are employed to allow the 

maximum visible spectrum illumination onto the perovskite films. Band alignment or 

band edge alignment channelizes the electrons through the transport layers to reduce 

the leakage of excited charges in the opposite direction. Besides all these 

functionalities, ease of processing, earth abundancy, chemical stability, stability under 

light illumination, non-toxicity, and feasibility of real-time operation are the main 

concerns to realize the commercial availability of PSCs. Usually, the higher processing 

temperature of metal oxide has restricted the use of plastic substrates in the PSCs. 

Overall, the transport layers are known as ETL or HTL, depending on their 

functionality. 

 

Figure 1.6 Schematic showing the band structures and the band alignment of various 

inorganic ETLs with perovskite absorber 

Inorganic ETLs, engineered into nanostructures for exploiting the nano-regime 

physical properties, increase the junction interface. Therefore, oxides of various metals 

such as Titanium (Ti), Tin (Sn), Zinc (Zn), Tungsten (W), Barium (Ba), Strontium (Sr), 

Aluminium (Al), Iron (Fe), and Indium (In) have been explored for their performance 

as ETLs in PSCs.[75-79] The band structures of several persuasive metal oxide ETLs 

are summarized in Fig. 1.6. The appearance of these ETLs in various crystalline 
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polymorphs and their ability to tailor the charge transfer dynamics are of special interest 

to the PV community. Furthermore, the ETLs can act as a prominent template for the 

overlaying perovskite layer in PSCs after engineering their phases and crystallinity.  

Inorganic HTLs have gained importance in PSCs due to their ability to 

downsize into nanostructures and increase the junction interface. Since PSCs are 

the resultant evolution of sensitized solar cells, though, with conceptually newer 

foundations, redox electrolytes were replaced with solid-state electrolytes or 

HTLs in PSCs. The expensive solid-state organic spiro-OMeTAD, when 

introduced in PSCs, degrades perovskite absorbers due to the use of hygroscopic 

dopants. Therefore, the low-cost inorganic HTLs with high chemical/thermal 

stability and real scalability have attracted considerable attention from the 

scientific and industrial community as a replacement for spiro-OMeTAD. 

Various inorganic materials based on binary oxides, cyanates, and dessafolites 

such as NiO, VOx, CoOx, CuOx CuI, CuCSN, and CuGaO2 have been 

investigated for their performance as HTLs in PSCs. [80-83] The band structure 

positions of selective inorganic HTLs with reference to the perovskite absorber 

are summarized in Fig. 1.7. These metal oxide HTLs are sensibly engineered to 

alter the charge transfer dynamics and to extract holes efficiently. 

Owing to n-type semiconducting properties, suitable bandgap, visible light 

transmittance, etc., TiO2 is one of the vastly used materials in modern-day solar 

cells.[84] The first modern-day organic-inorganic perovskite-based solar cells used 

TiO2 nanoparticles as photoanodes.[85] Apart from TiO2, several metal oxides, namely, 

ZnO, SnO2, NiO, CuO, CoOx, etc., are used as photoanodes or transport layers in dye-

sensitized and PSCs. However, NiO is one of the most widely studied HTLs for PSCs 

due to its chemical inertness, low processing cost, and earth-abundant nature. Nickel 

oxides with molecular formulas of NiO, NiO2, and Ni2O3 can be engineered to obtain 

cubic, monoclinic, rhombohedral, and hexagonal crystalline phases. Mainly, p-type 

semiconducting stoichiometric NiO with a wide bandgap of 3.6 – 4 eV [23] and deep 

valence band edge (i.e., -5.2 – -5.4 eV) provides excellent band alignment with the 

perovskite light absorber. The higher conduction band positioning of NiO than 
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perovskite materials becomes advantageous to conduct holes very efficiently and 

serves as an excellent electron-blocking layer.  

Docampo et al.[86] introduced NiO as HTL in PSCs and gained an efficiency 

of < 1 % when utilized with a mixed halide perovskite absorber as photoactive material. 

The low efficiency was attributed to inadequate surface coverage and a large number 

of pinholes within perovskite films coated over NiO HTL in inverted device 

architecture. The possibility of improving the PCE after controlling the doping density 

projected NiO as one of the forthcoming worthwhile HTL candidates. Therefore, 

various growth mechanisms and thin-film technologies are explored for the synthesis 

or/and coating of NiO films in ambient atmospheres, such as sputtering, [87] atomic 

layer deposition (ALD), [88] solvothermal growth, [89] sol-gel, [90] e-beam 

evaporation, [91] reactive e-beam evaporation, [92] atmospheric pressure spatial 

atomic layer deposition (AP-SALD), [93] and thermal evaporation followed by 

oxidation, [94], etc. However, repeated spin coating is observed to be a simple and cost-

effective method to gain precise control over the thickness and crystallinity of the NiO 

nanostructures, though the residual ligands curb the coverage of perovskite absorber 

and hence the performance of PSCs. Moreover, the thickness of the faceted and 

corrugated NiO nanocrystalline films controls the hole extraction and transport 

competence at the HTL/perovskite interface [90] because lower thickness presents 

higher leakage current and higher thickness offers higher series resistance. The 

precisely controlled ultra-thin NiO film with negligible absorption loss prepared by 

ALD blows over the residuals and pinholes. The extremely thin NiO film of 5-7.5 nm 

thickness, a few times the Debye length (i.e., 1-2 nm for NiO), increases the work 

function and hole concentration by overlapping the space charge regions. Moreover, 

the high-temperature treatment improved interfacial properties by dwindling the 

hydroxylate NiOOH and reducing surface defects related to C-N at the HTL/perovskite 

interface and conferred 16.4 % PCE.[88] Later on, Liu et al.[95] utilized solution-

combustion-based NiO HTL with the two-step processed MA1-yFAyPbI3-xClx 

perovskite to gain 19.4 % PCE. Recently, controlled island-like growth of NiO offered 

lower absorption in the visible region and also increased the effective interface with the 

perovskite absorber while governing the shunt resistance. [94] Knowing that 
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mesoporous structures provide a better interface between the HTL and the perovskite, 

Yin et al.[96] explored the mesoporous nanoforest of 1D NiO nanotube morphology. 

The hierarchical tube morphology offered a continuous conducting pathway for rapid 

hole extraction and less charge leakage due to substantially passivated interfacial hole-

trapping state density (i.e., 1.274 ×1016 cm-3), which yielded a PCE of 18.77 % with 

quenched Shockley-Read-Hall recombination losses.  

 

Figure 1.7 Schematics of band alignment of various inorganic HTLs with 

perovskite absorber. 

The Ni3+ and Ni2+ variations govern the defect levels in NiO and inversely alter 

the conductivity and optical transmittance of HTL. The spatial localization of HOMO 

of the perovskite/HTL system on the NiO layer estimated by adopting the relativistic 

pseudopotentials and pseudo-atomic orbitals predicted the transfer of hole from 

perovskite in close proximity of NiO surface connected by halogen and lead atoms. 

[97] Therefore, precise control of the Ni3+/Ni2+ ratio by the defect density aligns the 

VB of HTL with perovskite and provides faster hole extraction with lower energy 

losses, offering PCE close to 18 %.[91, 97, 98] Nevertheless, significantly reduced 

oxygen vacancies in the self-doped Ni2O3 [99] and NiOOH [100] yielding PCE close 

to 20 % have gained attention as futuristic HTL to replace NiO; as Ni3+ cation sites act 

as Lewis electron acceptor and bronsted proton acceptor by deprotonating cation 

amines and oxidizing iodide species. Therefore, different amounts of Cu,[101, 102] 

Y,[103] La,[104] Fe,[105] Co,[106, 107] Sr,[108] Ag,[109] Na,[110] and Zn,[111, 

112], etc. metals and rare earth elements (i.e., Eu, Yb, Tb, Ce, and Nd, etc.)[113] were 
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doped to enhance the intrinsic conductivity, charge extraction ability, hole mobility, 

energy level alignment, and optical transparency of the NiO films by reducing the 

Ni2+/Ni3+ vacancy formation energy due to replacement. Even though the segregation 

of alkaline cations like Li,[114] Cs,[115] and K[116, 117] on the NiO surface improves 

the PSCs performance due to favorable interaction with perovskite, their time-

dependent disparity in the spatial distribution modifies the performance and stability.  

Al doping in the lattice of NiOx not only enhances the electrical conductivity of 

HTL but also improves the crystalline growth of the perovskite absorber concurrently 

aligning its energy levels, which dramatically reduces the energetic nonradiative 

recombination losses and enables quicker hole transportation at the perovskite/HTL 

interface to deliver 20.84 % PCE.[118] Mg doping is shown to downshift the VB 

maximum matching it well with the perovskite and lowering the energy redundancy for 

the hole injection. The reduced energy band offset benefitted the efficient charge 

collection/transport and curtailed hysteresis, yielding reproducible PCE of 18.5 % from 

the ambient-stable commercial device of size 10 cm ×10 cm.[119] Interestingly, 

embedding Au inside the NiO layer to form Au-NiOx as both electrode and electrode 

interlayer for the PSCs was attempted to replace the ITO electrode. However, 

difficulties were encountered in the compact layer formation, reducing the film 

thickness to control the transmittance and loss of photoexcitation energy due to the self-

recombination of opposite charges at the electrode. This hampered the PSC device 

performance (i.e., PCE = 10. 24 %).[120] Further addition of Cu on the top of Au-NiO 

film effectively reduced the resistance, but the device delivered a maximum PCE of 

11.1 % at the 1 nm Cu layer. The same was reduced further with the increase in the 

thickness of (i.e., > 1 nm) Cu.[121] UV-ozone irradiation reduced the interface barrier 

between Cu-doped NiOOH HTL and MAPbI3 perovskite by surface dipole formation 

and also increased carrier concentration and charge extraction efficiency.[122] 

Recently, Zhou et al.[123] improved the electrical conductivity of NiOx film by 

enhancing Ni3+ content after N-doping and achieved a PCE of 17.02 %. The reduced 

Gibbs free energy on the hydrophilic N-doped NiOx surface leads to higher nucleation 

density and, thereby, larger grain growth of perovskite absorber with improved 
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interfacial contact and passivation of trap state in perovskite layer, thereby suppressing 

nonradiative recombination.  

Cobalt-doping exhibits a synergistic effect and endows the NiOx film with 

further improvement of its performance. AS HTL IN PSCs., The p-type Co-doping 

provides low transparency and high conductance, whereas alkali and alkaline co-

dopants bring high transparency with low conductivity. The 10 % Li @ 5 % Co co-

doping synergistically enhances the PCE to 20.1 % by providing a shorter carrier 

lifetime of 0.67 μs and a larger recombination lifetime of 5.24 ms, signifying efficient 

hole/charge transfer/extraction and suppressed charge carrier recombination, 

respectively.[124] The synergy between Ag and Li co-dopant with the +1 oxidation 

states is shown to tailor the optoelectronic properties of NiO. The smallest formation 

energy of Li and Ag among all related defects creates shallower acceptor levels in NiO 

and enhanced hole concentration, which effectively optimize the charge 

extraction/transport and reduce charge accumulation at the interface, therefore boosting 

the PCE to 19.24%. [125] The Mg2+ doping compensates the undesirable positive shift 

caused in the VB of NiOx due to the incorporation of Li and promotes the ohmic contact 

formation at the perovskite interface by reducing barrier height via staircase energy 

level alignment with MAPbI3 perovskite.[80] However, the inclusion of Co2+ in the 

Mg-Li drop-down affects the device performance severely (i.e., PCE = 13.22 %) for 

unknown reasons. [126] Apart from this, the polymeric PTAA, DEA, PFBT, PEAI, 

etc., coatings [127-130] introduced as overlayers for NiOx HTL effectively modify the 

interfacial contact and boost the interfacial charge transfer through gradient band 

alignment and reduce trap state density. The lone-paired functional groups on the 

polymer coordination with Ni and Pb ions form quasi-2D polymeric-perovskite grain, 

which blocks the electron transport into HTL and limits the carrier recombination at 

the interface. 

1.4 Motivation 

(a) Metal oxides are the most promising functional material which can be engineered 

into various nanostructure morphology and thin films. Their application in 
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sustainable energy can be enhanced by modifying and controlling the defects and 

interfaces at the nanoscale.  

(b) The nanostructures of metal oxides are excellent electrocatalysts for water splitting 

and serve as the buffer layers in thin-film solar cells and photodetectors. 

Nevertheless, the size and morphology of the metal oxide nanostructures decide the 

number of exposed active sites which control the efficiency during electrochemical 

water splitting. Similarly, the roughness, thickness, uniformity, pinholes, etc., of 

metal oxide thin films directly influence the photoconversion efficiency in solar 

cells and photodetectors. Especially in the case of metal oxide thin films, the 

synthesis technique and its repeatability are highly important.  

(c) The metal oxide nanostructures with interconnected mesopores provide enhanced 

surface area, influence mass loading, and facilitate high interaction with electrolyte 

ions. 

(d) The porous material can also serve to accommodate other high-efficiency 

functional materials. 

(e) The semiconducting metal oxide thin films serve in the construction of pn-junctions 

for the fabrication of heterojunction solar cells and photodetectors.  

(f) The metal oxide thin films provide the template for the deposition of light 

harvesters and control the irradiation reaching the light harvester in planar solar cell 

architecture. In contrast, it protects the absorber from external stimuli like moisture 

and dust in the inverted solar cell architecture. 

Therefore, investigating the influence of metal oxides and their various 

morphologies on the efficiency of electrocatalytic water splitting is essential to improve 

the performance in green hydrogen generation. In the last few decades, the synthesis of the 

nanostructures of transition metal oxides has gained importance due to their excellent 

physical, chemical, and thermal stability and catalytic activity. Various metal oxide 

nanostructures and their composites have been developed for electrocatalytic water 

splitting, but the influence of NiO nanostructure morphologies and porosity in achieving 

lower overpotential is not well understood. 

Moreover, self-powered perovskite-based PDs have attracted intense attention due 

to their independence, less complicated circuitry, and self-sufficient potential for device 
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operation. These PDs depend on PV behavior to produce light current at 0 V bias, which 

is achieved by forming Schottky junctions with single perovskite crystals and p-i-n 

junctions.[65-67] However, these materials are thermally unstable and degrade in the 

ambient atmosphere.[67, 131] This becomes a critical issue inhibiting device performance 

for real-time applications such as optical communication, imaging, sensing, etc.[132-134] 

Therefore, a systematic study on degradation mechanisms and intrinsic modification within 

metal halide perovskite in the presence of a metal oxide, like NiO, transport layer is highly 

desirable. 

Despite the use of MOTLs, high-efficiency PSCs are realized by using expensive 

organic HTLs, which trigger degradation of the perovskite layer and require an inert 

atmosphere for processing. Therefore, to overcome the problem of perovskite degradation, 

among all inorganic transport layers, NiO is found to be a more promising and vital 

candidate for optoelectronic properties because of its excellent chemical stability.[135-

137] Moreover, various wet chemical techniques, namely, spin coating, blade coating, 

spray coating, metric rod coating, etc., are used to synthesize metal oxide thin films, but 

residual ligands present in them impede their performance.[138] Although the physical 

deposition methods, such as atomic layer deposition, sputtering, laser deposition, etc., 

ensure uniformity and reproducibility of the thin films, involves high processing cost. 

Therefore, using industrially matured thermal evaporation of nickel-metal followed by 

oxidation to convert to NiO thin films will be an economical solution to the above-cited 

problems in PSCs. 

The ABO3 perovskite oxide (PO) structures, where the A-site ion is usually a rare-

earth element or an alkaline earth metal situated at the center of the lattice, the B-site ion 

is a transition metal positioned at the lattice corners, possess a bandgap ranging from 1.4 

to 3.8 eV are used in solar cells as the n-type buffer/transport layers or photoanodes to form 

a p-n junction. Additionally, POs offer tunable physical, chemical, and optoelectronic 

properties, depending on the substitution of the ions and distortion in the ABO3 

structure.[139] Transparency to visible spectra, compatible band energy level alignment 

with absorber, and minimum recombinations at the interface with absorbers are critical 

factors for selecting a suitable POs buffer layer for the solar cells. Even though the 

maximum efficiencies obtained using PO transport layers vary between 12-21 % in the 
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PSCs, the intervention of the lead iodide layer at the interface degrades the performance 

drastically. Therefore, the solar cell consisting of metal oxide light harvesters and PO 

buffer layers is expected to be highly stable and environmentally friendly, unlike the PSC, 

which is hazardous, moisture and UV sensitive, and suffers from long-term stability.[140] 

Therefore, evaluating the potential of metal oxide light harvesters and PO buffer layers is 

of scientific importance. Experimentally evaluating the performance of solar cells with 

various buffer layers and light harvesters is a myriad task. Nevertheless, Solar Cell 

Capacitance Simulator-1D (SCAPS-1D), developed at Gent University, Belgium, offers a 

heterojunction and multi-junction solar cell devices simulation that shall give the prime 

information about the influence of thickness, defect/impurity levels, temperature, 

interfacial resistance, etc. of the selected metal oxide buffer and light harvester layers for 

the solar cell fabrications. 

1.5 Objectives of the thesis 

This thesis work reports the investigation on the following objectives to answer the 

questions pertaining to the literature survey. The morphology and porosity-controlled NiO 

nanostructures are studied for electrocatalytic water-splitting applications. A novel 

approach is used to synthesize transparent NiO thin films, which can be employed in solar 

cells and photodetector applications. Further, simulations are provided to identify the all-

oxide solar cell providing stabile efficiency in harsh environmental conditions.  

The objectives of the thesis are:  

• Synthesis of morphology-controlled NiO nanostructures using the cost-effective 

technique. To optimize the synthesis procedure, obtain different NiO 

nanostructures and study their crystalline, morphological, chemical, electronic, 

and electrochemical properties. 

• To investigate the influence of morphology and porosity on the electrocatalytic 

performance of NiO nanostructures for green hydrogen generation.  

• To develop the industrially scalable synthesis protocol for well-transparent NiO 

thin films to use in solar cells and photodetector. 
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• To study the self-powered photodetection properties of facile NiO/CH3NH3PbI3 

heterojunction and understand the effect of perovskite degradation on overall 

performance.  

• To fabricate the PSCs at ambient atmospheric conditions and study the influence 

of interface alteration/degradation on the overall performance of the solar 

device. 

• To simulate the heterojunction and multi-junction oxide solar cell devices 

consisting of various metal oxide buffers and light harvester layers and identify 

the best suitable combination for efficient all oxide solar cells. 
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2.1 Introduction 

Downscaling metal oxide to a nano regime and increasing the porosity are the key 

factors to enhance the surface area of the materials useful for various energy conversion 

and conservation applications. The porous structures formed after the organized 

assembling of optimized nanomaterials often increase the number of active sites for 

catalytic activities. Consequently, mesoporous structures are investigated more for easy 

evolution of H2 and O2 gases. Likewise, the thin films of metal oxide nanostructures are 

vastly used in modern-day electronic devices to form semiconductor pn-junctions with a 

controlled interface. Therefore, various techniques have been explored to prepare metal 

oxide nanostructures and thin films. In this chapter, we discussed the processes utilized to 

synthesize metal oxide nanostructures and thin films. 

2.2 Synthesis methods 

Considering the ease of operation, reproducibility, and precise control over the 

nanostructure morphologies, co-precipitation, and hydrothermal synthesis techniques were 

used for the synthesis of 0D, 1D, and 2D NiO nanostructure morphologies, which are 

further explored for electrocatalytic hydrogen/oxygen generation through water splitting. 

Furthermore, thermal evaporation followed by ambient oxidation is used to synthesize NiO 

thin films for application in photodetectors and solar cells.  

2.2.1 Synthesis of 0D & 2D NiO nanostructures by co-precipitation method 

Co-precipitation is a cost-effective and fast process useful for the large-

scale production of nanomaterials.[1] It yields high-purity nanostructures 

without using hazardous chemicals at low temperatures and ambient pressure; 

nevertheless, controlling the crystallinity, size, and shape of the materials is 

challenging. Here, we aim to gain 0D and 2D nanostructure morphologies by 

tailoring the concentration of precursor and precipitating agents, reaction time, 

and processing temperature. All the precursors, reagents, and solvents were used 

as received without further purification. Nickel nitrate (Ni(NO3)2.6H2O) and 

nickel chloride (NiCl2.6H2O) were procured from Sigma Aldrich. Sodium 

hydroxide (NaOH) pellets were obtained from Sisco Research Laboratories Pvt. 

Ltd. Ammonium hydroxide 0.35% solution (NH4OH) and potassium hydroxide 
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(KOH) were procured from Loba Chemie Pvt. Ltd. Iridium oxide (IrO2) and 5 % 

Nafion™ 117 solution was procured from Sigma-Aldrich. DI water was used 

throughout the experiment. All the glassware used in the experiments was 

physically and chemically inert. The NaOH (Fig. 1, upper panel) and NH4OH 

(Fig. 1, lower panel) solutions were added dropwise at a constant rate to the 

optimized amount of homogeneous aqueous solution of Ni(NO3)2.6H2O 

prepared at room temperature. Adding NaOH and NH4OH shoots the pH to 9 

and obtains a light blue precipitate for forming 0D and porous 2D NiO 

morphologies, respectively. This precipitate was aged for 180 mins and 

subsequently dried and washed several times with DI water. Which subsequently 

dried at 120 oC for 3 h and further annealed at 500 ℃ for 4 h in ambient 

conditions. The optimized amount of 10 mM (Fig. 2.1, upper panel) and 50 mM 

(Fig. 2.1, lower panel) solution of Ni(NO3)2.6H2O was utilized to tailor the 0D 

nanoparticles and 2D porous nanoplates morphologies, respectively. The NiO 

nanostructure morphologies were further characterized to reveal the correlation 

between morphological and physicochemical properties & electrocatalytic water 

splitting. 

 

Figure 2.1 Schematics representation of the synthesis of 0D NiO nanoparticles 

(upper panel) and 2D porous NiO nanoplates (lower panel) using the co-

precipitation method. 
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2.2.2 Synthesis of 1D NiO corn-like nanorods by hydrothermal method 

The hydrothermal process governed by the solubility limit of the 

precursors in boiling water under high pressure is the heterogeneous reaction of 

aqueous solvents under high temperature and pressure to first dissolve and 

recrystallize (recover) materials that are relatively insoluble under ordinary 

conditions. Hydrothermal methods are usually carried out in a sealed container 

with a Teflon liner known as an ‘autoclave’ or ‘high-temperature autoclave’ to 

maintain high temperature and pressure. The morphology, size, shape, and 

dimension of the nanostructures can be tuned by varying the reaction time, 

temperature, pH of the solution, and precursor concentration. The pre and post-

hydrothermal treatment can lead to nanostructures with high porosity and 

interconnected particles. Here we have optimized the hydrothermal synthesis 

protocol to gain the 1D NiO corn-like porous nanorods. All the precursors, 

reagents, and solvents were used as received without further purification. Nickel 

chloride (Ni(NO3)2.6H2O), sodium oxalate (NiCl2.6H2O), Iridium oxide (IrO2), 

and 5 % Nafion were procured from Sigma Aldrich. Potassium hydroxide (KOH) 

was procured from Loba Chemie Pvt. Ltd. Double Ionized (DI) water was used 

throughout the experiment. All the glassware used in the experiments was 

physically and chemically inert. 0.474 g NiCl2.6H2O and 0.126 g NiCl2.6H2O 

were dissolved in a mixed solvent containing 18 ml DI water and 30 ml ethylene 

glycol under constant stirring for 30 min. The homogeneous solution thus 

obtained was transferred to a Teflon liner placed in stainless steel autoclave and 

reacted at 180 ℃ for 12 hr. After natural cooling, the collected product was 

washed with DI water and ethanol several times. Further, it was dried at 60 ℃ 

for 2 h and annealed at 400 ℃ for 2 h to gain porous NiO nanorods. The 1D NiO 

corn-like nanorod morphologies were further characterized to study 

electrocatalytic water splitting. 

2.2.3 Thermal evaporation of Ni to form NiO thin films 

The NiO thin films can be formed by various approaches. NiO 

nanoparticle suspensions used to form NiO film produces residual ligands at low 
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temperatures and hamper the performance.[2] However, the physical deposition 

methods, such as atomic layer deposition, sputtering, laser deposition, etc., 

produce better-performing films with uniformity and reproducibility but involve 

high processing costs.[3] Therefore, cost-effective thermal evaporation, the 

oldest physical vapor deposition technique, was used to synthesize NiO thin 

films. The source material is thermally heated and evaporated (sublimation) from 

crucibles with an electric current or electron gun under a vacuum (<10-5 Torr). 

The high-temperature heating accelerates vapor particles to move towards 

substrates and recover back to a solid state (Fig. 2.2). To achieve high melting 

points of metal, the boat or coil is energized with a large DC current. 

 

Figure 2.2 Schematic representation of thermal evaporator used for depositing 

Ni metal films.[4] 

(a) Formation of NiO films 

Nickel (99.5 %, Alfa Aesar), Lead Iodide (99.9985 %, Alfa Aesar), 

Methylamine Hydroiodide (TCI), [6, 6]-Phenyl C61 Butyric Acid Methyl Ester 

(PCBM) (Sigma Aldrich), N, N-Dimethylformamide (DMF) (Sigma Aldrich), 

Dimethyl Sulfoxide (DMSO) (Sigma Aldrich), Chlorobenzene (99.8 %, Sigma 

Aldrich), Ethanol (SRL Chem) and Isopropyl Alcohol (SRL Chem) were used 

as received. Fluorine-doped tin oxide coated glass (FTO) was cleaned 

sequentially with soap solution, DI water, acetone, and isopropyl alcohol and 

dried with hot air. After that, these films were loaded in the customized thermal 
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evaporator maintained at a high vacuum of 6x10-6 Torr and treated further under 

an argon plasma to maintain the high purity. The masked FTO was loaded over 

the substrate holder and kept vertically above at a distance of 10 cm from the Ni 

target. The Ni target was evaporated at an optimized temperature of ~1200℃ at 

various times, i.e., 70, 100, and 130 sec. and identified as N70, N90, and N130, 

respectively. Post-evaporated Ni films were further thermally oxidized in a 

muffle furnace at 580℃ for 3 hours without purging O2 gas externally into the 

furnace to obtain NiO thin films of various morphologies.  

(b) Fabrication of photodetector and solar cells using NiO thin films 

 

Figure 2.3 Schematic of the fabrication process of NiO/MAPI heterojunction-

based photodetector and perovskite solar cell device at ambient atmospheric 

conditions. 

The thermally evaporated NiO thin films were further subjected to the 

fabrication of photodetectors and solar cells. The schematic of the device 

fabrication process is shown in Fig. 2.3. MAPI perovskite was deposited in the 

ambient with a two-step deposition process. 1.2 M lead iodide dissolved in 19:1 

(DMF: DMSO) for optimized time and filtered through a 0.45 m Nylon filter, 

which was spin-coated on NiO films at 1500 rpm for 30 sec and further dried at 

75 ℃ for 60 sec. It was further dipped in the solution of methylamine hydroiodide 

and isopropyl alcohol for 20 sec (10 mg/ml) to obtain reddish-brown films, 

which were rinsed in isopropyl alcohol to remove excess growth and 
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immediately spun at 4500 rpm for 10 sec to form smooth, transparent films. After 

heating at 100 ℃ for 30 min, transparent thin films converted into reddish-brown 

films were allowed to cool at room temperature. Further, Au was thermally 

evaporated through a shadow mask to form a counter electrode. The active area 

of the device was defined at 0.7 cm2 for the photodetector. Moreover, PCBM 

solution in chlorobenzene (15mg/ml) was spin-coated at 3500 rpm for 20 sec 

over the perovskite layer to form the ETL, and Au metal contact was drawn to 

fabricate the PSC. Further, photodetection and solar cell studies were performed. 

2.3 Material characterization techniques 

The synthesized 0D, 1D, and 2D NiO nanostructures were further characterized to 

analyze their intrinsic and electrochemical properties. The morphology of the synthesized 

NiO nanostructures is analyzed using Field Emission Scanning Electron Microscopy 

(FESEM, JEOL, JSM-7610 F Plus). The crystal structure of the NiO is investigated from 

X-ray diffraction (Empyrean, Malvern-Panalytical, λ = 1.5406 Å) and further confirmed 

from the high-resolution images and selective area electron diffraction (SAED) obtained 

from Transmission Electron Microscopy (TEM, JEOL JEM-2100 F). The size distribution 

of nanoparticles and porous morphology of NiO nanorods are confirmed from the Small 

Angle X-ray Scattering (SAXS, Empyrean-DY2528, Malvern Panalytical) and BET 

analysis (QUANTACHROME Autosorb iQ2), respectively. Energy dispersive x-ray 

spectra (EDS, Oxford Instruments, X-MaxN) of NiO film were recorded to identify the 

elements of the films and evaluate impurities. The chemical states and electronic structure 

are analyzed from X-ray photoelectron spectroscopy (XPS, Thermo Scientific Inc. Kα) and 

Extended X-ray-Absorption Fine Structure (EXAFS, Rigaku R-XAS) analysis. Further, 

absorption spectroscopy of NiO films was recorded using a UV-Vis spectrophotometer 

(Shimadzu, UV-2600) to confirm the absorption and band-edge evaluations. 

Photoluminescence (PL, Dongwoo Optron DM 500i) spectra were obtained by a 

photoluminescence analyzer. The above-mentioned techniques are widely used in 

literature; thus, their details are not included in the thesis. However, application-oriented 

techniques such as electrochemical measurements, photosensing analysis, photovoltaic 

studies, and theoretical estimations are discussed in the following sections. 
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2.3.1 Electrochemical analysis 

 

Figure 2.4 Schematic model representing three-electrode system used for 

electrochemical analysis. 

The electrochemical measurements were performed at room temperature 

in ambient using Metrohm Autolab (Multichannel-204) comprising a standard 

three-electrode system (Fig. 2.4) equipped with Nova 2.1.4 software. The 

electrolyte solutions of 1 M KOH and 0.5 H2SO4 prepared in DI water and 

degassed with nitrogen gas for 30 min were used to perform OER and HER 

measurements, respectively. A glassy carbon electrode was used as the working 

electrode (3 mm diameter). After loading the catalyst over the working electrode, 

OER was performed in a conventional three-electrode system consisting of 

Hg/HgO and platinum electrode as reference and counter electrode, respectively. 

However, during HER, Ag/AgCl (3 M KCL) was used as a reference electrode, 

and a graphite rod was used as a counter electrode instead of platinum to avoid 

its deposition on the electrode surface, which can mislead the experimental 

results. OER activity was examined from the linear sweep voltammetry (LSV) 

and cyclic voltammetry (CV) measurements performed in the optimized 

potential range of 0 to 1 V vs. Ag/AgCl at a scan rate of 10 mV/s and 0.15 to 

0.25 V with scan rates varying from 20 to 100 mV/s, respectively. On the other 

hand, HER activity was investigated from the LSV carried out in the potential 
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range of 0.2 V to -0.8 V vs. Ag/AgCl at a scan rate of 10 mV/s. The stability of 

NiO nanostructures for both OER and HER activity is analyzed by comparing 

the change in overpotential after 2500-3000 LSV cycles at a constant scan rate 

of 50 mV/s. All potentials were calibrated versus RHE for HER and OER 

activities using the following Nernst equations, respectively.[5] 

𝐸(𝑅𝐻𝐸) = 𝐸(𝐴𝑔/𝐴𝑔𝐶𝑙) + 0.059 𝑝𝐻 +  𝐸𝑅𝑒𝑓   (2.1) 

𝐸(𝑅𝐻𝐸) = 𝐸(𝐻𝑔/𝐻𝑔𝑂) + 0.059 𝑝𝐻 +  𝐸𝑅𝑒𝑓   (2.2) 

Moreover, the electrochemically active surface area (ECSA) proportional 

to the electrochemical double-layer capacitance (Cdl) is estimated from the 

equation[6] 

𝐸𝐶𝑆𝐴 =  
𝐶𝑑𝑙

𝐶𝑠
       (2.3) 

where Cs is the specific capacitance of a flat working electrode (i.e., 40 μF/cm2) 

and Cdl is determined from the slope of Ja or Jc vs. scan rate. Ja and Jc are anodic 

and cathodic current densities (mA/cm2), respectively. 

Further, the Tafel plot, ECSA, LSV, and Chronoamperometry(CA) 

analysis are utilized to interpret the overall hydrogen and oxygen evaluation 

performance of NiO nanostructures through electrocatalytic water splitting. 

(i) Tafel plot  

Tafel plot signifies the dependence of steady-state current density and 

variation of overpotentials () can be acquired from the curves of LSV. Tafel 

slope expresses the kinetics of the electrochemical process in HER, representing 

possible reaction pathways, rate-determining steps, and basic electrocatalytic 

performance of the catalyst under equilibrium conditions. The Tafel slope is 

estimated from the Tafel equation[7] 

ℎ = 𝑎 + 𝑏 log 𝑗         (2.4) 

where η is overpotential (V), a is the log of exchange current density (j0), j is the 

current density (mA/cm2), and b is the Tafel slope.  

(ii) Electrochemical active surface area 

The ECSA of an electrocatalyst is an essential parameter in determining 

the exposed active sites in the water-splitting process. The high value of ECSA 
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signifies the better performance of the catalyst. It is typically determined from 

double-layer capacitance measurements using Eq. 5 [6]  

𝐸𝐶𝑆𝐴 =  
𝐶𝑑𝑙

𝐶𝑠
          (2.5) 

where Cs is the specific capacitance of a flat working electrode (F/cm2), and Cdl 

(F) is determined from the slope of Ja or Jc vs. scan rate. Ja and Jc are anodic and 

cathodic current densities (A/m2), respectively. 

(iii) Linear sweep voltammetry 

 LSV is a robust electrochemical technique that uses a three-electrode 

system consisting of working, counter, and reference electrodes. The 

measurements performed from lower to higher potential sweeps in LSV are 

useful for irreversible systems where reverse cycling will not provide valuable 

information. The potential between the working and reference electrodes is 

regulated, and the current between the working and reference electrodes is 

recorded to understand and evaluate the electrochemical responses of the 

materials, namely, oxidation and reduction potentials. A peak or a dip in the 

potential is noticed depending on the oxidation or reduction of the material.  

 

Figure 2.5 Potential waveforms of (a) linear sweep voltammetry and (b) 

corresponding voltammograms. 

In this process, the potential of the working electrode is varied linearly with 

time (Fig. 2.5), i.e., before starting the reaction (no electrode reaction) to potentials 

where reduction (negative values) or oxidation (positive values) occurs; therefore, the 

instantaneous potential is given by 

𝐸𝑡 = 𝐸𝑖  ± 𝑣𝑡          (2.6) 
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where Et is the instantaneous potential (V), Ei is the starting potential (V), and 𝑣 is the 

scan rate (V/s).  

(iv) Chronoamperometry  

The time-dependent variation in the current (faradic process) at an applied 

potential in electrochemical processes is referred to as CA. Therefore, CA is 

extensively used in diffusion-controlled electrochemical studies at the electrode. CA 

experiments are usually performed to examine the electrochemical activity and stability 

of the electrocatalysts due to the change in electrode current observed with the diffusion 

of electrolyte ions on the electrode surface. The long-term stability of NiO 

nanostructures for 20 h as an electrocatalyst was tested using CA at constant 

overpotential. 

2.3.2 Photosensing analysis 

 

Figure 2.6 Schematics depicting the customized setup for measuring the 

photodetector response. 

Photo-sensing studies on the self-powered PD were performed in the 

ambient utilizing a customized setup (Fig. 2.6) placed inside a dark box to ensure 

the absence of any external light. The light source was interfaced with a 

programmable ‘Aurdino board’ to control the wavelength and on-off cycles. 

Keithley source meter interfaced with a computer was used to measure the 

optical response. Steady LED light sources of various wavelengths, i.e., 290, 

450, 540, and 640 nm with a constant power of 1.15 mW, were used to perform 

https://www.sciencedirect.com/topics/materials-science/electrocatalysts
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the photosensing studies. A minimum of 4 on/off cycles of photo illumination 

were studied for each wavelength with the sequential periodicity of 30 s light On 

and Off. I evaluated for the 90% change (Fig. 2.7) in the Ilight during light On 

and Off as shown in Eq. 2.7.[8] The sensitivity (S) at a different probing 

wavelength was calculated with Eq. 2.8. The ratio of On current to that of Off 

current was calculated from Eq. 2.9. The ability to generate photocurrent per 

incident power (Pin) per illumination area (A) is given by responsivity (R) shown 

in Eq. 2.10. Conversely, detectivity (D*) is defined as the ability of the self-

powered NiO/MAPI heterojunction to detect minimum optical signal above the 

noise and is shown in Eq. 2.11.[9, 10] The rise time (Tr), the time required for 

NiO/MAPI PD to switch from Off state to On state, was defined as the time 

required for the Idark to reach 90% of Ilight. Similarly, the fall time (Tf) was the 

time required to switch from 90 % Ilight to Idark.  

 

Figure 2.7 Schematics depicting 90 % of photocurrent. 

Overall, the key parameter to understand the performance of PD was 

calculated using the equations [11] 

∆𝐼 = 90% 𝑜𝑓 𝐼𝑙𝑖𝑔ℎ𝑡 − 𝐼𝐷𝑎𝑟𝑘                     (2.7) 

𝑆 =
(90% 𝑜𝑓 𝐼𝑙𝑖𝑔ℎ𝑡−𝐼𝐷𝑎𝑟𝑘  )

𝐼𝐷𝑎𝑟𝑘  
        (2.8) 

𝑂𝑛

𝑂𝑓𝑓
𝑟𝑎𝑡𝑖𝑜 =

 𝐼𝑙𝑖𝑔ℎ𝑡

𝐼𝐷𝑎𝑟𝑘  
                                 (2.9) 

𝑅 =
 𝐼𝑃ℎ𝑜𝑡𝑜

𝑃𝑖𝑛 
                                                  (2.10) 
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𝐷∗ =
𝑅

√2𝑞𝐽𝑑𝑎𝑟𝑘
                                                (2.11) 

where Pin is the incident light energy (1000 W/m2) and Jdark is the dark current 

density (mA/cm2). 

2.3.3 Photovoltaic studies  

 

Figure 2.8 Photographic image of Class AAA solar simulator. 

The electromagnetic waves at the surface of the earth are affected by 

several factors, including diffused radiation. The total radiation received at the 

earth's surface, called global radiation, accounts for the direct and diffused 

radiation considering the sun as a spherical source (1.39 million km diameter) at 

a distance of 1 astronomical unit from the earth. Further, the radiation entering 

the earth’s atmosphere undergoes various path differences due to scattering and 

absorption by various molecules. Therefore, solar radiation, termed as air mass 

0 or AM 0 G before entering the earth's surface, is considered AM 1 G at sea 

level when the sun is precisely overhead (usually at the equator) and passes 

through one complete air mass. The air mass is relative to AM 1 G for other 

zenith angles or high-altitude sites. However, the global standard AM 1.5 G is 

considered with an irradiance of 1000 W/m2, which is used in the solar simulator 

utilized for our present study. Fig. 2.8 shows the photograph of a class AAA 

solar simulator providing the closest possible spectral match with the solar 
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spectrum from any source. A typical solar simulator consists of a light source 

(xenon arc lamp), AM 1.5 G filter, a collimator, and a measurement meter 

(Keithley meter). The geometry of the simulator ensures a spectrum similar to a 

5800 K blackbody with occasional line structures striking the sample. The I-V 

plot (Fig. 2.8) obtained after illuminating the device under the solar simulator is 

further analyzed to figure out the performance of the solar devices from the 

parameters such as short circuit current, open-circuit voltage, fill factor, power 

conversion efficiency, etc.; as follows[12], 

(a) Short circuit current (ISC) 

ISC, defined as the maximum current flowing through the solar cell at 0 bias 

(short circuit), is given by Eq. 2.12. 

𝐼𝑆𝐶 = 𝐼𝑆  [𝑒𝑥𝑝 (
𝑞𝑉

𝑘𝑇
) − 1] − 𝐼𝐿      (2.12) 

where IS is the diode current (A), q is the charge of an electron (eV), V is the 

open-circuit voltage (V), k is the Boltzman constant (1.380649 × 10-23 m2kg.s-2 

K-1), T is the temperature (K), and IL is photogenerated current (A).  

(b) Open cicuit voltage (VOC) 

VOC, defined as the voltage across the solar cell when the current is 0 

(open circuit), is given by Eq. 2.13. 

𝑉𝑂𝐶 =
𝑘𝑇

𝑞
𝑙𝑛 (

𝐼𝐿

𝐼𝑆
+ 1) ≈  

𝑘𝑇

𝑞
 𝑙𝑛 (

𝐼𝐿

𝐼𝑆
)     (2.13) 

(c) Fill factor (FF) 

FF, defined as the ratio of actual maximum power generated by the solar 

cell to the ideal power, is given by Eq. 2.14. 

𝐹𝐹 =
𝑉𝑀𝑃 × 𝐼𝑀𝑃

𝐼𝑆𝐶 × 𝑉𝑂𝐶
        (2.14) 

where VMP and IMP are open-circuit voltage (V) and short-circuit current (A) at 

maximum power. 

(d) Power conversion efficiency (PCE) 

PCE, the ratio of the output power delivered by the solar cell to the 

incident power (1000 W/m2), is given by Eq. 2.15. 
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𝑃𝐶𝐸 =
𝐼𝑆𝐶× 𝑉𝑂𝐶×𝐹𝐹

𝑃𝑖𝑛×𝐴𝐴
       (2.15) 

where AA is the active area of the solar cell (cm2). 

 

Figure 2.9 The I-V plot of the solar cell in the dark (1st quadrant), under 

illumination (4th quadrant), and the grey box depicts the FF. 

2.3.4 Theoretical analysis of solar cells using SCAPS-1D 

Theoretical analysis of all oxide solar cells is performed in the present 

study to address the degradation issue typically observed at the interface and in 

the absorber layer of the PSCs. SCAPS-1D program developed at Gent 

University, Belgium,[13] is utilized to understand the overall performance of the 

solar cells at various optimized conditions. In fact, SCAPS is an incredible asset 

that breaks down and simulates heterojunction and multijunction solar cells. 

SCAPS-1D simulation includes loading the required physical properties of 

subsequent layers of solar cells to solve the second-order semiconductor 

differential equation in one direction by applying boundary conditions at the 

interfaces. Further, the values of the physical and interfacial defects can be varied 

and evaluated at the boundary conditions (interface of thin films).  

The fundamental semiconductor equations extract charge carrier transport 

parameters under steady-state conditions. Poisson equation (Eq. 2.16), which 

represents the relationship between space charge density () and electric field I, 

is given below by [14, 15] 



𝜖
= − (

𝜕2𝜓

𝜕𝑥2) =  
𝑞

𝜖
[−𝑛(𝑥) + 𝑝(𝑥) − 𝑁𝐴

−(𝑥) + 𝑁𝐷
+(𝑥) − 𝑛𝑡(𝑥) + 𝑝𝑡(𝑥)] =

𝜕𝐸

𝜕𝑥
  (2.16) 
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Continuity equations for the electron (Eq. 2.17) and holes (Eq. 2.18) under 

the steady-state condition, which dictate the charge transport in the 

semiconductor, are given by,  

𝐺𝑛 −  
𝑛−𝑛0

𝜏𝑛
+  𝑛𝜇𝑛

𝜕𝐸

𝜕𝑥
+  𝜇𝑛𝐸

𝜕𝑛

𝜕𝑥
+ 𝐷𝑛

𝜕2𝑛

𝜕𝑥2  =  
𝜕𝑛

𝜕𝑡
     (for electron)            (2.17) 

𝐺𝑝 −  
𝑝−𝑝0

𝜏𝑝
+  𝑝𝜇𝑝

𝜕𝐸

𝜕𝑥
+  𝜇𝑝𝐸

𝜕𝑝

𝜕𝑥
+  𝐷𝑝

𝜕2𝑝

𝜕𝑥2
 =  

𝜕𝑝

𝜕𝑡
     (for holes)                (2.18) 

The charge carrier transport occurring by drift and diffusion for electrons 

(Eq. 2.19) and holes (Eq. 2.20) are given by, 

𝐽𝑛 = 𝑛𝜇𝑛
𝜕𝐸𝐹𝑛

𝜕𝑥
 = 𝑞[𝑛𝜇𝑛𝐸 + 𝐷𝑛

𝜕𝑛

𝜕𝑥
]     (for electron)              (2.19) 

𝐽𝑝 = 𝑝𝜇𝑝
𝜕𝐸𝐹𝑝

𝑥
= 𝑞[𝑝𝜇𝑝𝐸 − 𝐷𝑝

𝜕𝑝

𝜕𝑥
]          (for hole)              (2.20) 

where 𝜖 is the permittivity of the material, 𝜓 is the electrostatic potential, q is the electron 

charge, ND
+(NA

-) is the density of ionized donors (acceptors), 𝑛 (𝑝) is the electron (hole) 

concentration, 𝑛𝑡(𝑝𝑡) is the trapped electron (hole), Gn(Gp) is the electron (hole) generation 

rates 𝜏𝑛(𝜏𝑝) is the electron (hole) lifetime, Dn(Dp) is the diffusion coefficients for the 

electron (hole), μn(μp) is the electron (hole) mobilities, EFn(EFp) is the quasi-Fermi levels 

for the electron (hole), 𝐽𝑛 (𝐽𝑝) is the electron (hole) current density, respectively.  
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3.1 Introduction 

With the depletion of fossil fuels, it is vital to find alternate fuel sources. Among 

all available fuel sources, water splitting by either cathodic hydrogen evolution reaction 

(HER) or anodic oxygen evolution reaction (OER) has been established as the most 

economical and clean source which can pave the way to a sustainable future.[1] In general, 

both HER and OER in acidic and alkaline mediums, respectively, are imperative to 

determine the overall efficiency of water splitting.[2] At the cathode, HER occurs at a 

smaller overpotential than the thermodynamic potential due to the involvement of 2e- and 

2H+. However, OER involves the transfer of 4e- and 4OH- ions at the anode, becoming the 

rate-determining step in overall water splitting.[3] Precious metals like Pt and Ru, or/and 

Ir oxides, are of attraction to the scientific community for HER and OER, respectively, 

delivering relatively better water-splitting efficiencies.[4] However, researchers have 

devoted efforts to find cheaper alternatives in transitional metal-based chalcogenides, 

intermetallics, carbides, nitrides, phosphides, and layered materials.[5, 6] Nevertheless, 

these alternatives possess toxic elements like Se, S, P, and N. Therefore, water-splitting 

electrocatalyst comprises first-row transitional metals, such as Nickel (Ni), Cobalt (Co), 

Iron (Fe), etc., and their derivatives have fascinated researchers due to superior 

electrochemical stability and redox chemistry.[7] Conversely, metal oxides have gained 

tremendous research momentum due to their multifunctional applications in solar cells,[8-

16] gas sensors,[17] electrochromic films,[18, 19] energy storage,[20, 21] 

photodetectors,[22], etc. Further, nanostructure morphologies offering larger volume, 

better electronic confinement, and increased surface-to-volume ratio, along with controlled 

defect states, provide precise control over optical and electrical properties in various 

morphological forms (i.e., 0D, 1D, and 2D), which influences the overall performance.[23] 

The use of 0D nanostructures in the form of quantum dots (QD) and nanoparticles as 

electrocatalysts or co-catalyst with another host for producing hydrogen are of great 

interest because of their unique electronic and surface properties.[24] On the other hand, 

the 2D nanomaterials such as heteroatomic graphene, transition metal dichalcogenides, 

layered double hydroxides, graphite carbon nitride (g-C3N4), etc. are also appropriate 

candidates for efficient catalysis owing to their high specific surface area, remarkable 

mechanical properties, and high activity, and stability.[5, 25, 26] Flexibility in the charge 
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transfer directions of 2D nanomaterials can significantly contribute to reducing the 

overpotential for OER and HER activity. Moreover, in contrast to 0D nanomaterials, the 

heterostructures of 2D nanomaterials can shift the edges of the conduction and lithium-

ions, leading to a significant shift in the potential for hydrogen and oxygen evolution 

reactions.[27] Therefore, considerable efforts need to be focused on understanding the 

effect of morphology on electrocatalytic water splitting using metal oxide nanostructures.  

Nickel oxide (NiO) has gained considerable attention due to its flexibility in 

tailoring the crystalline phases, i.e., cubic, monoclinic, rhombohedral, and hexagonal, and 

the chemical composition, i.e., NiO, Ni2O, and Ni2O3 for multifunctional applications.[28] 

Despite these advances, because of the low conductivity and limited catalytic sites, the 

HER or OER performance of bare NiO still needs to be improved. Therefore, several 

dopants,[6] composites, defect engineering, and modulation of electronic structures of NiO 

are explored to enhance the water-splitting efficiency.[26, 29] NiO hollow spheres 

synthesized by the spray drying method could deliver OER and HER activity at a relatively 

higher overpotential of 370 mV and 424 mV (at the current density of 10 mA/cm2), 

respectively.[30] HER activity of ultra-thin NiO nanosheets (an overpotential of 57 mV at 

the current density of 10 mA/cm2) was improved further by forming its hybrids with 

platinum nanoparticles.[31] However, in search of further improvements, Fe-doped NiO 

mesoporous nanosheet arrays deposited over Ni foam were explored to gain better OER 

activities. Still, it required an overpotential of  206 mV to achieve a current density of 10 

mA/cm2.[32] Nevertheless, the composite of NiO and Co3O4 formed to gain better HER, 

and OER activities could deliver the low Tafel slope of 101 and 61 mV/dec, 

respectively.[33] The NiO@Co0.5Fe0.5P core-shell heterostructures revealed OER and 

HER activities at an overpotential of 262 and 73 mV at a current density of 10 mA/cm2, 

respectively.[34] Notably, the small overpotential of 49.48 mV at a current density of 10 

mA/cm2 towards HER reactions was achieved from the hierarchical porous prism arrays 

comprising Ni-NiO embedded in graphite carbon grown over nickel foam.[35]  However, 

to our knowledge, hardly any articles in the literature report the effect of morphology on 

the electrocatalytic water-splitting capabilities of NiO nanostructures. 

Numerous techniques such as hydrothermal,[36] sol-gel,[37] co-precipitation,[38] 

thermal combustion,[39] electrospinning,[34] ball milling,[41] pulse ablation,[42] 
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aerosol,[43] flame pyrolysis,[44] molten salt protected pyrolysis,[45, 46] have been 

explored for the synthesis of a variety of NiO morphologies. In the present study, the co-

precipitation method, which provides control over shape, dimensionality, and size with 

high yield, has been opted to tailor the 0D and 2D morphologies of NiO. The synthesized 

NiO nanostructures are characterized thoroughly to understand the crystal structure, 

chemical states, and morphology variation. Further, the nanostructures are employed for 

overall water splitting. Although NiO nanoparticles and nanoplates showed OER and HER 

activity, superior performance is recorded for 0D NiO nanoparticles owing to their 

increased electrochemically active sites. Additionally, the measurements showcased the 

excellent stability of 0D NiO nanoparticles in both basic and acidic mediums for overall 

water splitting. 

3.2 Experimental Section 

3.2.1 Chemical and reagents 

All the precursors, reagents, and solvents were used as received without 

further purification. Nickel nitrate (Ni(NO3)2.6H2O) and nickel chloride 

(NiCl2.6H2O) were procured from Sigma Aldrich. Sodium hydroxide (NaOH) 

pellets were obtained from Sisco Research Laboratories Pvt. Ltd. Ammonium 

hydroxide 0.35% solution (NH4OH) and potassium hydroxide (KOH) were 

procured from Loba Chemie Pvt. Ltd. Iridium oxide (IrO2) and 5 % Nafion™ 

117 solution was procured from Sigma-Aldrich. DI water was used throughout 

the experiment. All the glassware used in the experiments was physically and 

chemically inert. 

3.2.2  Synthesis of NiO nanostructures  

NaOH solution was added dropwise at a constant rate to the optimized 

amount of homogeneous aqueous solution of Ni(NO3)2.6H2O prepared at room 

temperature to shoot the pH to 9 and obtain a light blue precipitate. This 

precipitate was aged for 180 min and subsequently dried and washed several 

times with DI water. Further, the precipitate was dried at 120 oC for 3 h and 

annealed at 500 ℃ for 4 h in ambient conditions. The optimized amount of 10 
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mM (Fig. 2.1, upper panel) and 50 mM (Fig. 2.1, lower panel) solution of 

Ni(NO3)2.6H2O was utilized to tailor the 0D nanoparticles and 2D porous 

nanoplates morphologies, respectively. The NiO nanostructure morphologies 

were further characterized to reveal the correlation between morphological and 

physicochemical properties and electrocatalytic water splitting. 

3.2.3 Characterization 

The morphology of the synthesized NiO nanostructures is analyzed using 

Field Emission Scanning Electron Microscopy (FESEM, JEOL, JSM-7610 F 

Plus). The crystal structure of the NiO is investigated from X-ray diffraction 

(Empyrean, Malvern-Panalytical, λ = 1.5406 Å) and further confirmed from the 

high-resolution images and selective area electron diffraction (SAED) obtained 

from Transmission Electron Microscopy (TEM, JEOL JEM-2100 F). The size 

distribution and porous morphology of the NiO are confirmed from the Small 

Angle X-ray Scattering (SAXS, Empyrean Malvern Panalytical) analysis. The 

chemical states and electronic structure are analyzed from X-ray photoelectron 

spectroscopy (XPS, Thermo Scientific Inc. K-alpha) and Extended X-ray-

Absorption Fine Structure (EXAFS, Rigaku R-XAS) analysis. 

3.2.4  Electrochemical measurements 

Initially, a homogenous electrocatalyst ink is prepared by dissolving and 

sonicating 3.5 mg of catalyst in a mixed solvent containing 600 μL of DI water 

and 380 μL of ethanol. 20 μL 5% Nafion solution is added to the ink, then 

sonication for another 20 min. Finally, the as-prepared ink is drop-cast over the 

glassy carbon electrode of 3 mm diameter and dried in a vacuum desiccator at 

ambient conditions to further used as the working electrode (WE) to study the 

overall water splitting. The typical mass of 0.247 mg/cm2 loaded electrocatalyst 

is used to perform electrochemical measurements at room temperature in 

ambient using Metrohm Autolab (Multichannel-204) comprising a standard 

three-electrode system equipped with Nova 2.1.4 software. The electrolyte 

solutions of 1 M KOH and 0.5 H2SO4 prepared in DI water and degassed with 

nitrogen gas for 30 min are subjected to perform OER and HER measurements, 
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respectively. OER was performed in a conventional three-electrode system 

consisting of Hg/HgO and platinum electrode as reference and counter electrode, 

respectively. However, during HER, Ag/AgCl (3 M KCL) was used as a 

reference electrode, and a graphite rod was used as a counter electrode instead 

of platinum to avoid its deposition on the electrode surface, which can mislead 

the experimental results. OER activity was examined from the LSV and CV 

measurements performed in the optimized potential range of 0 to 1 V vs. 

Ag/AgCl at a scan rate of 10 mV/s and 0.15 to 0.25 V with scan rates varying 

from 20 to 100 mV/s, respectively. On the other hand, HER activity was 

investigated from the LSV carried out in the potential range of 0.2 V to -0.8 V 

vs. Ag/AgCl at a scan rate of 10 mV/s. The long-term stability of NiO 

nanoparticles for 20 h is tested using CA at a constant overpotential of 373 and 

268 mV for OER and HER activity, respectively. The stability of NiO 

nanoparticles for both OER and HER activity is analyzed by comparing the 

change in overpotential after 2500 LSV cycles at a constant scan rate of 50 mV/s. 

All potentials were calibrated versus RHE using the Nernst equations 2.1 and 

2.2. Moreover, the ECSA proportional to the Cdl is estimated from equation 2.3 

[47-49] 

3.3 RESULT AND DISCUSSION 

3.3.1 X-ray diffraction 

Rietveld refinement of the XRD pattern shown in Fig. 3.1 indicates the 

observed and calculated patterns, difference curves, and the Bragg reflections 

and confirms the crystallinity of NiO nanostructures. Both 0D NiO nanoparticles 

and 2D NiO nanoplates crystalized into a cubic structure with an 𝐹𝑚3̅𝑚 space 

group. The characteristic XRD peaks of both 0D NiO nanoparticles (Fig.3.1(a)) 

and 2D NiO nanoplates (Fig. 3.1(b)) observed at 2 of 37.33ᵒ, 43.38ᵒ and 63.03ᵒ 

corresponds to (111), (020) and (022) planes, respectively (ICSD No. 1010093). 

The value of goodness of fitting factors such as REXP, RWP, RP, GoF, and the 

estimated lattice parameters (i.e., a, b, c) and cell volume (V) of 0D NiO 

nanoparticles and 2D porous nanoplates are listed in Table 3.1. Overall, the 
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Rietveld analysis confirms the formation of cubic crystalline pure NiO phase in 

0D nanoparticles and 2D nanoplates. 

 

Figure 3.1 Rietveld refinement of XRD pattern of (a) 0D NiO nanoparticles and 

(b) 2D NiO nanoplates. The inset shows the crystal structure of the 

corresponding nanostructures.  

Table 3.1 Various parameters estimated from the Rietveld refinement of the 

XRD spectra of NiO nanoparticles and nanoplates. 

Parameters 0D NiO nanoparticles 2D porous NiO nanoplates 

RBrag 0.763 1.02 

Rp 6.93 8.71 

REXP 5.97 6.11 

Rwp 9.02 11.9 

RF 0.460 0.514 

GoF 2.28 3.82 

a=b=c (Å) 4.185 4.177 

V (g/cc) 73.32 72.89 

3.3.2 Microscopic and structural analysis 

The surface morphology and crystal structure of the NiO nanostructures 

are evaluated from the FESEM and TEM analysis. The high magnification 

FESEM images in Fig. 3.2 show the distribution of homogenous NiO 
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nanoparticles (Fig. 3.2(a)) and NiO nanoparticles. The close observation of Fig. 

3.2(b) shows the growth of porous 2D NiO nanoplates. The TEM image in the 

inset of Fig. 3.2(a)) confirms the formation of 0D NiO nanoparticles of diameter 

size < 10 nm. Where inset of Fig.3.2(b) represents that the porous layers of NiO 

lead to the growth of 2D nanoplates, but the actual number of atomic layers 

present in the NiO nanoplates is still unknown.  

 

Figure 3.2 High magnification FESEM images of (a) 0D NiO nanoparticles and (b) 2D 

porous NiO nanoplates and (c, d) their corresponding high-resolution TEM images. 

The inset of (a) and (b) shows the TEM images of the corresponding nanostructure 

morphologies. The yellow lines in (c) and (d) indicate the interplanar spacing of the 

NiO nanoparticles and NiO nanoplates nanostructures. 

Further, HRTEM images validate the crystal structure of both 

nanostructures. The HRTEM image in Fig. 3.2(c) revealed the well-crystalline 

nature of NiO nanoparticles with clearly visible textural boundaries. The 

uniformly distributed ordered lattice planes, with an interplanar spacing of 0.208 

nm corresponding to the (020) plane, confirmed the formation of single-
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crystalline NiO nanoparticles in the cubic crystalline phase. However, the 

HRTEM images Fig. 3.2(d) show ordered lattice planes throughout with some 

discontinuities, representing the alteration due to the porous nature of the 

nanoplates. The interplanar spacing of 0.209 nm observed for porous NiO 

nanoplates is akin to that of NiO nanoparticles and assigned to the (020) plane, 

ascertaining the formation of cubic crystalline NiO nanoplates. This confirms the 

tailoring of 0D and 2D nanostructure morphology of NiO without altering the 

cubic crystalline phase while controlling the concentration of precursors and 

precipitating agents in the reaction mixture. 

3.3.3 Small-angle X-ray scattering 

 

Figure 3.3 (a) SAXS profile and (b) corresponding fitting of the 0D NiO 

nanoparticles and porous 2D NiO nanoplates. 

Further, the SAXS profile of the 0D NiO nanoparticles and porous 2D 

NiO nanoplates recorded in the 2 range of 0 to 5 ͦ is shown in Fig. 3.3(a), and 

their analysis/fitting performed using EasySAXS software is provided in Fig. 

3.3(b). The best-fitting outcome is provided in the inset of Fig. 4(b). Most of the 

0D NiO nanoparticles assumed to be spherical in shape are of diameter 8 nm, 

exhibiting a surface-to-volume ratio of 0.77/Å. The average diameter of the 

nanoparticles is 8.5 nm. On the other hand, most of the porous present on the 2D 

NiO nanoplates assumed to be spherical is of diameter 7.2 nm and delivers a 

surface-to-volume ratio of 0.082/Å. The average diameter of pores on nanoplates 

is 7.9 nm. Even though the surface-to-volume ratio of pores on nanoplates is 
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relatively better, the formation of nanopores has failed to augment the accessible 

surface area in the nanoplates like the nanoparticle. This demonstrates that the 

0D nanoparticles can provide a much larger accessible surface area for 

electrocatalytic reactions than the wider 2D nanoplates despite the small pores 

over them. 

3.3.4 BET adsorption-desorption isotherm 

 

  

Figure 3.4 BET adsorption-desorption isotherms of the 0D NiO nanoparticles 

and porous 2D NiO nanoplates. The inset represents the corresponding BJH pore 

size distribution. 

The surface area and porosity play a significant role in catalytic water-

splitting activities.[50] Therefore, pore size distribution and surface area are 

estimated from N2 adsorption-desorption (Fig. 3.4). A distinct hysteresis loop 

observed for NiO nanoparticles, and nanoplates morphologies are of type IV 

isotherm and indicate the porous nature. The specific surface area of 106.02 m2/g 

obtained for 0D NiO nanoparticles is relatively larger than the 2D nanoplates 

(i.e., 87.46 m2/g). The larger pore volume of 0.40 cc/g of the 0D NiO 

nanoparticles than that of 2D NiO nanoplates (i.e., 0.32 cc/g) is expected to 

provide better larger surface-active sites for the electrocatalytic activities. The 

pore size distributions (inset of Fig. 5) are observed in the range of 3 to 144 and 

3 to 116 nm for nanoparticles and porous nanoplates, respectively. However, an 
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average (mean) pore diameter of 9.45 and 5.67 nm observed for 0D and 2D 

morphologies of NiO, respectively, indicates the more accessible surface 

area/sites from the 0D nanoparticles compared to porous 2D nanoplates. Overall, 

BET analysis is akin to the SAXS profile and confirms that the 0D NiO 

nanoparticles offer higher electrochemically active sites on the surface for OER 

and HER activity than the wider 2D NiO nanoplates despite the tiny pores over 

them. 

3.3.5 X-ray photoelectron spectroscopy 

 

Figure 3.5 High-resolution XPS spectra of (a) Ni(2p) and (b) O(1s) core levels 

of 0D NiO nanoparticle (lower panel) and 2D porous NiO nanoplates (upper 

panel). 

XPS spectroscopy is used to analyze the chemical compositions and 

electronic states of the NiO nanostructures. Fig.3.5 shows the high-resolution 

XPS spectra of Ni(2p) and O(1s) core levels of the NiO nanostructures. The XPS 

spectra are deconvoluted with Voigt function fitting, followed by a Shirley 

background to precisely determine the features of Ni(2p) and O (1s). The XPS 

spectrum of core Ni(2p) levels for NiO nanoplates (Fig. 3.5(a) upper panel) 

shows two distinct peaks accompanied by their shake-up satellite peaks located 

at the binding energies of 853.3 (≡ a), 860.3 (≡ sa), 871.1 (≡ b) and 878.0 (≡ sb) 



74 
 

eV, respectively, which is deconvoluted into 8 peaks. The peaks at 853.3 (≡ a) 

and 871.1 eV (≡ b) correspond to core levels of Ni2+(2p3/2) and Ni2+(2p1/2), 

respectively. The deconvolution gives rise to two relatively lower intensity peaks 

at binding energy (i.e., BE) of 855.5 (≡ aʹ) and 873.7 (≡ bʹ) eV are assigned to 

Ni3+(2p3/2) and Ni3+(2p1/2) core levels, respectively, indicating trace amounts of 

Ni2O3. The corresponding shake-up satellite peaks are observed at BE of 865.2 

(≡ saʹ) and 880.5 (≡ sbʹ) eV. Likewise, the peak of O(1s) (Fig. 3.5(b) upper panel) 

is deconvoluted into two peaks at the BE of 528.9 and 530.5 eV, which 

corresponds to the O(1s) core level of O2- ions of NiO nanoplates and surface 

contamination or defect sites on the surface.[22, 44, 45] Similarly, the chemical 

states of the 0D NiO nanoparticles are analyzed with high-resolution XPS. The 

deconvoluted peaks of Ni(2p) (Fig. 3.5(a) lower panel) are very much akin to 

that of 2D NiO nanoplates, representing that the change in morphology from 0D 

to 2D has not altered the chemical stoichiometry of the NiO. The minor existence 

of Ni2O3 with the NiO in both the nanoparticles and nanoplates might assist in 

enhancing the overall electrocatalytic activities by collectively offering Ni2+, and 

Ni3+ cites.  

3.3.6 X-ray absorption near-edge structure (XANES) and extended X-ray 

absorption fine structure (EXAFS) spectroscopy 

 

Figure 3.6 (a) Nickel K edge XANES, (b) x-ray absorption fine structure spectra 

in (b) R space, and (c) k-space of the NiO nanoparticles and nanoplates. 

The 2+ oxidation state of Ni ions present in the bulk of the samples was 

confirmed by carrying out the X-ray absorption near-edge structure (XANES) 

spectroscopy. The Ni K-edge absorption spectra for NiO particles, as well as the 
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nanoplates, were recorded at room temperature, in transmission geometry, and 

lab-based tunable X-ray source. The obtained spectra are as shown in Fig. 3.6. A 

distinct shift of the absorption edge towards higher energy as compared to the 

standard Ni metal foil and a good match with the standard NiO (Alfa Aesar, 3N 

purity) reference sample confirm the 2+ oxidation state of the Ni ions present in 

the bulk of the samples. Furthermore, the Extended X-ray Absorption Fine 

Structure (EXAFS) spectra for both compounds were analyzed in the back 

Fourier-transformed R–space and k–space, and plots are presented in Fig. 3.6(b) 

and (c), respectively. The bond distance of the first coordination shell around Ni 

ions is estimated to be ~ 2.111 ± 0.007 Å, with the coordination number fixed to 

6 (Fig. 3.6(c)). Thus, the octahedral environment around the Ni ions is confirmed 

in both compounds. 

3.3.7 Oxygen evolution reaction (OER) 

With commercial IrO2 as the reference catalyst, the OER activity of 0D 

NiO nanoparticles and 2D porous NiO plates is studied in a 1 M KOH solution. 

Fig. 3.7(a) shows the LSV plots of nanoparticles, porous nanoplates, and IrO2 

catalysts. Nanoparticles and porous nanoplates exhibit an overpotential of 373 

and 476 mV, respectively, to achieve a current density of 10 mA/cm2, at which 

the reference IrO2 catalyst showed an overpotential of 354 mV. Moreover, the 

boost in the current density at a potential of >1.35 V indicates the active 

transitions between Ni2+/Ni3+. The higher boost in the current density of 0D 

nanoparticles represents the existence of plentiful Ni2+/Ni3+ transition assisting 

to enhance OER activity than 2D porous nanoplates, which is in line with the 

XPS analysis. The reaction kinetics of electrocatalytic OER activity is analyzed 

from the corresponding Tafel plots shown in Fig. 3.7(b). The Tafel slopes of 139, 

136, and 75 mV/dec are obtained for nanoparticles, porous nanoplates, and 

reference IrO2 catalysts, respectively. The proximity of Tafel slopes of 

nanoparticles and porous nanoplates suggests analogous OER kinetics and 

catalytic rate towards OER performance. Nevertheless, relatively lower 

overpotential and Tafel slope indicate better electrocatalytic performance for 



76 
 

nanoparticles than the nanoplates. Therefore, the CA stability test of 

nanoparticles is performed for 20 h at an overpotential of 373 mV to confirm the 

commercial durability. After the initial loss of ~10.5%, the current density 

remains stable at 9.10 mA/cm2 for over 20 h (Fig. 3.7(c)), which indicates the 

long-term stability of the nanoparticles. Additionally, the long-term stability of 

nanoparticles is verified from LSV cycles executed in 1 M KOH electrolytes. A 

mere 13 mV change in the overpotential of nanoparticles at a current density of 

10 mA/cm2 after 2500 consecutive LSV cycles (Fig. 3.8) confirms their superior 

stability towards OER activity. 

 

Figure 3.7 (a) Polarization curves (LSV plot) and (b) corresponding Tafel plots 

of 0D NiO nanoparticles and 2D porous NiO nanoplates for OER activity. (c) 

Chronoamperometry stability test of NiO nanoparticles at an applied 

overpotential of 373 mV for 20 h in 1 M KOH. 

 
Figure 3.8 Polarization curves (LSV) of NiO nanoparticles for 1st and 2500th 

cycles of continuous operation in 1 M KOH towards OER activity. 

Further, to confirm the electrocatalytic stability of the NiO nanoparticle, 

the structural, morphological, and chemical properties were analyzed from XRD, 
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FESEM, and EDS analysis. The Rietveld refinement of the XRD pattern of 0D 

NiO nanoparticles after the CA stability test for 20 h in a basic medium is shown 

in Fig. 3.9(a). The NiO nanoparticles retained the cubic structure with an 𝐹𝑚3̅𝑚 

space group. The characteristic XRD peaks positions at 2 of 37.33ᵒ, 43.38ᵒ, and 

63.03ᵒ corresponds to (111), (020), and (022) planes, respectively (ICSD No. 

1010093), showed no shift after continuous CA measurements. The value of 

goodness of fitting factors such as RBragg (= 8.14), REXP (= 7.65), RP (= 11), and 

GoF (= 6.77), the estimated lattice parameters (i.e., a = b = c = 4.181 Å) and cell 

volume (= 73.093 g/cc) of 0D NiO nanoparticles after and before CA analysis 

remained almost identical. Likewise, the morphology and size distribution (i.e., 

< 10 nm) of NiO nanoparticles after CA analysis for 20 h (Fig. 3.9(b)) remained 

identical to that of before electrochemical water splitting activities. Moreover, 

the EDS spectra show distinct peaks (Fig. 3.9(c)), illustrating the existence of Ni 

and O without any other foreign elements after the electrochemical water-

splitting reaction. This confirmed the excellent structural, morphological and 

chemical stability of 0D NiO nanoparticles towards water splitting activity even 

after electrocatalytic reaction for 20 h. 

 
Figure 3.9 (a) Rietveld refinement of XRD pattern, (b) FESEM image, and (c) 

EDS spectra collected after CA stability test of NiO nanoparticles at an applied 

overpotential of 373 mV for 20 h in 1 M KOH. 
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3.3.8 Electrochemical impedance spectroscopy (EIS) 

The electrochemical impedance spectroscopy (EIS) studies performed on 

NiO nanostructures to determine the charge-transfer resistance (Rct) during the 

OER process are shown in Fig. 3.10. The EIS spectra are fitted to evaluate the 

charge-transfer resistance and the resistance offered by the NiO. The resistance 

(Rs) at the interface of NiO and water is relatively larger in the nanoplates (i.e., 

22.93 ) than in the nanoparticles (i.e., 8.53 ) The two semicircular arcs 

identified for NiO nanoparticles represent the resistance at the textural 

boundaries (i.e., Rct1 = 95.3 ) and the bulk/core (i.e., Rct2 = 25.3 ) of the 

nanoparticle. However, the single semicircular arc of the NiO nanoplates 

represents the resistance along the surface (Rct1 = 237.48 )  The relatively 

lower Rs and Rct values observed for the NiO nanoparticles indicates higher 

charge-transfer kinetics across the NiO nanoparticles than that of the NiO 

nanoplates.  

 

Figure 3.10 Electrochemical impedance spectra of NiO nanostructured catalyst 

at an applied potential of 0.6 V (vs. Ag/AgCl). 

Further, the ECSA of NiO nanoparticles and nanoplates is evaluated from 

the CV measurements performed at different scan rates from 20 to 100 mV/s, 

respectively (Fig. 3.11(a and b)). The anodic (Ja) and the cathodic (Jc) double-

layer charging currents, estimated from the CV curves at a fixed potential of 0.2 

V (vs. Ag/AgCl), are plotted against corresponding scan rates (Fig. 3.11(c and 

d)). The estimated Cdl of 0.878 and 0.521 mF/cm for the nanoparticles and porous 
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nanoplates illustrate the ECSA of 21.95 and 13.02 cm2, respectively. This 

represents that the 0D NiO nanoparticles provide more exposed active sites, 

subsequently offering higher OER activity than 2D porous nanoplates. The 

comparative evaluation of the OER performance of both NiO nanostructures is 

provided in Table 3.2. 

 

Figure 3.11 Cyclic voltammetry curves of (a) NiO nanoparticles, (b) NiO plates, 

and (c and d) are their corresponding plot of Ja and Jc against scan rate for the 

determination of double layer capacitance (Cdl). 

3.3.9 Hydrogen evolution reaction (HER) 

Furthermore, the NiO nanostructures are probed for HER activity. The 

LSV plots of NiO nanostructures towards HER activity are shown in Fig. 3.12(a). 

The 0D nanoparticles exhibited lower overpotential (268 mV) than 2D porous 

nanoplates (384 mV) at a current density of 10 mA/cm2. However, the reference 

Pt/C catalyst showed an overpotential of 32 mV. The corresponding Tafel slope 

(Fig. 3.12(b)) evaluated for 0D nanoparticles, 2D porous nanoplates, and 



80 
 

reference Pt/C is 201, 326, and 36 mV/dec, respectively. However, relatively 

lower overpotential and Tafel slope of 0D nanoparticles confirm significantly 

better catalytic activity towards HER than 2D porous nanoplates. Consequently, 

a stability test is performed at an overpotential of 268 mV to ascertain the 

commercial durability of 0D nanoparticles toward HER activity (Fig. 3.12(c)). 

The CA indicates that the current density remains stable for 20 h at 10.04 

mA/cm2, which signifies excellent stability.  

 

Figure 3.12 (a) Polarization curves (LSV plot) and (b) corresponding Tafel plots 

of 0D nanoparticles and 2D porous nanoplates for HER activity. (c) 

Chronoamperometry stability test of NiO nanoparticles at an applied 

overpotential of 268 mV for 20 h in 0.5 M H2SO4. 

 

Figure 3.13 Polarization curves (LSV) of NiO nanoparticles for 1st and 2500th 

cycles of continuous operation in 0.5 M H2SO4 towards HER activity. 

Furthermore, the long-term stability of 0D nanoparticles towards HER 

activity is confirmed from LSV performed in 0.5 M H2SO4 (Fig. 3.13). A mere 

11 mV increase in overpotential at a current density of 10 mA/cm2 after 2500 

continuous LSV cycles confirm the exceptional stability of 0D nanoparticles 
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towards HER activity in an acidic medium. The comparative evaluation of the 

HER performance of both NiO nanostructures is provided in Table 3.2. Overall, 

the pristine 0D NiO nanoparticles synthesized by a simple co-precipitation 

method have shown better water-splitting performance compared to the NiO 

nanostructure morphologies and heterostructures with Carbon or Graphene 

oxides reported in the literature (Table 3.2). Moreover, the literature reports the 

enhancement in the water-slitting performance of NiO after forming 

heterostructures with other metal oxides. Therefore, the present 0D NiO 

nanoparticles have the ability to improve the overall water-splitting performance 

when combined to form heterostructure with Fe, Ru, or Co-based metal oxides, 

which form the basis of future work. 

Table 3.2 Comparative performance of various NiO nanostructures towards 

OER and HER activity.  

Catalyst 

Over potential 

(mV)@10 mA/cm2 

Tafel Slope 

(mV/dec) Ref. 

OER HER OER HER 

0D NiO nanoparticles 373 268 139 201 This 

work 2D porous NiO nanoplates 476 384 136 326 

NiO hallow microspheres 370 424 156 105 [26] 

Triple phase NiO/Ru@Ni foam - 39 - 75 [46] 

NiO@Co0.5Fe0.5P core-shell nanostructures 262 - - - [30] 

NiCo2O3@mesoporous carbon 281 - 96.8 - [52] 

MoS2@NiO nanocomposite - 406 - 44 [53] 

Thermally oxidized porous NiO 310 - 54 - [54] 

NiOx/Ni 390 - 69.8 - [55] 

Carbon-Anchored NiO Nanotablets 320 - 49 - [56] 

A-NiO nanoparticles/rGO 201 397 - - [57] 

A-NiO nanoparticles/GO 274 465 - - 

NiO nanoparticles/GO 453 625 - - 

3.4 Conclusion 

In conclusion, we have introduced the morphology-controlled NiO nanostructures 

as a single electrocatalyst efficient for oxygen and hydrogen evolution. The cubic crystal 

phase of 0D NiO nanoparticles and 2D NiO nanoplates is confirmed from XRD and TEM 
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analysis. The larger surface area of discrete nanoparticles and nanoplates of 

diameter/thickness <10 nm played a significant role in the oxygen and hydrogen evolution. 

The stoichiometry, 2+ octahedron coordination, and existence of Ni2+/Ni3+ in NiO 

nanostructures are confirmed by XPS and XANES analysis. The distinct 0D nanoparticles 

provided a relatively larger surface area and hence electrochemically active surface sites 

and delivered the overpotentials of 373 and 268 mV for OER and HER activity, 

respectively, performed better than 2D porous NiO nanoplates. The chronoamperometric 

measurements and consecutive LSV cycles showed the long durability of 0D NiO 

nanoparticles in both basic and acidic mediums for overall water electrolysis. 
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4.1  Introduction 

The utilization of multifunctional materials in energy generation, energy storage, 

and CO2 capture shall address the global energy crises and environmental pollution. 

However, finding functional materials pertinent to multiple applications is a timely need to 

address these issues. Among all the available functional materials, metal oxides render 

various unique properties owing to their completely filled ‘s’ orbitals and partially filled 

‘d’ orbitals.[1] Accounting from the unique properties like wide bandgaps,[2] high 

dielectric constants,[3] tunable optoelectronic characteristics,[4], etc., the metal oxides are 

applied in different functional applications such as solar cells,[5, 6] photodetector,[7, 8] 

supercapacitors,[9] battery electrodes,[10] gas sensors,[11] electrochromism,[12], etc. 

Moreover, the metal oxides can be downscaled into nanostructures with different shapes 

and morphologies, providing an increased surface-to-volume ratio and significantly larger 

textural boundaries.[13] Currently, layered, nanoparticulate, and mesoporous structures 

have gained considerable attention from researchers to gain enhanced chemical and 

physical properties. However, such structures compromise the conductivity and, thereafter, 

electron/ion transport/diffusion, owing to the larger charge transfer resistance. Therefore, 

the synthesis of highly porous oriented structures of interconnecting nanoparticles offering 

a larger surface area is of scientific importance. The porous 1D nanostructure morphologies 

are anticipated to offer fast charge transport in the axial direction, which benefits 

nanodevices and nanoelectronics applications.[14] Therefore, porous 1D metal oxide 

nanostructures with larger surface area and high aspect ratio can serve in electrocatalysis, 

carbon dioxide (CO2) capture, supercapacitors, etc. 

Compared to other metal oxides, nickel oxide, capable of existing in NiO, NiO2, 

and Ni2O3 forms with cubic, monoclinic, rhombohedral, and/or hexagonal crystalline 

phases [1], is an excellent candidate for a variety of applications. Therefore, NiO thin films 

and nanostructures in the form of nanospheres,[15] nanoflakes,[16] nanotubes,[17] 

nanofibers,[18] pinecones,[19], etc., are independently explored for applications in energy 

storage, sensors, photocatalysis, etc. The hydrothermally synthesized NiO nanoflakes and 

urchinlike nanostructures, [20, 21] 2D nanoflakes and 1D nanorods of NiO synthesized by 

decomposition of NiC2O4·2H2O,[22] and NiO nanorods grown over Ni foil by calcinating 

Ni foil dipped in LiOH[23] described the potentials of 1D nanostructures in stable energy 
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storage performance, but their specific capacitance limited to 140 to 290 F/g. On the 

contrary, NiO micro flower of particulate nanowire-weaving nanosheets [24] and Metal-

Organic-Frameworks derived mesoporous NiO nanorod [25] performed well for 

supercapacitor and Li-ion batteries and disclosed the necessity of porous 1D morphology 

providing a larger surface area accounting for enhanced specific capacitance. Moreover, 

the NiO nanostructures are explored for electrocatalytic water-splitting processes due to 

the coexistence of Ni2+ and Ni3+ ions. NiO hollow spheres offering a larger surface area 

provide the overall water spitting at an overpotential of 370 and 424 mV for OER and HER 

activity at the current density of 10 mA/cm2. [26] Introduction of reduced-graphene-oxide 

in the Ni/NiO nanostructures delivered O2 and H2 evolution at an overpotential of 480 and 

582 mV, respectively.[27] However, the NiO nanoparticle/graphene oxide composite [28] 

and Ni-NiO@3Dgraphene composites.[29] synthesized in search of an excellent water 

splitting process could not serve the purpose and restrict further improvement with the 

overpotentials of 453 and 625 mV and 1640 and 310 mV, respectively, for OER and HER. 

Nevertheless, MoS2@NiO nanocomposites provided a relatively better overpotential of 

406 mV; the water splitting was limited to the HER only.[30] Therefore, the synthesis of 

porous NiO nanostructures providing a larger surface area for abundant electrocatalytic 

active sites would benefit from achieving better water-splitting performance. Overall, such 

porous NiO nanostructure consisting of interconnected nanoparticles is expected to deliver 

multifunctional properties and serve for applications in energy storage, hydrogen fuel 

generation, CO2 capture, etc.  

In this study, 1D NiO nanorods comprising interlocked NiO nanoparticles are 

synthesized by the solvothermal method. The as-synthesized NiO nanorods were 

comprehensively characterized to understand the crystallinity, morphology, porosity, 

chemical states, and local chemical environment. Further, in an attempt to understand the 

multifunctional property of the synthesized NiO nanorods for sustainable energy 

applications, the nanorods were employed as a catalyst for greenhouse CO2 capture, an 

electrode for supercapacitor, and an electrocatalyst for water splitting to generate hydrogen 

fuel. Interestingly, the porous NiO nanorods formed by interconnecting nanoparticles 

showed excellent CO2 uptake, good energy storage performance, and low overpotential for 

OER and HER. Additionally, the NiO nanorods as an electrode for supercapacitors and 
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electrocatalysts for water splitting showed excellent capacitance retention and stability in 

acidic and basic mediums, respectively. 

4.2  Experimental section 

4.2.1 Synthesis of NiO nanorods  

All the precursors, reagents, and solvents were used as received without 

further purification. Nickel chloride (Ni(NO3)2.6H2O), sodium oxalate 

(NiCl2.6H2O), Iridium oxide (IrO2), and 5 % Nafion were procured from Sigma 

Aldrich. Potassium hydroxide (KOH) was procured from Loba Chemie Pvt. Ltd. 

Double Ionized (DI) water was used throughout the experiment. All the 

glassware used in the experiments was physically and chemically inert. 0.474 g 

NiCl2.6H2O and 0.126 g NiCl2.6H2O were dissolved in a mixed solvent 

containing 18 ml DI water and 30 ml ethylene glycol under constant stirring for 

30 min. The homogeneous solution thus obtained was transferred to a Teflon 

liner placed in stainless steel autoclave and reacted at 180 ℃ for 12 hr. After 

natural cooling, the collected product was washed with DI water and ethanol 

several times. Further, it was dried at 60 ℃ for 2 h and annealed at 400 ℃ for 2 

h to gain porous NiO nanorods. 

4.2.2  Characterization 

The morphology of the synthesized NiO product is analyzed using Field 

Emission Scanning Electron Microscopy (FESEM, JEOL, JSM-7610 F Plus). 

The crystal structure of the NiO is investigated from X-ray diffraction 

(Empyrean-DY2528, Malvern Panalytical, λCu = 1.5405 Å) and further 

confirmed from the high-resolution images and selective area electron diffraction 

(SAED) obtained from Transmission Electron Microscopy (TEM, JEOL JEM-

2100 F). The size distribution of nanoparticles and porous morphology of NiO 

nanorods are confirmed from the Small Angle X-ray Scattering (SAXS, 

Empyrean-DY2528, Malvern Panalytical) and BET analysis 

(QUANTACHROME Autosorb iQ2), respectively. The chemical states and 

electronic structure are analyzed from X-ray photoelectron spectroscopy (XPS, 
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Thermo Scientific Inc. Kα) and Extended X-ray-Absorption Fine Structure 

(EXAFS, Rigaku R-XAS) analysis. 

4.2.3  Gas adsorption-desorption measurements 

Gas adsorption-desorption studies were performed using 

QUANTACHROME Autosorb iQ2 gas analyzer, and obtained isotherms were 

analyzed using ASIQwin software. The sample was degassed for 10 h in a high 

vacuum to eliminate moisture and other adsorbed gases before CO2 capture. 

Barrett-Joyner-Halenda (BJH) and Brunauer-Emmett-Teller (BET) models were 

used to estimate porosity and specific surface area, respectively, in the N2 gas 

environment. The equilibrium CO2 adsorption isotherms were obtained at 273 

and 298 K and further used to calculate isosteric heat of adsorption (-Qst or 

ΔHads) from the Clausius-Clapeyron equation [31, 32] 

ln(
𝑃2

𝑃1
) =

−𝑄𝑠𝑡

𝑅
(

1

𝑇2
−

1

𝑇1
)         (4.1) 

where P2 and P1 are the pressures (bar) corresponding to two different isotherms 

at temperatures T2 (i.e., 298 K) and T1 (i.e., 273 K), respectively, for the same 

volume of gas adsorbed, & R is the universal gas constant (i.e., 8.3145 J/mol.K).  

4.2.4 Electrochemical measurements for supercapacitor 

Initially, 1×1 cm of nickel foam was ultrasonically treated in concentrated 

HCl and further washed with DI water and ethanol to remove the oxide 

contamination on the surface, if any. The homogeneous ink consisting of 10 mg 

of NiO nanorods and 10 μL of Nafion was drop cast on nickel foam and dried at 

ambient overnight to prepare the working electrode for the supercapacitor. The 

energy storage performance is evaluated from CV, galvanostatic charge-

discharge (GCD), and cyclic stability measurements performed in 1M KOH 

aqueous electrolyte in the three-electrode configuration using an electrochemical 

workstation (Metrohm Autolab PGSTAT204), where NiO/Ni-foam is the 

working electrode, platinum is the counter electrode, and saturated calomel 

electrode (SCE) is the reference electrodes. The specific capacitance (Cs) of NiO 

nanorods is estimated from the CV and GCD curves using equations 
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𝐶𝑆 =
∫ 𝑖𝑑𝑉

𝑚𝜗𝛥𝑉
             for CV      (4.2) 

𝐶𝑠 =  
𝐼

𝑚
 ∫

𝑑𝑡

𝑉
         for GCD     (4.3) 

where Cs is the specific capacitance of NiO nanorods (F/g), m is the mass of 

active electrode materials (g), υ is the scan rate (mV/s), ∆V is the applied 

potential range (V), I is the applied current (A), and V is applied potential in the 

GCD. 

Further, the charge storage mechanism is evaluated from current density 

variation to the scan rate of porous NiO nanorods expressed from Eq. 4.3. 

𝑖𝑝 = 𝑎υ𝑏 or log(𝑖𝑝) = log(𝑎) + 𝑏 𝑙𝑜𝑔(υ)         (4.4) 

where a and b are constants, and ip is the current density. The estimated value of 

b represents the diffusion (if b = 0.5) and surface (if b = 1) controlled process. 

4.2.5 Electrocatalytic water splitting 

The homogeneous ink is prepared using a 3.5 mg NiO catalyst, 600 μL 

DI water, 380 μL ethanol, and 20 μL 5% Nafion solution. The as-prepared ink is 

drop-cast on a glassy carbon electrode and dried overnight under ambient 

conditions. Typically, 0.25 mg/cm2 catalyst loaded over a 3 mm diameter was 

used as the working electrode to study water-splitting performance. The 

electrocatalytic performance was investigated in a standard three-electrode 

system using an electrochemical workstation equipped with Nova 2.1.4 software 

(Metrohm Autolab, Multichannel-204). The OER and HER performance were 

determined using electrolyte solutions of 1 M KOH and 0.5 M H2SO4 degassed 

with nitrogen gas for 30 min, respectively. OER was performed in a conventional 

three-electrode system of Hg/HgO reference and platinum counter electrode. 

OER activity was examined from the LSV and CV measurements performed in 

the optimized potential range of 0 to 1 V at a scan rate of 10 mV/s and 0.15 to 

0.25 V at various scan rates between 20 to 100 mV/s, respectively. However, 

HER activity is evaluated using Ag/AgCl (3 M KCl) reference electrode along 

with a graphite rod as a counter electrode instead of platinum to avoid deposition 

on the electrode surface, which can mislead the hydrogen evolution. HER 

activity was investigated from LSV in the potential range of 0.2 V to -0.8 V vs. 
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Ag/AgCl at a scan rate of 10 mV/s. The long-term stability of NiO porous 

nanorods for 25 h is tested using CA at a constant overpotential of 441 and 345 

mV for OER and HER activity, respectively. The change in overpotential after 

3000 LSV cycles at a constant scan rate of 50 mV/s was investigated to estimate 

the stability of NiO nanorods for both OER and HER activity. The potentials 

were calibrated versus RHE using the Nernst equation for HER (Eq. 2.1) and 

OER (Eq. 2.2). Moreover, the ECSA is estimated from Eq. 2.3. [33]  

4.3 Results and discussions 

4.3.1 Structural and morphological analysis 

The surface morphological features and crystalline phase of the NiO are 

examined from FESEM, TEM, and XRD analysis. The Rietveld refinement was 

done on the XRD pattern using FullProf software to identify the crystal structure 

and lattice parameter. Fig. 4.1(a) shows the observed and calculated patterns, 

Bragg’s positions, and difference curves for the space group Fm-3m (ICSD No. 

9008693). The NiO nanorods crystallized into a cubic crystal system with a space 

group. The reasonably good fit of the diffraction peaks at 2 = 37.33ᵒ, 43.38ᵒ, 

63.03ᵒ, 75.60ᵒ, and 79.61ᵒ represents (111), (020), (022), (131), and (222) peaks, 

respectively. The values of fitting factors, such as RBrag, RP, RExp, RWp, Rf, and 

GoF, are 0.343, 4.83, 4.71, 6.38, 0.307, and 1.84, respectively. The estimated 

values of lattice parameters (i.e., a=b=c) and cell volume (V) for NiO nanorods 

are 4.184 Å and 72.287 cc/g, respectively. The FESEM image in Fig. 4.1(b) 

indicates the formation of porous nanorods consisting of corn-like features along 

the surface of each rod. Corn-like features are observed due to the regular 

interconnected arrangement of the nanoparticles. Moreover, these interconnected 

nanoparticles formed porous NiO nanorods of width < 50 nm. These distinct 

porous NiO rods are well separated with clear visible textural boundaries. The 

profound insights not revealed to a large extent by FESEM are thoroughly 

exposed from TEM analysis. The TEM image confirmed that the NiO nanorods 

are formed through the interconnection of randomly aligned distinct NiO 

nanoparticles (Fig. 4.1(c)). Moreover, the nanoparticles with clearly visible 
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textural boundaries have all dimensions < 15 nm. The SAED pattern of the NiO 

nanorods shown in the inset of Fig. 4.1(c) represents distinct circular rings with 

bright diffraction spots corresponding to the individual planes of the cubic 

crystalline NiO nanorods. The high-resolution TEM image revealed the 

existence of well-crystalline distinct NiO nanoparticles of dimension ~ 8 nm with 

clearly visible textural boundaries identified by yellow lines (Fig. 4.1(d)). The 

interplanar spacing of 0.208 and 0.241 nm corresponds to (020) and (111) planes, 

respectively, confirming the formation of cubic crystalline NiO nanoparticles, 

which is in good agreement with the XRD analysis. These analyses confirm the 

formation of highly crystalline porous NiO nanorods with interlocked NiO 

nanoparticles. 

 

Figure 4.1 (a) Rietveld refinement of XRD pattern, (b) High magnification 

FESEM image, (c) TEM image, and (e) High-resolution TEM image of NiO 

nanorods. The inset of (c) is the SAED pattern of NiO nanorods. The yellow 

dotted lines in (e) are the guidelines to the eye indicating discrete Ni 

nanoparticles present in the nanorods.  
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4.3.2 X-ray photoelectron spectroscopy 

 

Figure 4.2 High-resolution XPS spectra of (a) Ni(2p) and (b) O(1s) core levels 

of NiO nanorods. The spectra are deconvoluted via the Voigt curve fitting 

function within Shirley's background. 

The electronic and chemical states of the porous NiO nanorods are 

investigated from XPS. The deconvoluted XPS spectra of Ni(2p) and O(1s) core 

levels are shown in Fig. 4.2. The four distinct peaks in Fig. 4.2(a) represent two 

peaks of Ni(2p) core levels and their corresponding shake-up satellites, which 

are deconvoluted into eight distinct peaks. The peaks located at the BE of 853.43 

(≡ a), 855.34 (≡ b), 871.48 (≡ c), and 873.72 (≡ d) eV correspond to the 

Ni2+(2p3/2), Ni3+(2p3/2), Ni2+(2p1/2), and Ni3+(2p1/2), respectively. Whereas the 

peak at a BE of 860.53 (≡ sa), 865.48 (≡ sb), 878.45 (≡ sc), and 882.89 (≡ sd) 

signify their respective shake-up satellite peaks. The relatively lower intensity 

peaks of Ni3+(2p3/2) and Ni3+(2p1/2) than that of Ni2+(2p3/2) and Ni2+(2p1/2) 

represent the existence of NiO and Ni2O3 phases, where Ni2O3 is in the minority. 

Likewise, the O(1s) core level, shown in Fig. 4.2(b), is deconvoluted into two 

distinct peaks located at binding energies of 529.01 and 530.75 eV, 

corresponding to O2- ions and defect sites on the surface or surface 

contamination, respectively. Furthermore, the separation of 324.42 eV in the 

position of Ni(2p3/2) and O(1s) core levels is much smaller compared to the non-

stoichiometric Ni2O3 (i.e., 321.7 eV) and metallic Ni (321.7 eV).[34] Overall, 

this specifies the formation of stoichiometric NiO nanorods along with a minor 
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amount of non-stoichiometric Ni2O3 phase. The existence of negligible traces of 

Ni2O3 has positively assisted the porous NiO nanorods in delivering 

multifunctional properties. 

4.3.3 XANES and EXAFS spectroscopy 

The room temperature Ni K-edge absorption spectrum was recorded in 

transmission geometry using a lab-based tunable X-ray source to confirm the 

oxidation state of Ni ions in porous NiO nanorods. The obtained spectra of X-

ray absorption near-edge structure (XANES) are shown in Fig. 4. A distinct shift 

in absorption edge towards higher energy compared to standard Ni metal and a 

good match with the standard NiO (Alfa Aesar, 3N purity) reference sample 

represents the existence of Ni2+ oxidation state in NiO nanorods (Fig. 4.3(a)). 

Moreover, the fitting of the Extended X-ray Absorption Fine Structure (EXAFS) 

spectrum in the back Fourier-transformed k – space is presented in Fig. 4.3(b). 

This fitting provides the value of ~ 2.108 ± 0.015 Å as bond distance and 

0.005+/- 0.002 as the corresponding thermal mean square factor of the first 

coordination shell around Ni ions, along with the fixed coordination number of 

6. This demonstrates the octahedral environment around the Ni ions in 

particulate porous NiO nanorods. 

 

Figure 4.3 (a) Nickel K edge XANES and (b) x-ray absorption fine structure 

spectra in k-space of the particulate porous NiO nanorods. 

4.3.4 SAXS and N2 adsorption-desorption isotherm 

The size of interlocked nanoparticles in the particulate NiO nanorods is 

estimated from the fitting/analysis of the SAXS profile collected in the range 2 
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= 0 to 5ᵒ (Fig. 4.4(a)). The most frequent radius of 6.5 nm corroborates the ~13 

nm diameter of distinct NiO nanoparticles present in the nanorods offering 

porous nature. These interconnecting nanoparticles shaped nanorods of an 

average radius of 23.56 nm might represent the average diameter of ~47.12 nm 

for the NiO nanorods. These values of the diameter of nanoparticles and 

nanorods are akin to those estimated from the FESEM or TEM analysis, 

nevertheless, confirmed differentiation between the nanoparticles and nanorods 

from SAXS is challenging in the present case. The nanosized particles have 

resulted in a relatively higher surface-to-volume ratio (S/V) of 0.0279/Å. 

Further, the surface features were analyzed by N2 gas adsorption-desorption 

isotherms at 77K (Fig. 4.4(b)). The NiO nanorods showed type IV isotherm (H3 

hysteresis), indicating slit-like pores. The BET surface area of 84.731 m2/g was 

estimated for the particulate porous NiO nanorods. The corresponding BJH pore 

size distribution (inset of Fig. 4.4(b)) illustrated the average pore diameter of 

3.744 nm. These results strongly complement the values obtained from SAXS 

analysis and reveal more effective processes projecting the multifunctionality of 

porous NiO nanorods. 

 

Figure 4.4 (a) SAXS profile of the particulate NiO nanorods; the inset shows 

corresponding best fitting/analysis using Easy-SAXS software. (b) N2 

adsorption-desorption isotherm and BJH pore diameter distribution (in the inset) 

of the particulate porous NiO nanorods. 
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4.3.5 CO2 capture 

The porous NiO nanorods comprising interconnected nanoparticles 

showed excellent porosity and surface-to-volume ratio, therefore employed for 

CO2 capture. The CO2 uptake of 0.63 and 0.47 mmol/g was recorded at 273 and 

298 K, respectively (Fig. 4.5(a)). The lower value of CO2 uptake at higher 

temperatures (298 K) indicates the exothermic type of adsorption. Therefore, the 

isosteric heat of CO2 adsorption (-Qst) was evaluated from the Clausius-

Clapeyron equation to understand the nature of CO2 adsorption over NiO 

nanorods (Fig. 4.5(b)). The -Qst values in the range of 8.53 kJ/mol to 7.41 kJ/mol 

indicates the physisorption of CO2 gas over porous NiO nanorod surface, which 

also indicates the ease of regeneration of NiO nanorods. Additionally, the 

decrease in the -Qst values with an increase in the CO2 uptake suggests the 

saturation of the active interaction sites at higher CO2 loading. 

 

Figure 4.5 (a) The CO2 adsorption-desorption isotherm at 273 and 298 K. (b) 

Isosteric heat of CO2 adsorption over NiO nanorods calculated from CO2 

adsorption isotherm at 273 and 298 K using Clausius-Clapeyron equation. 

4.3.6 Supercapacitor 

The electrochemical energy storage performance of porous nanorods is 

evaluated from CV and GCD analysis (Fig. 6). The CV curves of NiO nanorods 

recorded at different scan rates from 5 to 100 mV/s at an optimized applied 

potential of 0.1 to 0.6 V (vs. SCE/V) (Fig. 4.6(a)) shows the pair of well-defined 

redox peaks due to Ni2+/Ni3+ redox couples during charging (i.e., oxidation) and 
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discharging (i.e., reduction), signifies the reversible redox mechanism. The 

Ni2+/Ni3+ redox couples assist the diffusion and extraction of OH- ions from the 

surface of nanoparticles existing in the NiO nanorods. Moreover, the oxidation 

and reduction peaks have shifted at relatively higher and lower applied 

potentials, respectively, with an increase in the scan rate, representing the 

battery-type behavior. The NiO nanorods delivered a Cs (calculated from Eq. 

4.2) of 368 F/g at a scan rate of 5 mV/s due to the significantly accessible surface 

area deep inside the porous rod body for flawless electron transfer for the facile 

diffusion of OH- ions. Nevertheless, the Cs value was reduced to 177.9 F/g at a 

higher scan rate of 100 mV/s, at which the OH- ions (or charges) encountered a 

significant barrier for diffusion. Fig. 4.6(b) illustrates the correlation between the 

peak current density (ip) and the scan rate () to identify the charge storage 

mechanism in the NiO nanorod electrode. Linear behavior is observed between 

peak current density and the scan rate. The estimated b value of 0.75 for anodic 

processes in NiO nanorods justifies the mixed behavior, i.e., both diffusion and 

surface charge storage mechanisms in the porous NiO nanorods. GCD studies 

performed at different current densities of 0.5 – 5 A/g indicate a reversible energy 

storage reaction mechanism in the NiO nanorods (Fig. 4.6(c)). The current 

density-dependent Cs values of the mesoporous NiO nanorods (Fig. 4.6(d)) were 

evaluated from the GCD curves using Eq. 4.3. CS of 350.5 F/g obtained at the 

current density of 0.5 A/g has linearly decreased to 263.8 F/g at a current density 

of 5 A/g. The long-term cycling performance is crucial in analyzing the durable 

performance of supercapacitors. Therefore, the GCD cyclic performance of NiO 

nanorods was examined at the current density of 1 A/g (Fig. 4.6(e)). The 76.84% 

retention of initial capacitance after 2500 continuous charge-discharge cycles 

indicates the long-term cyclic stability of NiO nanorods. Furthermore, specific 

power and specific energy were evaluated to illustrate the electrochemical 

performance of the NiO electrode materials. Fig. 4.6(f) represents the relation 

between the specific energy and specific power of the active NiO nanorods 

electrode estimated in three electrode configurations. The NiO nanorods 

delivered maximum specific energy of 12.17 Wh/kg at a specific power of 
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193.68 W/kg and maximum specific power of 2035.49 W/kg at a specific energy 

of 9.15 Wh/kg. These significant energy and power density values are attributed 

to the large surface area and abundantly accessible activation sites provided by 

well-interconnected NiO nanoparticles forming porous nanorods. 

  

Figure 4.6 (a) CV curves of porous NiO nanorods at various scan rates. (b) 

Variation in the peak current density and the scan rate of the cathodic peak 

current. (c) GCD curves and (d) current density-dependent specific capacitance 

calculated from GCD curves, (e) Capacitance retention evaluated at 1 A/g, and 

(f) Ragone plot of porous NiO nanorods.  

4.3.7 Water electrolysis 

The OER activity of the porous NiO nanorods consisting of 

interconnected NiO nanoparticles was studied in a 1M KOH solution. Fig. 4.7(a) 

shows the LSV plots of the NiO nanorods and the commercial IrO2 reference 

catalyst. The NiO nanorods demonstrate an overpotential of 441 mV to achieve 

a current density of 10 mA/cm2, at which the reference catalyst exhibited an 

overpotential of 354 mV. Moreover, the boost in the current density at a potential 

of >1.35 V represents the existence of abundant active transitions between 

Ni2+/Ni3, assisting in enhanced OER activity, which is in line with the XPS 

analysis. The reaction kinetics of electrocatalytic OER activity is analyzed from 
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the corresponding Tafel plots shown in Fig. 7(b). The Tafel slope of 108 and 75 

mV/dec was observed for NiO nanorods and IrO2 reference catalyst, respectively 

(Fig. 4.7(b)). The relatively closer proximity of Tafel slopes of NiO nanorods 

and IrO2 reference catalyst suggests similar reaction kinetics and catalytic rate 

towards OER activity. The reliability of the electrocatalyst was analyzed by 

performing a CA stability test for 25 h at an overpotential of 441 mV (Fig. 

4.7(c)). The current density remains stable for 25 h at 8.73 mA/cm2 (13.03% 

loss), which signifies excellent stability. Additionally, the long-term stability is 

analyzed with consecutive LSV cycles, as shown in Fig. 4.9 (Left panel). A slight 

increase in overpotential of 11 mV observed for NiO nanorods after 3000 

consecutive LSV cycles confirm the superior stability for OER activity. 

 

Figure 4.7 (a) Polarization curve (LSV plots) and (b) corresponding Tafel plot 

of porous NiO nanorods towards OER activity. (c) Chronoamperometry stability 

test of NiO nanorods at an overpotential of 441 mV for 25 h in 1M KOH. (d) 

Polarization curve (LSV plot) and (e) corresponding Tafel plot of porous NiO 

nanorods for HER activity. (f) Chronoamperometry stability test of NiO 

nanorods at an applied overpotential of 345 mV for 25 h in 0.5 M H2SO4. 

Furthermore, the HER activity of NiO nanorods was studied in 0.5M 

H2SO4. The LSV plots towards HER activity (Fig. 4.7(d)) show an overpotential 

of 345 mV and 32 mV for NiO nanorods and reference Pt/C electrocatalyst, 
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respectively, at the current density of 10 mA/cm2. The corresponding Tafel slope 

(Fig. 4.7(e)) evaluated for NiO nanorods and Pt/C electrocatalysts are 317 

mV/dec and 36 mV/ dec, respectively. The stability test is performed at an 

overpotential of 345 mV to understand the performance of the NiO nanorods 

towards HER activity (Fig. 4.7(f)). The CA indicates that the current density 

reduced with time and reached 8.65 mA/cm2 (~13.8 %) after 25 h stability study, 

demonstrating relatively stable HER activity. Additionally, the long-term 

stability of NiO nanorods was also ascertained from consecutive LSV cycles. A 

12.5 mV increase in overpotential at the current density of 10 mA/cm2 after 3000 

consecutive LSV cycles confirms the exceptionally good stability of particulate 

porous NiO nanorods towards HER activity in an acidic medium (Fig. 4.8, right 

panel). Overall, nano-particulate porous 1D NiO nanorods showed excellent 

potential to produce hydrogen fuel through water electrolysis (Table 4.1). 

 
Figure 4.8 Polarization curves (LSV) of porous NiO nanorods for 1st and 3000th 

cycles of continuous operation in 1 M KOH towards OER activity (Left panel) 

and 0.5 M H2SO4 towards HER activity (Right panel). 

Table 4.1. Comparative performance of various NiO nanostructures towards 

OER and HER activity. 

Catalyst 

Over potential 

(mV)@10 mA/cm2 

Tafel Slope 

(mV/dec) Ref. 

OER HER OER HER 

1D NiO nanoparticulate porous nanorods 441 345 108 317 This 

work 

Ni/NiO@rGO  480 582 41 63 [27] 

https://www.webofscience.com/wos/woscc/full-record/WOS:000491622900023
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NiO hollow microsphere 370 424 156 105 [26] 

Ni-NiO@3D graphene 1640 310 55 78 [29] 

NiO nanoparticles/GO 453 625 - - [28] 

MoS2@NiO nanocomposite - 406 - 44 [30] 

Further, to confirm the electrocatalytic stability of the NiO nanorods consisting 

of interconnected NiO nanoparticles, the structural, morphological, and chemical 

properties were analyzed from XRD, FESEM, and EDS. The Rietveld refinement of 

the XRD pattern of NiO nanorods after the CA stability test for 25 h in a basic medium 

is shown in Fig. 4.9(a). The NiO nanorods retained the cubic structure with an 𝐹𝑚3̅𝑚 

space group. The characteristic XRD peaks positions at 2 of 37.33ᵒ, 43.38ᵒ, 63.03ᵒ, 

75.60ᵒ, and 79.61ᵒ represent (111), (020), (022), (131), and (222) peaks, respectively 

(ICSD No. 1010093), showed no shift after continuous CA measurements. The value 

of goodness of fitting factors such as RBragg (= 2.32), REXP (= 9.03), RP (= 8.34), and 

GoF (= 15.816), the estimated lattice parameters (i.e., a = b = c = 4.175 Å) and cell 

volume (= 73.80 g/cc) of NiO nanorods after and before CA analysis remained almost 

identical. Likewise, the morphology of NiO nanoparticles after CA analysis for 25 h 

(Fig. 4.9(b)) remained identical to that of before electrochemical water splitting 

activities. Moreover, the EDS spectra show distinct peaks (Fig. 4.9(c)), illustrating the 

existence of Ni and O without any other foreign elements after the electrochemical 

water-splitting reaction. The C is observed due to the use of carbon tape during the 

EDS measurement. This confirmed the excellent structural, morphological and 

chemical stability of NiO nanorods toward water splitting activity even after 

electrocatalytic reaction for 25 h. 

   

Figure 4.9 (a) XRD, (b) FESEM, and (c) EDS analysis of the NiO nanorods after the 

CA stability test for 25 h in a basic medium. 
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4.3.8 Electrochemical impedance spectroscopy (EIS) 

 

Figure 4.10 Electrochemical impedance spectrum of NiO nanorod 

electrocatalyst at an overpotential of 441 mV towards OER activity. 

 

Figure 4.11 (a) Cyclic voltammetry curves of porous NiO nanorods and (b) 

corresponding plot of Ja and Jc against scan rate for the determination of double 

layer capacitance (Cdl). 

Electrochemical impedance spectroscopy (EIS) study was performed to 

analyze the charge transfer process during OER activity (Fig. 4.10). The 

interfacial resistance (Rs) of 9.26  is observed at the interface of the 

electrocatalyst and electrolyte. Moreover, the resistance at the textural boundary 

(RCt1) and the core/bulk of NiO nanorods (RCt2) are 28.9 and 102  respectively, 

indicating the active contributions of both the textural boundaries and core of 

NiO nanoparticles in the electrocatalytic OER activities. Further, the ECSA of 

porous NiO nanorods is evaluated from the CV measurements performed at 
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different scan rates from 20 to 100 mV/s(Fig. 4.11(a)). The anodic (Ja) and 

cathodic (Jc) double-layer charging currents, estimated at a fixed potential of 0.2 

V (vs. Ag/AgCl), are plotted against corresponding scan rates (Fig. 4.11(b)). The 

estimated Cdl of 0.623 mF/cm for the particulate porous NiO nanorods illustrates 

the ECSA of 15.57 cm2. This represents that the porous NiO nanorods formed of 

interconnected NiO nanoparticles deliver more open-up active sites, 

consequently administrating higher electrochemical as well as adsorption 

activity. 

4.4 Conclusion 

In conclusion, we have hydrothermally synthesized porous NiO nanorods formed 

by interconnecting cubic crystalline NiO nanoparticles with the Fm-3m space group. The 

surface morphological and structural analysis confirm the assembly of porous NiO 

nanorods of diameter ~47.12 nm due to the interlinking of nanoparticles of diameter ~13 

nm, providing a surface-to-volume ratio of 0.0279/Å. The BET analysis revealed a surface 

area of 84.731 m2/g and an average pore diameter of 3.74 nm originating from interlocked 

NiO nanoparticles. The high-resolution XPS and EXAF confirm the 2+ octahedron 

coordination and the existence of Ni2+/Ni3+ transitions in the NiO nanorods. The excellent 

regenerative CO2 capturing ability with CO2 uptake of 0.63 mmol/g at 273K and the 

competent electrochemical energy storage ability with good retention (i.e., 76.84 % @ 

2500 cycle), specific energy (i.e., 12.17 Wh/Kg at 0.5 A/g) and specific power (i.e.,2035.49 

W/kg at 5A/g) indicate the potentials of porous NiO nanorods as electrode materials for 

CO2 capture and electrochemical supercapacitor. Moreover, porous NiO nanorods 

provided a larger surface area and subsequent electro-catalytically active surface sites and 

delivered overpotentials of 441 and 345 mV for OER and HER activity, respectively, and 

showed long-term stability of NiO nanorods in both basic and acidic mediums for overall 

water electrolysis. Overall, the present study indicates that, like nano-particulate porous 

NiO nanorods, any stable materials providing hetero-architectural porous structure with a 

larger surface area and easily accessible active sites can be a potential candidate for 

multifunctional devices in the future. 
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5.1 Introduction 

The field of optoelectronics has been transformed with the advent of metal halide 

perovskites that possess unique optoelectronic properties, namely, direct tunable bandgap, 

large charge diffusion length, high absorption coefficient, photon recycling, etc.,[1] which 

can be further tuned by merely varying the chemical composition of ABX3 (where A and 

B are cations and X is halide anion) metal halide perovskite structures.[2] Therefore, these 

perovskite halides have shown promise towards various optoelectronic applications in solar 

cells,[3-6] microlasers,[7] PDs,[8] and light-emitting diodes,[9-10], etc. However, PDs, 

intelligent optoelectronic devices that convert optical input signals to electrical outputs, 

attract attention due to their advancement in sensing, imaging, communication, and 

environmental monitoring. Although several semiconducting materials were employed in 

the PDs depending on the absorption range and bandgap, the invention of broadband PDs 

utilizing MAPI perovskites has triggered excitement due to its high photocurrent 

(Iphoto).[11] Dou et al.[12] demonstrated perovskite PDs with solution-processed 

CH3NH3PbI3-xClx. After which, various perovskite PDs are described in the literature.[13-

16] Generally, to enhance the performance of perovskite-based photodetection, three main 

strategies used are (i) engineering device structures,[17] (ii) controlling the morphology of 

perovskite films,[18] and (iii) construction of heterojunctions.[19-21] Among these 

strategies, heterojunction facilitates exciton dissociation and carrier transport resulting in 

broad spectral response and improved performance.[8,13,22-25] Therefore, several organic 

and inorganic semiconductors, along with metal halide perovskites, were used to fabricate 

heterojunction PDs.[13,26-28] Among the inorganic semiconductors, nickel oxide (NiO) 

with high chemical stability is of prime importance and is a promising candidate for 

optoelectronic and energy/conversion applications.[29-32] 

Recently, self-powered perovskite-based PDs have attracted intense attention due 

to their independence, less complicated circuitry, and self-sufficient potential for device 

operation. These PDs depend on PV behavior to produce light current at 0 V bias, which 

is achieved by forming Schottky junctions with single perovskite crystals and p-i-n 

junctions.[33-35] However, these materials are thermally unstable and degrade in the 

ambient atmosphere.[35-36] This becomes a critical issue inhibiting device performance 

for real-time applications such as optical communication, imaging, sensing, etc.[37-39] 
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Therefore, a systematic study on degradation mechanisms and intrinsic modification within 

metal halide perovskite in the presence of a foreign layer is highly desirable. 

In this work, high-performance self-powered NiO and MAPI heterojunction PD are 

engineered in the ambient to observe a broad spectral response ranging from ultra-violet 

(UV) to visible spectra. The performance of self-powered PDs is probed at five different 

wavelengths of 290±5 nm (UV), 450±5 nm (Blue), 540±5 nm (Green), and 640±5 nm 

(Red) provides a thorough outline of the entire UV-VIS spectra (Fig. 5.1), which has been 

scarcely investigated in earlier reported studies. To account for the figure-of-merits of the 

PD, the responsivity (R), detectivity (D*), sensitivity (S), and On/Off ratio were measured 

at each probing wavelength. The self-powered PD delivered a responsivity of 33.39 mA/W 

for UV light, followed by 6.48, 2.57, 2.29, and 5.79 mA/W for blue, green, red, and white 

lights, respectively, at zero bias. Additionally, high detectivity in the order of 1010 Jones 

was observed. Further, the stability of the self-powered PD was studied for up to 58 days. 

Though the X-ray diffraction studies revealed the degradation of MAPI films contributed 

to the reduction in current, optimized content of PbI2 in MAPI films enhanced PDs 

performance due to the reduction of dark current. Overall, our findings suggest that NiO 

and MAPI heterojunction is promising to fabricate low-cost and high-performance self-

powered PDs for optoelectronic applications. 

 

Figure 5.1 Schematic of the self-powered NiO and MAPI heterojunction PD engineered 

to perform at different wavelengths in the UV-VIS region.  
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5.2 Experimental section 

5.2.1 Chemicals and reagents 

Nickel (99.5%, Alfa Aesar), Lead Iodide (99.9985%, Alfa Aesar), 

Methylamine Hydroiodide (TCI), N, N-Dimethylformamide (DMF) (Sigma 

Aldrich), Dimethyl Sulfoxide (DMSO) (Sigma Aldrich), Ethanol (SRL Chem), 

and Isopropyl Alcohol (SRL Chem) were used as received. 

5.2.2 Device fabrication 

The device was fabricated in the piecemeal processing of FTO, NiO, 

MAPI, and Au constituents. The schematic of the device fabrication process is 

shown in Fig. 2.3. FTO-coated glass substrates were ultrasonically cleaned 

sequentially with soap solution, DI water, acetone, and ethanol, which were 

further dried in hot air. The as-cleaned substrates were coated with highly 

transparent NiO thin films following the recipes reported in previous studies.[6] 

Initially, high-purity nickel metal (i.e., 99.5%) was thermally evaporated over 

FTO substrates and further oxidized for 3 hr in ambient at 580℃ to form NiO 

thin films. MAPI perovskite was deposited in the ambient with a two-step 

deposition process. 1.2 M lead iodide dissolved in 19:1 (DMF: DMSO) was spin-

coated on NiO films at 1500 rpm for 30 sec and further dried at 75 ℃ for 60 sec. 

It was further dipped in methylamine hydroiodide and isopropyl alcohol solution 

for 20 sec (10 mg/ml) to obtain reddish-brown perovskite films, which were 

rinsed in isopropyl alcohol to remove excess growth of perovskite and 

immediately spun at 4500 rpm for 10 sec to form smooth and transparent films. 

Transparent thin films converted into reddish-brown films upon heating at 

100 ℃ for 30 min were allowed to cool at room temperature. Further, Au was 

thermally evaporated through a shadow mask to form a counter electrode. The 

active area of the device was defined at 0.7 cm2. 

5.2.3 Characterization 

The surface morphology and thickness of each layer deposited were 

analyzed from Field Emission Scanning Electron Microscopy (FESEM, JEOL, 
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JSM-7610 F). Absorption spectra of NiO and MAPI films were recorded using 

a UV–Vis spectrophotometer (Shimadzu, UV-2600) to confirm the absorption 

range and bandgap. The structural and chemical variations in the MAPI films 

were recorded using an X-ray diffractometer (Bruker D2 Phaser) to understand 

the effect of light exposure on the device's performance. I-V conductance was 

measured using a Keithley Source meter 2401. Photo-sensing studies on the self-

powered PD were performed in the ambient utilizing a customized setup, placed 

inside a dark box to ensure the absence of any external light. Steady LED light 

sources of various wavelengths, i.e., 290, 450, 540, 640 nm, and white light with 

a constant power of 1.15 mW, were used to perform the photosensing studies. A 

minimum of 4 on/off cycles of photo illumination was studied with the sequential 

periodicity of 30 s light On and Off for each wavelength. I evaluated at the 90 

% change in the Ilight during light On and Off as shown in Eq. 5.1 and 5.2.[40] 

The sensitivity (S) of the NiO/MAPI heterojunction at a different probing 

wavelength was calculated with Eq. 5.3. The ratio of On current to that of Off 

current was calculated from Eq. 5.4. The ability to generate photocurrent per 

incident power (Pin) per illumination area (A) given by responsivity (R) is shown 

in Eq. 5.5. Conversely, detectivity (D*) defined as the ability of the self-powered 

NiO/MAPI heterojunction to detect minimum optical signal above the noise is 

shown in Eq. 5.6.[41-42] The rise time (Tr), the time taken by NiO/MAPI PD to 

switch from Off state to On state, was defined as the time required for the Idark to 

reach 90% of Ilight. Similarly, the fall time (Tf) was the time required for 

NiO/MAPI PD to switch from 90 % Ilight to Idark. Moreover, the content of PbI2 

is evaluated from Eq. 5.7. The critical parameter to understand the performance 

of PD was calculated using the following equations,  

𝐼𝑃ℎ𝑜𝑡𝑜 = 𝐼𝑙𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑎𝑟𝑘         (5.1)   

∆𝐼 = 90% 𝑜𝑓 𝐼𝑙𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑎𝑟𝑘        (5.2) 

𝑆 =
(90% 𝑜𝑓 𝐼𝑙𝑖𝑔ℎ𝑡−𝐼𝑑𝑎𝑟𝑘 )

𝐼𝑑𝑎𝑟𝑘 
       (5.3) 

𝑂𝑛

𝑂𝑓𝑓
𝑟𝑎𝑡𝑖𝑜 =

 𝐼𝑙𝑖𝑔ℎ𝑡

𝐼𝑑𝑎𝑟𝑘 
        (5.4) 

𝑅 =
 𝐼𝑃ℎ𝑜𝑡𝑜

𝑃𝑖𝑛 
         (5.5) 
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𝐷∗ =
𝑅

√2𝑞𝐽𝑑𝑎𝑟𝑘
          (5.6) 

𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑃𝑏𝐼2 =  
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑃𝑏𝐼2

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑃𝑏𝐼2+𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑀𝐴𝑃𝐼
× 100  (5.7) 

where Pin is the incident light energy, Jdark is the dark current density, and q is 

the electronic charge. 

5.3 RESULTS AND DISCUSSIONS 

5.3.1 Microstructure and band diagram 

 

Figure 5.2 (a) Schematics of the fabricated NiO/MAPI photodetector. (b) Cross-

sectional FESEM image of the NiO/MAPI photodetector (as highlighted with 

dotted lines in (a)). Pale blue, green, and red colors highlight the FTO, NiO, and 

MAPI, respectively. (c) Schematics of the corresponding band diagram. 

The self-powered PD was fabricated with FTO/NiO/MAPI/Au device 

architecture. The schematic of the fabricated self-powered PD is shown in Fig. 

5.2(a). The corresponding cross-section FESEM image of NiO and MAPI 

heterojunction formed over FTO coated glass substrate is shown in Fig. 5.2(b). 

The thin layer of NiO is stacked between FTO and MAPI. Three distinct layers 

were observed in the cross-sectional FESEM image and highlighted with pale 

blue (for FTO), green (for NiO), and red (for MAPI) colors. The estimated 
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thickness of FTO, NiO, and MAPI films was ~ 550-575, ~35-45, and~ 500-530 

nm, respectively. The observed thickness of NiO film is akin to our previously 

reported data.6 The corresponding band diagram of the NiO/MAPI 

heterojunction where PbI2 evolved with time (Fig. 5.2(c)) is prepared utilizing 

the energy levels from the literature,[6,43] reveals that the well-aligned energy 

levels of NiO and MAPI heterojunction can facilitate the collection of 

photogenerated charge carriers. However, the PbI2 formed from MAPI progress 

with time and tailors the energy levels alignment, which is expected to alter the 

PDs performance. Further the band bending occurring during the operation of 

the NiO/MAPI self-powered photodetector developing a built-in potential of 

~2.13 eV is shown in Fig. 5.3. 

 

Figure 5.3 Schematic for energy level band bending of self-powered 

NiO/MAPI photo detector. 

5.3.2 UV-Visible spectroscopy 

UV-Vis spectroscopy was used to record the absorption spectra of the 

fabricated NiO/MAPI heterojunction. The UV-Vis absorption spectroscopy of 

NiO thin films synthesized over FTO-coated glass substrates (Fig. 5.4) showed 

minimum absorption in the visible range (400 – 800 nm), allowing maximum 

visible wavelength to irradiate MAPI films. The NiO thin film absorption onset 

was observed at ~378 nm, and the corresponding bandgap of 3.28 eV was 

estimated by Tauc’s plot (inset of Fig. 5.4).  
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Figure 5.4 UV-Vis absorption spectrum and Tauc’s plot (inset) for estimating 

the bandgap of NiO films coated over FTO substrates. 

 

Figure 5.5 (a) UV-Vis absorption spectrum and corresponding (b) Tauc’s plot 

for estimating bandgap of MAPI films coated over plain FTO (i.e., 

CH3NH3PbI3/FTO) and NiO coated FTO substrates (i.e., CH3NH3PbI3/NiO/FTO 

corresponds to NiO/MAPI). 

Further, the absorption range and corresponding bandgaps of plain MAPI 

films and MAPI coated over NiO (i.e., NiO/MAPI) film are shown in Fig. 5.5(a) 

and (b), respectively. The pristine MAPI coated over FTO (i.e., FTO/MAPI) and 

MAPI film over NiO (i.e., FTO/NiO/MAPI) in NiO/MAPI heterojunction 

showed an excellent absorption range in the visible spectrum. A slight extension 

of the absorption range over 750 nm may be possible due to sub-band states 

arising from pinholes in the films. The bandgaps of 1.55 and 1.58 eV obtained 



123 
 

for FTO/MAPI and FTO/NiO/MAPI heterojunction, respectively, exhibited 

insignificant variations akin to the literature.[44-45] Even though NiO absorbs 

UV and MAPI absorbing visible spectrum independently, the NiO/MAPI 

heterojunction altogether absorbs both UV and Visible spectrum. However, the 

visible range absorption of MAPI film over NiO in heterojunction was higher 

than the MAPI film over FTO substrate, indicating NiO as a template enhanced 

visible range absorption. 

5.3.3 Field emission scanning electron microscopy 

  

 

Figure 5.6 Top view FESEM images of the (a) plain MAPI films coated over 

FTO. (b) MAPI films coated over NiO film. Inset shows their respective high-

magnification images. Schematics of (c) plain MAPI films coated over FTO and 

(d) MAPI films with pinholes coated over NiO film. 

Fig. 5.6 shows the FESEM micrographs of MAPI film deposited over 

plain FTO substrate (Fig. 5.6(a)) and NiO-loaded FTO substrate (Fig. 5.6(b)). 

Uniform grain growth of MAPI on the FTO substrates resulted in the formation 

of plain MAPI film over a large area. The high magnification micrographs to the 

inset of Fig. 5.6(a) revealed no pinholes in the plain MAPI films. Fig. 5.6(c) 

depicts the schematics of uniform grains of MAPI films coated over an FTO 

substrate. However, NiO over the FTO substrate has led to the formation of non-
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uniform grains along with a few secondary grains of MAPI. The high 

magnification FESEM image to the inset of Fig. 5.6(b) revealed a large number 

of pinholes of diameter between ~50 to 300 nm in MAPI film coated over NiO. 

Fig. 5.6(d) represents the schematic of many pinholes produced in the MAPI 

films coated over the NiO, typically observed with thermally evaporated metal 

oxide underlayer,[6,46] which can be tailored under controlled thickness or 

roughness of NiO film. Overall, plain MAPI films showed a larger area 

uniformity than MAPI films in NiO/MAPI heterojunction. 

5.3.4 Photodetector studies 

 

Figure 5.7 (a) I-V curves of NiO/MAPI heterojunction photodetector in the dark 

and under illumination. (b) Variation of responsivity and detectivity of 

NiO/MAPI heterojunction under white light illumination at the applied bias of 0 

to + 1 V. 

NiO/MAPI heterojunction formed over FTO coated glass substrate was 

subsequently tested for its application as UV and Visible light PDs. I-V curves 

in Fig. 5.7(a) highlight the apparent difference in dark current and light current 

under the illumination of different wavelengths. Additionally, the I-V curves at 

the applied voltage of -1 to 1 V are shown in the inset of Fig. 5.7(a). Further, Fig. 

5.8 (Left panel) highlights the distinct variation in Idark and Ilight at 0 bias for 

different wavelengths. This illustrates that photogenerated carriers at NiO and 

perovskite films, upon illumination for UV and visible light, produced a higher 

current for a fixed voltage than the dark. The built-in potential at the NiO/MAPI 



125 
 

heterojunction facilitates to operate in self-powered mode (i.e., at 0 V). The low 

shunt resistance in NiO/MAPI resulting from pinholes in MAPI and NiO films 

might have produced insignificant rectification. Consequently, the conductance 

of NiO/MAPI heterojunction was measured at a minimum voltage of 10 mV. 

The variation in conductance after illumination at different wavelengths is shown 

in Fig. 5.8 (right panel). The least conductance of 0.020 Ω-1 observed in the dark 

has increased further after illumination. UV illumination delivered the highest 

conductance of 0.029 Ω-1, followed by white (i.e., 0.027 Ω-1), blue (i.e., 0.026 Ω-

1), red (i.e., 0.02586 Ω-1), and green (i.e., 0.02546 Ω-1) light illumination. The 

variation in conductance depending on the probing wavelength can be attributed 

to the absorption intensity of NiO/MAPI heterojunction at these wavelengths.  

 
Figure 5.8 I-V curve under dark and illumination at 0 bias (Left panel). Probing 

wavelength-dependent variation in conductance evaluated from I-V curves of 

NiO/MAPI heterojunction (Right panel). 

The key parameters, such as responsivity and detectivity, were evaluated 

further to investigate the performance of NiO/MAPI heterojunction PD. Fig. 

5.7(b) shows a typical plot of applied bias (0 to +1 V) dependent variation in the 

responsivity and detectivity under white light illumination. The maximum photo 

responsivity of 5.79 mA/W and 29.2 A/W were observed for white light at zero 

bias and +1 V, respectively. The variation in the photo responsivity in the applied 

voltage range of +1 V to -1 V is shown in (Fig. 5.9). 
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Figure 5.9 Variation of photo responsivity of NiO/MAPI heterojunction under 

white light illumination at an applied bias of +1 V to -1 V. 

Furthermore, photo detectivity is one of the critical figures of merit for 

PD and is calculated to be 2.3 × 1010 Jones at zero bias and 2.2 × 1011 Jones at 

+1 V for visible light. The values of responsivity and detectivity for NiO/MAPI 

heterojunction PD are analogous to the conventional perovskite-based PDs 

consisting of multilayers of ETL-perovskite-HTL, which include NiO as a front 

HTL contact layer.[47-48] Further, the NiO/MAPI heterojunction was subjected 

to 30 s illumination cycles with different probing wavelengths under self-

powering mode (i.e., zero bias). Fig. 5.10 shows the light-sensing cycles of the 

as-fabricated devices under illumination wavelength of different regions/colors. 

The square wave-like sensing cycles were obtained for all the measurements, 

which confirms reversible and reproducible temporal photoresponse at zero bias. 

Six continuous cycles involving 60 s dark and light illuminations were performed 

to examine the stable light current at zero bias. The highest light current (i.e., 

Ilight) was obtained for UV illumination, followed by blue, green, and red-light 

illumination, which is akin to the absorption spectrum of NiO and MAPI thin 

films. Further, these transient measurements were used to evaluate the difference 

between Ilight and Idark (i.e., I), (Fig. 2.5.) and rise (Tr) & fall (Tf) time at 90 % 

of Ilight (Table 5.1) for each illuminating wavelength. The evaluated response 

time of 300 to 400 ms is akin to that of thin-film assembled perovskite-based 

PDs.[49-50] The low values of rise and fall time are not yet well understood. 

Still, they are believed to arise from the non-uniformity of NiO and MAPI 
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(pinholes), which leads to scattering of the incident illumination and a decrease 

in the shunt resistance of the heterojunction. 

 

Figure 5.10 Probing wavelength-dependent photo-response cycles of 

NiO/MAPI heterojunction. (Day1) 

Table 5.1 Summary of Tr and Tf calculated from the response cycles for self-

powered NiO/MAPI heterojunction on the 1st day. 

Probing wavelength (nm) Tr (ms) Tf (ms) 

290±5 (UV) 452±10 363±10 

450±5 (Blue) 345±10 290±10 

540±5 (Green) 332±10 319±10 
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640±5 (Red) 369±10 320±10 

White 320±10 305±10 

 

Figure 5.11 Probing wavelength-dependent variation in the (a) difference 

between Ilight and Idark (i.e., I), (b) sensitivity and On/Off ratio, and (c) 

responsivity and detectivity of NiO/MAPI heterojunction PD. 

The difference between Ilight and Idark (i.e., I), sensitivity, On/Off ratio, 

responsivity, and detectivity of the NiO/MAPI heterojunction PDs are 

thoroughly investigated from the temporal response shown in Fig. 5.11. Fig. 

5.11(a) shows the wavelength-dependent variation in the difference between Ilight 

and Idark (i.e., I). The self-powered NiO/MAPI heterojunction PD showed the 

highest I of 38.4 A for UV light at zero bias. However, the increase in the 

probing wavelength has decreased I. The probing wavelength of 450±5 nm 

(i.e., blue), 540±5 nm (green), and 640±5 nm (red) have resulted in reduced I 

of 7.46, 2.96, and 2.64 A, respectively. Nevertheless, white light, a mixture of 

all wavelengths of visible lights, showed I of 6.66 A. The probing wavelength-

dependent variation in I is in accordance with the measured conductance shown 

in Fig. 5.8 (Right panel). Fig. 5.11(b) reveals the variation in sensitivity and 

On/Off ratio of the self-powered NiO/MAPI heterojunction PDs. The highest 

sensitivity and On/Off ratio of 169 and 98, respectively, were observed for UV 

sensing. The probing wavelength relevant to blue, green, and red light has 

decreased the sensitivity to 71, 40, and 15, respectively. Similarly, the On/Off 

ratio has reduced from 98 to 14 after increasing the probing wavelength from 

UV to red. However, the sensitivity and On/Off ratio of 31 and 33 for white light-

sensing of self-powered NiO/MAPI PDs are in line with I for different lights. 
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Fig. 5.11 (c) shows the probing wavelength-dependent variation in responsivity 

and detectivity of self-powered NiO/MAPI heterojunction PD. NiO/MAPI 

heterojunction delivered a maximum responsivity of 33.39 mA/W at 0 bias for 

UV light, followed by 6.48, 2.57, 2.29, and 5.79 mA/W for blue, green, red, and 

white lights, respectively. Hu et al.11 have reported similar responsivity for UV 

light illumination, which decreased with increasing wavelength. It is argued that 

incident light with a smaller wavelength has higher energy to generate more 

electron-hole pairs under the same applied bias. However, in our case, it is worth 

mentioning that the NiO front contact layer contribution in the photocurrent 

under UV light illumination at the NiO/MAPI interface cannot be denied, as in 

NiO heterojunctions with silicon[51] and ZnO[52-53]. Further, the detectivity in 

order 1011 Jones was achieved for UV light. Further increase in probing 

wavelength to the visible region led to decreased detectivity (order of 1010 Jones). 

The high values of responsivity (above 1 mA/W) and detectivity (order of 1010 

Jones) reveal the good functionality of our device in the entire UV and visible 

spectrum. 

The MAPI perovskite can lead to deterioration in the performance of the 

PD. The moisture-induced degradation of MAPI can result in the formation of 

PbI2 and aqueous CH3NH3I, which fundamentally change the charge transport 

characteristics in MAPI films.[54] Therefore, to understand the temporal 

stability of ambient stored and self-powered NiO/MAPI heterojunction PD, the 

temporal cycles for each probing wavelength were measured at random intervals 

for 58 days. The sensing performance of NiO/MAPI self-powered heterojunction 

measured at zero bias for different probing wavelengths during the 4th, 14th, 28th, 

38th, and 58th day is shown in Fig. 5.12 and 5.13, respectively. The cyclic 

temporal performance degraded as the days progressed and disfigured on the 58th 

day (Fig. 5.14).  
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Figure 5.12 Probing wavelength-dependent photo-response cycles of 

NiO/MAPI heterojunction on the 4th (Left panel) and 14th (Right Panel) day.  

Therefore, the photodetection parameters for each incident wavelength 

were calculated up to 38 days (Fig. 5.15). As the days progressed, I of self-

powered NiO/MAPI heterojunction PD increased up to 14 days and decreased 

after that till 58 days (Fig. 5.15(a)). However, the 14th-day rise in I for the blue 

light might be due to the wavelength proximity of the blue and UV region. The 

optimal content of PbI2 resulted from the degradation of perovskite might be 

behind the maximum values of I on the 14th day. Similarly, high values of light 

current and responsivity were observed for a wide range of PbI2 content. It was 

concluded that the higher conduction band edge and lower valence band edge 
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energy levels of PbI2 than that of MAPI further suppress the electron injection 

from MAPI into the NiO (Fig. 5.2(c)). The MAPI degrades with time, and the 

evolution of PbI2 in MAPI takes place, resulting in suppressed dark current and 

increased responsivity. These observations are akin to literature reporting the 

enhanced photocurrent in NiOx: PbI2-based perovskite PDs.[47] Further, the 

sensitivity (Fig. 5.15(b)) and On/Off ratio (Fig. 5.15(c)) variation observed for 

probing wavelength (i.e., UV and Vis) on day 1 was continued till day 38. it is 

observed that both sensitivity and On/Off ratio were increased for white light 

from day 1 to the 38th day. This increase might be attributed to the reduction in 

Idark, though the decrease in Ilight can be witnessed after the 14th day.[47]  

 
Figure 5.13 Probing wavelength-dependent photo-response cycles of 

NiO/MAPI heterojunction on the 28th (Left panel) and 38th (Right panel) day. 
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Figure 5.14 Probing wavelength-dependent photo-response cycles of 

NiO/MAPI heterojunction on the 58th day. 

Table 5.2 Values of Tr and Tf in ms calculated for each probing wavelength as 

the days progressed. All the values are to be read with ±10 ms error. 

 Day 1 Day 4 Day 14 Day 28 Day 38 

Tr Tf Tr Tf Tr Tf Tr Tf Tr Tf 

UV 

Blue 

Green 

Red 

White 

452 

345 

332 

369 

320 

363 

290 

319 

320 

305 

290 

302 

301 

299 

320 

288 

293 

286 

289 

379 

292 

289 

305 

302 

475 

286 

295 

289 

287 

382 

284 

289 

287 

282 

286 

488 

218 

237 

252 

332 

380 

386 

475 

286 

383 

253 

253 

258 

245 

336 
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Figure 5.15 Time-dependent variation in the (a) difference between Ilight and Idark 

(i.e., I), (b) sensitivity, (c) On/Off ratio, (d) responsivity, and (e) detectivity for 

NiO/MAPI heterojunction PD. 

Furthermore, transient characteristics such as rise (Tr) and fall (Tf ) were 

investigated for different probing wavelengths between day 1 to the 38th day and 

are listed in supporting Table 5.2. The response time depends on the RC time 

constant and carrier transit time at the depletion width, and hence the response 

time has not changed significantly even though the degradation occurred in 

perovskite during the 38 days.[8,55] The slow response of the device might be 

because developed photodetectors are hole-only devices, and depletion width 

present at both sides of the perovskite. Moreover, the pinholes in MAPI and NiO 

films offer low shunt resistance, which can be improved further by forming a 

uniform and compact NiO underlayer and processing perovskite in a controlled 

environment. The improvement in the shunt resistance will drastically reduce the 

response time. Time-dependent variation of responsivity and detectivity of self-

powered NiO/MAPI heterojunction PDs is shown in Fig. 5.15(d) and Fig. 

5.15(e), respectively. The maximum responsivity of 40.56 mA/W was observed 
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on the 14th day for blue light, followed by UV, green, red, and white wavelengths. 

This is in line with the variation of I reaching peak value at the 14th day and 

suggest optimized PbI2 content was developed on the 14th day. Additionally, Fig. 

5.15(e) shows excellent detectivity in the order of 1010 Jones for NiO/MAPI 

heterojunction up to 38 days.  

 

Figure 5.16 Illumination days dependent XRD pattern of MAPI films. (inset 

shows XRD up to 35°). 

The moisture-induced degradation of MAPI films strongly influences the 

photoresponse of the self-powered NiO/MAPI heterojunction PDs. 

Consequently, it is important to understand the structural changes resulting from 

perovskite degradation with passing days in an ambient atmosphere. XRD 

patterns of MAPI films in NiO/MAPI heterojunction shown in Fig. 5.16 were 

measured before each sensing cycle on respective days. The XRD pattern of 

MAPI films in the inset of Fig. 5.16 reveals that the tetragonal phase is consistent 

with the JCPDS card no. 41-1445 and reported literature.[44,56-58] The 

signature peak observed at 12.65° (identified as *) represents the existence of 

PbI2.[59] The intensity of the peak at 12.65° was insignificant for as prepared 

NiO/MAPI heterojunction thin film on day 1, indicating the negligible existence 

of PbI2. However, a gradual increase in intensity reflects the formation of PbI2 

as the days progressed. The distinguishable existence of PbI2 was observed on 

day 4. The highest intensity of the PbI2 peak was observed on the 58th day. The 

peak intensity ratio of PbI2 (i.e., IDx/ID1, where x = 4, 14, 28, 38, and 58) has 
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increased from 11.46 to 35.58 from day 4 to day 58. The formation of the larger 

amount of PbI2 on day 58 might have disfigured the sensing cycle and drastically 

degraded the PD performance. The presence of an optimal amount of PbI2 in 

MAPI films might have resulted in an increase in I up to 14 days. The content 

of PbI2 in MAPI films on the 14th day was calculated with Eq. 5.7 and found to 

be 61±2 %. However, after 14 days, the degradation progressed further, and > 

62 % PbI2 content was observed in MAPI. The larger PbI2 content has suppressed 

optoelectronic properties of the MAPI perovskite light absorber (i.e., reduced 

Idark and Ilight) and gives rise to lower ΔI. These observations are akin to literature 

reporting the enhanced photocurrent in NiOx: PbI2-based perovskite PDs.[47] In 

total, it is observed that high-performance PDs can be fabricated by tailoring the 

concentration/formation of PbI2 in MAPI films.  

Table 5.3 Comparison of some important metal oxide-based self-powered MAPI 

perovskite-based PDs reported in the literature. 

S/N Device configuration 
Detectable 

λ (nm) 
Synthesis 

Detectivity 

(Jones) 
Ref. 

1. FTO/NiO/MAPI/Au 290 - 800 Ambient 1010 This 

study 

2. ITO/(FAPbI3)0.97(MAPbBr3)0.03/spi

ro-OMeTAD/Au 

254 Glove box 1011 [60] 

3. FTO/ZnO/MAPI/MoO3/Au 300-800 Glove box 1011 [22] 

4. FTO/TiO2/Al2O3/PCBM/MAPI/spi

ro-OMeTAD/Au/Ag 

400-800 Glove box 1012 [13] 

5. FTO/TiO2/MAPI/Spiro-

OMeTAD/Au 

300-800 - 1010 [23] 

6. FTO/ZnO-NR 

array/MAPI/MoO3/Au 

250-800 Ambient 1014 [24] 

7. ITO/PTAA/MAPI/C60/BCP/Cu 350-800 - 1012 [25] 

Further, the developed PD uses a p-n junction, unlike n-i-p or p-i-n 

junctions reported in the literature (Table 5.3). Recently, Nguyen et al. [60] 

demonstrated self-powered perovskite-based PD delivering performance similar 

to the present study, but the use of complex perovskite composition and an 

expensive spiro-OMeTAD is not cost-effective. On the other hand, the present 
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studies provide a candid guide to understand the effect of intrinsic modifications 

on the optoelectronic properties of organic-inorganic perovskites for application 

in self-powered PDs. 

5.4 Conclusion 

In conclusion, we have successfully fabricated a self-powered NiO/MAPI 

heterojunction PD in ambient conditions. NiO thin films were synthesized by thermal 

evaporation followed by oxidation, and the MAPI overlayer was coated with a two-step 

deposition process in the ambient. The multifunctional NiO film provided PD with both 

built-in potentials and also acted as a template to enhance the light absorption of the MAPI 

films. Thus, self-powered NiO/MAPI heterojunction PD showed high detectivity in the 

order of 1010 Jones. Further, the performance parameters of self-powered PD for each 

probing wavelength from UV to Visible were studied for up to 58 days stored in ambient. 

The x-ray diffraction (XRD) was recorded for up to 58 days to analyze the degradation of 

MAPI. The changes in performance parameters of self-powered PD were related to the 

degradation of MAPI films. These results not only explain the degradation of MAPI w.r.t. 

performance of PDs but also help in understanding the influence of intrinsic modifications 

of hybrid perovskite on the photoresponse of such perovskite heterojunctions used in other 

optoelectronic devices. This study will instigate the researchers to modulate the 

optoelectronic properties of metal halide perovskite through intrinsic modifications. 
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6.1 Introduction 

Recently, organic-inorganic hybrid PSCs have shown remarkable light-harvesting 

owing to their desired PV properties. With long charge diffusion lengths, high absorption 

coefficient, ease of processing, etc., researchers have achieved efficiencies close to 23 

%.[1] Miyasaka reported an initial description of the light-harvesting capabilities of 

organic-inorganic perovskite.[2] Then, these solar cells evolved through various 

modifications such as the use of solid electrolytes, tuning the bandgap of the light harvester, 

use of multiple organic transport layers, and utilization of different inorganic 

nanostructures as transport layers, and development of new device configurations, etc.[3-

9] In the case of device architectures, PSCs are broadly classified as mesoporous, planar, 

and carbon-based architectures. Further, PSCs are categorized depending on the sequence 

of deposition and type of transport layer as n-i-p and p-i-n configuration.[10] Owing to the 

fact that PSCs are the evolution of DSSCs, the majority of all device architectures and 

configurations use semiconducting transport layers.[11-17] Semiconducting transport 

layers are selected based on conduction band edge levels, mobilities of charge carriers, and 

absorption range, because conduction band edge mismatch could lead to recombination of 

photo-generated charge carriers, the difference in mobilities of the transport layer and light 

harvester will cause charge accumulation at their interface, and the absorption range 

decides the optical transparency to irradiate the light harvester respectively.[18] Therefore, 

many inorganic HTLs are developed and checked for their suitability in PSCs. 

Additionally, a variety of thin film techniques are used to coat the HTL. Despite such 

progress in inorganic transport layers, high-efficiency PSCs are realized by using 

expensive organic HTLs such as PTAA or spiro-MeOTAD, which hinder their use in PSCs 

owing to the use of hygroscopic dopants that trigger degradation of the perovskite layer, 

and the requirement of an inert atmosphere for processing.[19] Thus, to get through this 

problem, among all the inorganic transport layers, NiO is of prime importance and found 

to be a more promising candidate for optoelectronic and energy storage/conversion studies 

because of its chemical stability [20-23]. The use of NiO nanoparticle suspensions for the 

formation of NiO film produces residual ligands at low temperatures and hampers the 

performance of PSCs by controlling the coverage of overlaying perovskite absorber.[24] 

Even though the physical deposition methods, such as ALD, sputtering, laser deposition, 
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etc., ensures uniformity and reproducibility, involves high processing cost. However, low-

cost thermal evaporation of Ni followed by oxidation has gained recent interest to make 

optimized NiO thin films. Lai et al.[25] used e-beam evaporation to form bi-layer films of 

Ni and Au (5~10 nm) over a glass substrate, which was further oxidized in an oxygen (O2) 

atmosphere to increase the conductivity of NiO film through the inter-diffusion. Further, 

the incorporation of Cu in the bi-layer of Ni-Au resulted in an efficiency of 11.1 % after 

thermal oxidation.[26] However, the formation of thermally oxidized bi-layer and tri-layer 

may result in a chemically non-homogenous layer, reduced transmittance in the visible 

region, and also, usage of the O2 environment increases the cost. Recently, Abzieher et 

al.[27] used e-beam for direct evaporation of NiO thin film over transparent conducting 

oxide films, which involved the incorporation of excess O2 in the deposition process to 

obtain highly transparent NiO films. On the other hand, the utilization of reactive electron 

beam evaporation for the synthesis of NiO films conceived an efficiency of 11.5%.[28] 

Thus, the usage of O2 limits the steps toward low-cost film formation. Nevertheless, O2 

deficiency in the vacuum-processed NiO films possesses low transparency and limits the 

short circuit current density (JSC) of PSCs.[29-31]  

In this chapter, we report the engineering of a highly transparent NiO film using 

thermal evaporation of Ni metal followed by oxidation in a muffle furnace maintained at 

580℃ in an ambient atmosphere without any additional inclusion of O2. MAPI, a light 

harvester in the ambient atmosphere accompanied by thermally oxidized Ni films, is 

utilized to fabricate PSCs. The device fabricated conceived an efficiency of 9.71% with an 

enhanced JSC of 20.66 mA/cm2. 

6.2 Experimental details 

6.2.1 Materials and reagents 

Nickel (99.5%, Alfa Aesar), Lead Iodide (99.9985%, Alfa Aesar), 

Methylamine Hydroiodide (TCI), [6, 6]-Phenyl C61 Butyric Acid Methyl Ester 

(PCBM) (Sigma Aldrich), N, N-Dimethylformamide (DMF) (Sigma Aldrich), 

Dimethyl Sulfoxide (DMSO) (Sigma Aldrich), Chlorobenzene (99.8%, Sigma 

Aldrich), Ethanol (SRL Chem) and Isopropyl Alcohol (SRL Chem) were used 

as received. 
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6.2.2 Formation of NiO films 

Fluorine-doped tin oxide coated glass (FTO) was cleaned sequentially 

with soap solution, DI water, acetone, and isopropyl alcohol and dried with hot 

air. After that, these films were loaded in the customized thermal evaporator 

maintained at a high vacuum of 6x10-6 Torr and treated further under an argon 

plasma to maintain the high purity. The masked FTO was loaded over the 

substrate holder and kept vertically above at a distance of 10 cm from the Ni 

target. The Ni target was evaporated at an optimized temperature of ~1200℃ at 

various times, i.e., 70, 100, and 130 sec. and identified as N70, N90, and N130, 

respectively. Post-evaporated Ni films were further thermally oxidized in a 

muffle furnace at 580℃ for 3 hours without purging O2 gas externally into the 

furnace to obtain NiO thin films of various morphologies.  

6.2.3 PSCs fabrication 

MAPI was deposited in the ambient with a modified two-step deposition 

method. 1.2 M lead iodide was dissolved in 19:1 (DMF: DMSO) for optimized 

time and filtered through a 0.45 m Nylon filter. Lead iodide was spin-coated on 

NiO films at 1500 rpm for 30 secs and further dried at 75℃ for 60 sec. Further, 

the lead solution was reloaded at 4500 rpm for 10 secs and dried at 75℃ for 60 

secs to ensure pin-hole-free compact films. Lead iodide-coated films were 

dipped in methylamine hydroiodide solution in isopropyl alcohol for 20 sec 

(10mg/ml) to obtain reddish-brown films, which were rinsed in isopropyl alcohol 

to remove excess deposition and immediately spin-coated at 4500 rpm for 10 sec 

to form smooth, transparent films. Transparent thin films converted into reddish-

brown films upon heating at 100℃ for 30 min were allowed to cool at room 

temperature, and PCBM solution in chlorobenzene (15mg/ml) was spin-coated 

at 3500 rpm for 20 sec over the perovskite layer to form the ETL. In the end, the 

Au was thermally evaporated through a shadow mask to form the metal contacts. 

6.2.4 Characterization 

Absorption spectroscopy of NiO films was recorded using a UV-Vis 

spectrophotometer (Shimadzu, UV-2600) to confirm the absorption and band-
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edge evaluations. The morphology of pristine and perovskite over-layer loaded 

NiO films was confirmed using Field Emission Scanning Electron Microscopy 

(FESEM, JEOL, JSM-7610 F). Energy dispersive x-ray spectra (EDS, Oxford 

Instruments, X-MaxN) of NiO film were recorded to identify the elements in the 

films. The thickness of the NiO films was confirmed from AMBIOS XP-1 

Profiler with a stylus tip radius of 2 microns and vertical resolution of 1Å at 10 

m. Samples were probed from the substrate onto Nickel film to obtain the film 

thickness. The large area 3D surface topography of oxidized films was recorded 

in tapping mode utilizing atomic force microscopy (AFM, PARK NX 10). 

Photoluminescence (PL, Dongwoo Optron DM 500i) spectra were obtained by a 

photoluminescence analyzer to understand the hole transfer kinetics at the 

perovskite/NiO interface. Current-voltage (I-V) characterization of PSCs was 

measured with simulated solar light conditions (Photo Emission Tech., 

CT50AAA) calibrated to 1 sun condition (AM 1.5G) using NREL certified 

silicon reference cell. All the mentioned solar cell performance values were 

averaged for 6 cells. 

6.3 Results and discussions 

6.3.1 Microstructure of NiO thin film 

Thermal evaporated Ni film followed by oxidation to form NiO film is 

employed in the planar inverted hetero-junction PSCs. The thermally evaporated 

Ni film was annealed at 580℃ to transform into NiO. Fig. 1 shows the surface 

morphology of thermally oxidized Ni film evaporated for 70, 100, and 130 sec. 

The optimized evaporation time of 70, 100, and 130 sec resulted in the formation 

of ~15, ~30, and ~35 nm thin layers, respectively, over the FTO. The keen 

observation of the top view FESEM image illustrates that the evaporation of the 

Ni target at 70 sec resulted in the formation of Ni islands-like films (Fig. 6.1(a)) 

over the FTO-coated glass substrate. The supply of Ni vapors with an increased 

evaporation time of 100 sec resulted in the formation of large numbers of islands 

converging to form a continuous film (Fig. 6.1(b)). Moreover, those individual 

islands of NiO have grown further with an increase in the evaporation time of 
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130 sec (Fig. 6.1(c)) and form the porous NiO thin film of nanoparticles with 

clearly visible textural boundaries. The formation of NiO islands over the FTO 

is schematically represented in Fig. 6.1(d).  

 
Figure 6.1 Top view FESEM images of the NiO films obtained after the 

oxidization of pure Ni films synthesized at an evaporation time of (a) 70 sec. 

(i.e., N70), (b) 100 sec (i.e., N100), and (c) 130 sec (i.e., N130). Inset shows their 

respective high-magnification images. (d) High-magnification FESEM image 

showing the growth of island-like NiO morphology (i.e., N70). Island-like 

morphologies are traced with dotted red lines. The inset shows the correlated 

schematic of island-like features of N70. 

6.3.2 Energy dispersive x-ray spectroscopy 

The energy dispersive x-ray spectra of the films N70, N100, and N130, 

were recorded to confirm the time-dependent variation in the NiO content and 

the presence of the elements Ni and O. Fig. 2 confirms the formation of NiO 

films without any impurities. The peaks of only O and Ni, along with F, Sn, and 

Si observed for all NiO films (Fig. 6.2(a)), confirm the absence of any kind of 
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impurities in the NiO films. Moreover, the intensity of the Ni peaks (Fig. 6.2(b)) 

increased with respect to evaporation time. The formation of the discontinued 

island-like growth of NiO in N70 films has resulted in a less intense Ni peak, and 

it increased further for N100, where the convergence of island-like features 

forms unbroken NiO films. The pronounced peaks of Ni and O were observed in 

N130 films due to a further increase in the thickness of porous NiO films. The 

atomic % of Ni increased to 1.6 %, 8.3 %, and 9.1 % with the time of evaporation 

for N70, N100, and N130, respectively. These observations confirm the increase 

in the quantity of NiO, which means the increase in the formation of islands 

and/or thickness of the NiO film. Moreover, the apparent reduction in the 

intensity of Sn and Si peak for the N70, N100, and N130 films with an increase 

in the evaporation time reconfirms the increase in the thickness of NiO film, 

respectively. 

  
Figure 6.2 (a). EDS spectra of the oxidized N70, N100, and N130 NiO films. (b) 

magnified EDS spectra of the Ni peaks highlighted in figure (a) indicate the increase 

in NiO with an evaporation time. 

6.3.3 Atomic force microscopy 

The topographic images obtained by AFM in tapping mode over the area 

of 5 m2 of all oxide films developed on the FTO-coated glass substrates (Fig. 

6.3). The topographic images of N70 oxide film confirm the discontinued growth 

of island-like features on FTO (Fig. 6.3(a)). The growth of islands of 

approximate width of 900 nm over the large area resulted in surface roughness 
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of 21.56 nm. However, the increase in the evaporation time to 100 sec illustrates 

the growth of more numbers of islands (Fig. 6.3(b)). The increase in the number 

of islands has been reflected in the better coverage over the FTO surface, with 

negligible change in roughness (i.e., 22.65 nm). However, the individual NiO 

islands have grown further for an evaporation time of 130 sec and produced a 

more compact appearance than N100 (Fig. 6.3(c)). The topography of N130 

oxide films illustrates the formation of thin NiO film with a small increase in 

roughness (i.e., 22.77 nm). These observations are akin to the FESEM analysis 

provided in Fig. 6.1. Therefore, the proposed technique shows promise toward 

scaling up highly transparent NiO for their unitization in the real-time fabrication 

of solar cells. 

 
Figure 6.3 Surface topography images of the NiO films obtained after the 

oxidization of pure Ni films synthesized at an evaporation time of (a) 70 sec. 

(i.e., N70), (b) 100 sec (i.e., N100), and (c) 130 sec (i.e., N130). 
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6.3.4 UV-visible spectroscopy 

 
Figure 6.4 (a) UV-Vis absorption spectra and corresponding (b) Tauc’s plot of 

oxidized Ni films. Inset to photographs in (a) shows the transformation of 

metallic grey Ni films into highly transparent NiO films 

A thin transparent layer of NiO is one of the prerequisites to ensure the 

absorption of light for better solar energy conversion. Fig. 6.4(a) shows the 

absorption of NiO films in the ultra-violet and visible range. The thermal 

evaporated Ni films appear shiny grey (upper inset of Fig. 6.4(a)) and are 

converted into transparent NiO films (lower inset of Fig. 4(a)) after the annealing 

at 580℃. The film N70 showed the lowest absorption in both the visible and 

ultra-violet regions than that of the films N100 and N130. The island-like 

discontinued morphology of NiO in the film N70 has resulted in the lowest 

absorption in the visible range, which is further increased with an increase in the 

size of islands and thickness of the film in N100 and N130. Furthermore, the 

evaporation for 100 and 130 seconds showed significant absorption in the ultra-

violate region and confirmed the increase in the thickness of the films with 

increased evaporation time. Thus, the highly transparent island-like morphology 

of N70 samples synthesized utilizing thermal evaporation in the ambient 

atmosphere without any inclusion of external O2 during annealing confirms the 

suitability of thermal evaporation for the fabrication of low-cost solar cells. 

Furthermore, the bandgap of all the samples was estimated from absorption 

spectra. The bandgap evaluated from Tauc’s plot in Fig. 4(b) is 3.48 eV, 3.40 
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eV, and 3.44 eV for the films evaporated at 70 (i.e., N70), 100 (i.e., N100), and 

130 (i.e., N130) sec., respectively. The bandgap values obtained are in agreement 

with the literature [32] and again confirm the formation of NiO thin films.  

6.3.5 Microstructure of perovskite over layer  

 

 
Figure 6.5 FESEM image of an overlayer of CH3NH3PbI3 perovskite absorber coated 

on the (a) N70, (b) N100, and (c) N130 films. Inset shows their respective high-

magnification FESEM images. Pinholes are marked with red circles. 

The well-optimized transparent NiO films are further subjected to the coating 

of the absorber overlayer of the perovskite materials. Fig. 6.5 shows the surface 

morphology of the single cationic perovskite absorber overlayer coated with a modified 

two-step method along the surface of the NiO films. The perovskite absorbers overlayer 

on N70 film resulted in the complete coverage of the NiO (Fig. 6.5(a)) with uniform 

secondary grains due to the modified coating method used to deposit the perovskite 

absorber. Although a similar perovskite absorbers overlayer was formed on the N100 

films, few pinholes are observed in the absorber overlayer (Fig. 6.5(b)). The number of 

pinholes increased further for the N130 film (Fig. 6.5(c)). The pinholes in the 
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perovskite absorber overlayer might be propagated from the rough and porous structure 

of underneath NiO film. Thus, a relatively smooth, uniform, and pinhole-free 

perovskite over layer on the NiO islands (i.e., N70) is the preferred texture to gain high 

solar energy conversion. 

6.3.6 Photoluminescence spectroscopy 

 
Figure 6.6 Steady-state photoluminescence (PL) spectra of CH3NH3PbI3 

perovskite absorber coated over N70, N100, and N130 films. 

PL spectroscopic measurements provide insights into charge separation 

at the perovskite/ HTL interface. The sample preparation was done by coating 

the perovskite absorber over multiple NiO films. The PL peak intensities for all 

the samples were recorded at around 760 nm. This value is in accordance with 

the literature [33] confirming the formation of a MAPI perovskite absorber. The 

variations in the intensity of the PL peaks describe the extent of charge injection 

from the perovskite absorber to that of NiO films, i.e., the degree of hole 

quenching property of NiO films. PL intensities of perovskite absorber overlayer 

on the NiO thin films (i.e., N70, N100, and N130) are shown in Fig. 6.6. PL 

spectroscopy was used to study the carrier dynamics at the perovskite/NiO 

interface, i.e., the hole quenching property of NiO films. PL intensities of 

perovskite absorber overlayer on the NiO thin films (i.e., N70, N100, and N130) 

is shown in Fig. 6.6. The PL intensity has varied with the quantity and thickness 

of the NiO island and film. The highest intensity of PL was observed for the 
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N130 film, where isolated islands were converted into the porous thin film. 

Further reduction for the N100 film confirms the improvement in the junctions 

of the perovskite absorber overlayer with the discontinuous film of NiO islands. 

The largest quenching observed in N70 samples is assigned to the infiltration of 

the perovskite absorber into the island-like NiO film, increasing the effective 

junction area between the perovskite absorber overlayer and the NiO film. Thus, 

low PL intensity with N70 films indicates fast hole injection by removing an 

excess hole from the perovskite absorber, avoiding recombination in the 

absorber. A similar hole-quenching behavior is reported in spiro-MeOTAD and 

CuSCN, which were further observed to have a conclusive effect on the PCE.[15] 

6.3.7 PV studies 

 

Figure 6.7 Schematic illustration of the energy band levels of the fabrication 

prototype solar cell. 

The performance of thermally oxidized Ni metal films as an HTL in 

inverted PSCs was examined for the device with the configuration of 

FTO/NiO/MAPI/PCBM/Au. Fig. 6.7 illustrates the schematic of the energy band 

diagram of the solar cell encompassing the controlled NiO, MAPI, and PCBM 

over layers. Well-aligned energy levels of each layer facilitate the charge 

extraction to the external circuit. The values of energy levels of each layer 

considered in the schematic representation are reported in the literature.[34] The 

J-V measurements were performed over the active area of 0.15 cm2
 of well-



157 
 

designed cells. The J-V curves of the champion cells are shown in Fig. 6.8. The 

higher Jsc observed for the film N70 has reduced further with the increase in the 

thickness of NiO film (i.e., N100 and N130) after illumination. The performance 

of the champion cells fabricated with different NiO films is given in Table 6.1. 

The cells fabricated of single cationic MAPI absorber overlayer coated island-

like NiO film (i.e., N70) delivered the highest PCE of 9.71% with JSC of 20.66 

mA/cm2, open circuit voltage (VOC) of 973 mV, and FF of 48 %. The high 

efficiency in N70-based cells is mainly due to an optically engineered island-like 

film.  

 
Figure 6.8 J-V curves of the champion cells consisting of CH3NH3PbI3 

perovskite absorber overlayer and NiO films, i.e., N70, N100, and N130. Solid 

lines in the J-V curves are guidelines for the eye.  

Table 6.1 Performance parameters of champion cells consisting of CH3NH3PbI3 

perovskite absorber overlayer and NiO films. 

Device Current Density 

(mA/cm2) 

Open Circuit 

Voltage (VOC) 

Fill Factor 

(%) 

Efficiency 

(%) 

N 70 20.66 973 48 9.71 

N 100 18.24 975 47 8.33 

N 130 16.02 947 47 6.97 
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Figure 6.9 Distribution of (a) efficiency, (b) current density, (c) open circuit 

voltage, and (d) fill factor obtained for the 6 independent cells consisting of 

CH3NH3PbI3 perovskite absorber coated N70, N100, and N130 films. 

The statistic of the performance of the six independent cells consisting of 

NiO films, i.e., N70, N100, and N130, is represented in Fig. 6.9. The variation 

in efficiency for cells fabricated with various NiO films is as shown in Fig. 

6.9(a). Optically managed NiO (N70) films have shown higher efficiency as 

compared to N100 and N130 films. The cells with N70 showed an increase of 

39.3 % in PCE compared to the N130 film. The increase in efficiency is directly 

related to the corresponding rise in JSC, as shown in Fig. 6.9(b). The highest JSC 

obtained for tailored N70 films is a resultant of its transparency in the visible 

region, which is 41.4 % larger than the N130 film. This high increment in JSC 

was strategically achieved with island-like features obtained in N70 films. 

Further, the variation in VOC for cells with different NiO films is shown in Fig. 

9(c). The VOC of PSCs with N70 and N100 samples remained almost akin but 
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decreased further with N130 films. This decrease observed in VOC might be the 

contribution of the roughness and holes identified in the N130 film. The series 

resistance (RS) and shunt resistance contribute to FF. The variation in FF for 

various devices is shown in Fig. 9(d). FF for all champion cells remained almost 

the same. The lower values of FF factors can originate from the quality of the 

perovskite and PCBM films deposited in ambient conditions. Therefore, a further 

increase in FF is possible to achieve if one fabricates the solar cells in an inert 

atmosphere. Further, the stability studies were performed for 144 h to understand 

the stability of solar cells composed of NiO, MAPI, and PCBM.  

 
Figure 6.10 The stability study performed on the champion cells consisting of 

NiO, CH3NH3PbI3, and PCBM. 

Champion cells fabricated using N70, N100, and N130 oxides films were 

considered for stability studies. Fig. 6.10 shows the variation of normalized PCE 

with time. Even though all the cells fabricated in ambient conditions contain 

PCBM as ETL, the T80 lifetime (i.e., the time at which a solar cell operates at 

80% of its initial performance)[35] of solar cells fabricated with N70, N100, and 

N130 oxide films is 24 hr, 34 hr, and 60 hr, respectively. Further, the 

measurements were performed for the next 144 hr and found a retention value of 

60 % for all the devices. In the present work, thin films of NiO were 

accomplished by thermal evaporation of Ni metal only. The bi-layer and tri-layer 

of noble metals like Au or Ag [25, 26] were not engaged to enhance the 

conductivity of NiO. Routledge et al. [28] reported a high efficiency of 11.5 % 
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for NiO thin films, which were obtained by providing an in-situ O2 atmosphere 

during the evaporation of the Ni target. Further, those cells were processed in an 

inert atmosphere with high-yield absorbers. Moreover, few recent reports on the 

direct evaporation of NiO compound for PSCs have employed O2 during 

deposition to attain transparency.[27] However, in the present study on the use 

of a single cationic MAPI perovskite light absorber, the efficiency of 9.71% fits 

into the highest values reported with undoped NiO films obtained from the 

thermal evaporation of Ni followed by oxidation. Further optimization shall lead 

to higher performance. 

6.4 Conclusion 

In conclusion, Ni films were thermally evaporated at optimized evaporation times 

and further oxidized to form a highly transparent NiO thin film. The optimized evaporation 

time of 70 min leads to the formation of an island-like NiO feature without the inclusion 

of O2 during both evaporation and oxidation. The increase in evaporation time has resulted 

in the growth of porous films at the expanses of island-like features. The NiO films show 

competent solar cell performance when processed with single-cation MAPI perovskite as 

a light absorber in an ambient atmosphere. The high transparency of the island-like NiO 

films and its complete coverage by perovskite absorbers overlayer resulted in the enhanced 

value of JSC and hence in the efficiency of 9.71%. Further, the method proposed here for 

the formation of highly transparent metal oxide films can be extended for other inorganic 

transport layers helping in the optical management of the thin films to improve efficiency. 
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7.1 Introduction 

Energy harvesting is one of the major modern-day problems for attaining a 

sustainable future. Among the various approaches introduced, the effective harnessing of 

renewable solar energy can satisfy the upcoming energy demands.[1] Various photovoltaic 

technologies have been introduced since the discovery of crystalline silicon solar cells. The 

CIGS,[2] CZTS,[3] CdTe,[4], etc., established to find a better alternative to the crystalline 

Si solar cells, are suffering from complex processing protocols. Therefore, DSSCs [5] and 

organic PSCs [6, 7] introduced with heterojunctions to generate and transport carriers [8] 

are fascinating modern-day. Even though various encapsulation techniques are established 

for PSCs, the poor long-term stability has slow-down their commercialization. [9, 10] 

Therefore, engineering a novel light harvester that can provide both high PCE and long-

term stability is of utmost importance. 

Recently, spinel-structured p-type copper bismuth oxide (CBO) with AB2O4 

formula where a 3D array of [CuO4]
6- distributed along the c-axis and isolated by Bi3+ ions 

show excellent panchromatic visible light absorption (Eg = ~1.5 eV).[11,12] The valence 

band of CBO comprising hybrid Bi(6s), Cu(3d), and O(2p) orbitals offers accelerated 

mobility of photogenerated charge carriers showing excellent efficiency in photocatalytic 

hydrogen evolution and photocatalytic organic dye-degradation applications.[13,14] The 

light-harvesting capability of CBO is comparable with Si and perovskite absorber material. 

Therefore, it is possible to achieve efficiency comparable to Si and perovskite-based solar 

cells (Fig. 7.1(a)). Unlike perovskite, CBO, an inorganic material, is resistant to moisture 

and UV degradation, which improves the long-term stability of the device. Therefore, it is 

necessary to evaluate the capability of CBO as a light harvester in thin-film solar cells. On 

the other hand, in the ABO3 PO structures, where the A-site ion is usually a rare-earth 

element or an alkaline earth metal situated at the center of the lattice, the B-site ion is a 

transition metal positioned at the lattice corners and possesses a bandgap ranging from 1.4 

to 3.8 eV. Additionally, POs offer tunable physical, chemical, and optoelectronic 

properties, depending on the substitution of the ions and distortion in the ABO3 

structure.[15] The POs are synthesized in numerous morphology using different techniques 

such as sol-gel, electrospinning, co-precipitation, hydrothermal, sonochemical, 

microemulsion, etc.[16] are employed in various multifunctional applications, namely 
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solar cells,[17,18] photocatalysis,[19] light-emitting diodes,[20] electrochemical 

devices,[21] etc. Moreover, POs are used in solar cells as the n-type buffer/transport layers 

or photoanodes to form a p-n junction. Transparency to visible spectra, compatible band 

energy level alignment with absorber, and minimum recombinations at the interface with 

absorbers are critical factors for selecting a suitable POs buffer layer for the solar cells. 

Among various POs buffer layers, SrTiO3 (STO), BaTiO3 (BTO), SrSnO3 (SSO), and 

BaSnO3 (BSO) are found suitable to fulfill the requirements of an excellent transport layer 

in PSCs. The maximum efficiencies obtained using these PO transport layers vary between 

12-21 % in the PSCs (Fig. 7.1(b). However, the intervention of the lead iodide layer at the 

interface between the transport and perovskite absorber layer degrades the performance 

drastically. Therefore, the solar cell fabricated using CBO light harvesters with these PO 

buffer layers will be highly stable and environmentally friendly, unlike PSC, which is 

hazardous, moisture and UV sensitive, and suffer from long-term stability (Figure 

1(c)).[22] Therefore, evaluating the potential of CBO light harvesters and PO buffer layers 

is of scientific importance. Several morphologies of CBO nanostructures are synthesized 

using various techniques, namely sol-gel,[23] solid-state,[24] hydrothermal,[25] electro-

deposition,[24], etc. However, experimentally evaluating the performance of kusachiite 

solar cells with various PO buffer layers is a myriad task. Nevertheless, researchers utilize 

several software packages, namely finite difference time domain method (FDTD), 

SILVACO ATLAS, wxAMPS, AFORS-HET, etc., to simulate solar cells.[26] Among 

these software packages, SCAPS-1D, developed at Gent University, Belgium, offers a 

simulation of heterojunction and multi-junction solar cell devices. Hosen et al. simulated 

the capabilities of CBO as an absorber layer in thin-film solar cells with 

Al/FTO/CdS/CBO/Ni device architecture and estimated 26 % PCE for optimum thickness 

(i.e., 2000 nm) of the CBO light absorber.[27] However, complex device architecture 

involving the toxic metal sulfide buffer layer demotivated the scientific community to 

explore the practical implementation of CdS/CBO-based devices. Therefore, all oxide solar 

cell consisting of CBO absorber and AB2O4 buffer layers is of scientific importance. To 

our best knowledge, the CBO-based kusachiite solar cell devices comprising different 

buffer PO films and CBO light harvester is not yet reported in the literature. 
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In this chapter, we use the SCAPS-1D program to assess the potential of CBO light 

harvester with different POs buffer layers, namely STO, BTO, SSO, and BSO. The device 

configuration and schematics of the band diagram of kusachiite solar cells comprising 

ITO/PO/CBO/metal contacts are shown in Fig. 7.1(c). The solar cell performance 

parameters of the proposed kusachiite solar cells, such as PCE, VOC, JSC, and FF, are 

analyzed by varying the thickness, doping, and defect densities of the subsequent films. 

Additionally, several rear metal contact or counter electrode are implemented to understand 

its feasibility. The variation in the device performance at elevated operating temperatures 

is studied to gauge their real-time viability. The well-optimized kusachiite solar cells 

comprising the SSO buffer layer deliver a PCE of ~23%, which is competitive with its 

counterparts like SI, CIGS, and PSCs. 

 
Figure 7.1 Schematics of (a) comparison of Shockley-Queisser efficiency limits of various 

light harvesters, (b) comparison of PCE for perovskite solar cells with different perovskite 

transport materials, and (c) solar device architecture (upper panel) and band alignment 

(lower panel) of the p-type CBO light absorber and various n-type ABO3 buffer layers (The 

values in the lower panel are in eV). 

7.2 Device modeling and simulation 

The device architecture of all oxide solar cells with ITO/PO/CuBi2O4/Au 

considered in this study is shown in Fig. 7.1(c). The ITO-covered glass substrate is the 

transparent conducting electrode, and Au is the rear metal contact. Various n-type 

perovskite buffer layers are studied with a p-type CBO kusachiite light harvester. The 

Energy band diagram of p-type CBO with respect to the n-type PO buffer layers is shown 

in Fig. 7.2. The lower conduction band offset between CBO absorber and STO, BTO, SSO, 
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and BSO buffer layers are 0.32 eV, 0.34 eV, 0.18 eV, and 0.47 eV, respectively, offers 

smooth charge transportation and higher charge collection efficiency at CBO/MO 

interface. The lowest conduction band offset for CBO/SSO results in higher device 

performance for solar cells with an SSO buffer layer. The high potential barrier between 

the valence band maximum of CBO and STO, BTO, SSO, and BSO buffer layer of 2.22, 

2.25, 2.74, and 2.05 eV, respectively, are sufficiently high to restrict the flow of positive 

carriers towards POs. Also, the high energy barrier minimizes recombination at the 

CBO/PO interface. The simulations of all oxide solar cells are carried out with AM 1.5G 

at an incident power density of 100 mW/cm2.SCAPS 1D programming is an incredible 

asset that breaks down and reproduces heterojunction and multijunction solar cells. The 

fundamental semiconductor equations utilized in the SCAPS 1D programming are 

discussed in Chapter 2 (Eq. 2.16 to 2.20). SCAPS-1D simulation includes loading the 

required material and physical properties of subsequent layers of CBO and POs to solve 

these equations in one direction by applying boundary conditions at the interfaces. The 

physical and defect parameters used in the simulation of solar devices consisting of CBO 

and POs are tabulated in Table 7.1. 

Table 7.1. The physical parameters used to analyze and optimize solar cell properties.  

Parameter ITO STO BTO SSO BSO CBO 

Bandgap Eg (eV) 3.5 3.2 9 4.1 3.1 1.5 

Electron affinity χ (eV) 4 4 3.76 3.64 4.2 3.72 

Dielectric constant ε 9 8.7 60 17.8 22.3 34 

CB effective density of 

states Nc (/cm3) 
2.2×1018 1.7×1019 1.19×1020 6.37×1018 6.37×1018 1.2×1019 

VB effective density of 

states Nv (/cm3) 
1.8×1018 2×1020 1.34×1020 6.37×1019 6.37×1018 5×1019 

Thermal velocity of 

electrons Vth,e (cm/s) 
1×107 1×107 1×107 1×107 1×107 1×107 

Thermal velocity of holes 

Vth,p (cm/s) 
1×107 1×107 1×107 1×107 1×107 1×107 

Electron Mobility µn 

(cm2/Vs) 
20 5300 1 55.8 150 1.1×10-3 

Electron mobility µp 

(cm2/Vs) 
10 660 0.3 55.8 150 1.2×10-3 

Shallow uniform donor 

density ND (/cm3) 
1×1018 2×1016 1019 3.7×1018 1.4×1019 0 
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Shallow uniform acceptor 

density NA (/cm3) 
0 0 0 0 0 3.7×1018 

Ref. [36] [37] [38, 39] [40, 41] [42-44] [27] 

 
Figure 7.2 Energy band diagram of p-type CBO light absorber and various ABO3 buffer 

layers utilized for kusachiite solar cells. 

7.3 Results and discussions 

7.3.1 Effect of CBO thickness 

Optimization of the thickness of subsequent layers of thin-film solar cells 

is the essential criterion for achieving high performance. With all the all-physical 

parameters as tabulated in Table 7.1, the kusachiite CBO light harvester 

thickness is varied from 100 to 1400 nm. As the thickness of CBO films increases 

to 1400 nm, the corresponding rise in the PCE is observed for all perovskite 

buffer layers (Fig. 7.3), which results in a PCE of 22.53 %, 23.11 %, 23.04 %, 

and 20.73 % for STO, BTO, SSO, and BSO, respectively. Nevertheless, when 

the thickness of the CBO light harvester is increased beyond 900 nm, the PCE 

saturates for all perovskite buffer films. The VOC of the device changed 

marginally with the increase in absorber thickness because the band offset 
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between CBO/POs is independent of the thickness of the absorber layer and does 

not contribute to the increment in the PCE. FF can be defined by the presence of 

parasitic resistance within the equivalent diode model. However, here we only 

changed the absorber layer thickness; the marginal change in FF should be 

addressed primarily as bulk-induced changes, or losses, rather than conventional 

parasitic changes.[45] The increase in PCE with increasing the thickness of the 

CBO light harvester results mainly from a corresponding rise in JSC originating 

due to higher photogeneration in thicker CBO absorber films. However, 

increasing the thickness of CBO absorber films beyond their charge diffusion 

length will lead to carrier recombination declining performance.[46] The thin 

films of the CBO buffer layers can be synthesized using various thin-film 

techniques, but highly reproducible techniques which can be scaled up for batch 

processing should be considered.  

 
Figure 7.3 The effect of CBO light absorber thickness on the performance of 

solar cells comprising 100 nm thick buffer layers of various PO buffer layers.  
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7.3.2 Effect of PO buffer layer thickness 

 
Figure 7.4 The effect of PO buffer layers thickness on the performance of solar 

cells with optimized 900 nm thick CBO absorber layer. 

Given the experimentally feasible thin-film techniques, the thickness of 

the n-type PO layer is varied (with CBO 900 nm) from 50 to 400 nm (Fig. 7.4). 

Further increase in thickness beyond this range will lead to blinding of the 

irradiation striking the perovskite absorber. Moreover, a further increase in the 

thickness of the PO buffer layer has not affected the VOC, JSC, and FF of the 

device; thus, PCE remains unchanged. The VOC and FF depend on the band offset 

energy level and the internal parasitic resistance, which is independent of the 

buffer layer thickness.[45] The POs buffer layer is transparent to visible light 

due to its large wide bandgap, and the increase in thickness has not shown an 

effect on the photogenerated charge carrier; thus, JSC remains constant. However, 

different perovskite buffers of STO, BTO, SSO, and BSO offered PCEs of 21.81, 

22.46, 22.29, and 19.7 %, respectively, at the thickness of 400 nm. The VOC, FF, 
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and JSC vary for different buffer layers depending on the intrinsic carrier 

conductivity and mobility.[47] Various thin-film techniques ranging from wet 

chemical deposition to vacuum deposition can be used to deposit PO films. 

However, the techniques which offer low-temperature synthesis with high 

uniformity and reproducibility should be adopted.[48]  

7.3.3 Effect of acceptor and donor doping density 

 
Figure 7.5 The effect of (a) acceptor doping density in CBO absorber films and 

(b) donor doping density in perovskite buffer films on the performance of 

kusachiite solar cells. 

Further, to enhance the electrical properties of the p-type CBO light 

harvester, the acceptor density of the CBO light absorber is varied from 1017 to 

1022 cm-3, as shown in Fig. 7.5(a). Practically, the doping densities are controlled 

using suitable dopants. Various synthesis protocols can assist in increasing the 

doping density in both n-type POs buffer and CBO absorber layers. As the 

acceptor doping density increases, the PCE of the device increases for all PO 

buffer layers. PCEs of 26.03, 26, 25.91, and 25.59 % are obtained for STO, BTO, 
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SSO, and BSO, respectively, at a CBO acceptor density of 1022 cm-3. The 

increase in PCE is credited to the corresponding increase in VOC and FF, 

originating from the change in band offsets at the perovskite buffer and CBO 

absorber interface arising with the increase in CBO acceptor doping 

concentration.[49] The reduction in JSC for all POs buffer films is ascribed to the 

higher recombination rate and a reduction in charge carrier mobility.[50]  

Similar to CBO light harvester, the donor doping density in n-type PO is 

varied from 1018 to 1022 cm-3 (Fig. 7.5(b)). The donor density can be tailored by 

doping at the possible A or B site in the ABO3 perovskite, which can alter the 

electrical, morphological, and optical properties of the compounds.[51] The 

donor doping density modification has shown negligible variation in PCE for 

most of the perovskite buffer layers. The adequate change in the PCE of the 

device consisting of the BSO buffer layer is attributed to the change in FF 

possibly arising due to the increased electrical mobility of the charge carriers in 

doped BSO.[52] VOC, JSC, and FF also remain constant with increasing the donor 

doping concentration of the n-type buffer layers. However, depending on the 

intrinsic carrier properties of the perovskite buffer layers, the variation in cell 

parameters is observed. Practically, the doping densities are varied by using 

suitable dopants. Various synthesis protocols can increase the doping density in 

n-type buffer and CBO absorber films. 

7.3.4 Effect of bulk defect density in CBO layer 

Different synthesis techniques offer distinct bulk defect densities, which 

play a crucial role in photogeneration and charge recombination in CBO 

absorbers films, influencing the performance of the device. Therefore, the bulk 

defect density in CBO absorber films is varied from 1012 to 1016 cm-3 for cells 

with distinct perovskite buffer layers (Fig.7. 6). The PCE declined with increased 

bulk defect density for all perovskite buffer layers. The reduction in JSC and VOC 

can be attributed to defect-assisted recombination in CBO absorber film and 

change in band offsets at perovskite buffer/CBO interface derived from the 

change in conduction and valence band levels of CBO films with an increase in 
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bulk defect density, respectively.[53] A higher defect density also reduces the 

lifetime of carriers, and thus the carrier diffusion length also decreases.[49] 

Though the FF for solar cells with STO remained constant for an unknown 

reason, the reduction in the FF is observed for cells with BTO, SSO, and BSO 

buffer layers.  

 
Figure 7.6 The effect of bulk defect density in CBO films on the performance 

of solar cells consisting of various n-type PO buffer layers. 

7.3.5 Effect of interfacial defect density at CBO/PO interface 

Fig. 7.7 shows the effect of variation of defect density at the CBO/PO 

interface on the performance parameters of the solar cell. The interfacial defect 

density varied from 1010 to 1012 cm-3 and has shown a dramatic reduction in the 

PCE, FF, and Voc, but negligible variation is observed in the Jsc. The increased 

defect density at the interface alters the energy level alignment; therefore, the 

VOC of the device reduces. Moreover, increased interfacial defect density at the 
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interface alters the parasitic resistance and results in low FF. Overall, the 

reduction in Voc and FF instigates the deterioration of the PCE. However, the 

cause for the negligible variation in the JSC of the device even after increasing 

the interfacial defect density is still unknown but can be assigned to the 

negligible variation in the series resistance. 

 
Figure 7.7 Effect of variation of defect density at CBO/PO interface on the 

performance of the solar cell. 

7.3.6 Effect of work function of rear metal contact 

The metals like Fe, Cu, Au, Ni, and Pt exhibiting distinct work functions 

have been explored as the counter electrode or metal back contacts for the 

commercial solar cells. Their conductivity, cost, and physical and chemical 

reactivity directly impact the cost and performance of solar cells.[54] Therefore, 

the effect of the work function of metal back contact on the overall performance 

of solar cells is explored and shown in Fig.7.8. The work function of electron-
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rich metal back contact has revealed a direct influence on the performance of 

kusachiite solar cells. The PCE of the device with various POs increases with 

increasing the work function of rear metal contact. With Pt as rear metal contact, 

the kusachiite solar cells comprising n-type STO, BTO, SSO, and BSO buffer 

layers showed a PCE of 19.92, 23.57, 23.76, and 16.63 %, respectively. 

Corresponding VOC, JSC, and FF varied with increased rear metal contact work 

function. However, the performance parameters for all PO layers change 

depending on the intrinsic effective hole transfer at the interface of the metal 

back contacts and CBO absorber layer.[55] 

 
Figure 7.8 The effect of work-function of rear metal contact on the performance 

of device consisting of CBO absorber layer and PO buffer layers. 

7.3.7 Effect of operating temperature 

During the real-time application of kusachiite solar cells, elevated 

operating temperatures increase the stresses related to thermal expansion and 

thus play a noticeable part in impacting the performance of the solar cells. 
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Consequently, the impact of the operating temperature is examined for the 

temperature ranging from 300 to 380 K, and the relative simulated J-V curve is 

displayed in Fig. 7.9. The rise in temperature from 300 to 380 K declines VOC by 

increasing the reverse saturation current, which decreases the PCE of the device. 

Though the PCE drops with the temperature rise, a reasonable higher efficiency 

of 20.51 % (at 380 K) is still achieved theoretically for kusachiite solar cells 

formed by bringing together the 900 nm thick CBO absorber and n-type SSO 

buffer layer of 100 nm thickness. 

 
Figure 7.9 Temperature-dependent J-V curves of the kusachiite solar cells 

containing n-type (a) STO, (b) BTO, (c) SSO, and (d) BSO buffers layers and 

CBO light harvester.  

7.3.8 IPCE spectra of CuBi2O4/PO based kusachiite solar cells 

 
Figure 7.10 IPCE spectra of CuBi2O4-based kusachiite solar cells with various 

perovskite oxide buffer layers. 

Evaluating the spectral response of the CBO and PO-based solar cells is 

crucial to understanding the incident photon to current efficiency (IPCE). Fig. 
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7.10 shows the IPCE of the solar cell with different PO as the buffer layer. The 

Higher IPCE of the device corresponds to the high performance of the solar cell. 

The CBO being an excellent absorber material provides a wide absorption of the 

visible spectra around 600-800 nm, which results in excellent IPCE (> 85 %) of 

the device. The slight dip around 400-450 nm is attributed to the interface with 

the different POs, which also helps in increasing the IPCE of the device in the 

UV spectrum of the irradiated light. 

7.3.9 Optimum J-V characteristics of CuBi2O4/PO solar cells 

The optimum solar cell parameters evaluated for the base value of 

acceptor density, donor density, and defect density of transport land absorber 

layers offering a series resistance of 5 Ω-cm2 are shown in Fig. 7.11. CBO 

absorber layer based kusachiite solar cells shows high VOC, JSC, FF, and PCE for 

all ABO3 buffer layers under investigation. The optimum PCE observed for STO, 

BTO, SSO, and BSO buffer layers is 18.65, 22.07, 22.19, and 15.23%, 

respectively. SSO based kusachiite solar cells show a marginally higher value of 

PCE in comparison with other PO buffer layers, which originates from their 

lower bandgap. Apart from the bandgap, the intrinsic charge conductance and 

mobility of the buffer layers decide the PCE of CBO based Kusachiite solar cells. 

 
Figure 7.11 Optimum J-V of the device consisting of 100 nm thick (a) STO, (b) 

BTO, (c) SSO, and (d) BSO buffer layers along with an optimized CBO absorber 

layer of 900 nm. 

7.4 Conclusion 

In conclusion, kusachiite solar cells consisting of a CBO absorber and PO buffer 

layers are theoretically scrutinized for their best performance as visible light harvesters. 

Various n-type PO buffer layers of STO, BTO, SSO, and BSO are analyzed with a p-type 
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kusachiite CBO light harvester to theoretically evaluate (using SCAPS-1D) the 

performance of CBO based solar cells. We optimized different parameters like thickness, 

doping density, bulk defect density, and work function, which play a significant role in the 

performance of a practically feasible PV device. The effect of operating temperature is also 

studied in this simulation. All the POs buffer layers coupled with CBO absorber have 

shown efficiencies greater than 15 %. SSO and BTO based device has shown the maximum 

PCE of ~22 % among all the PO buffer layers. Therefore, this study proposes stable and 

economic BTO and SSO as the most promising candidate as a PO buffer layer and CBO 

as an absorber harvester. However, one needs to focus on using facile and economical 

synthesis techniques to obtain the pure phase of both n-type SSO or BTO and p-type CBO 

films containing minimum defect densities. Overall, this study provides the guidelines to 

fabricate high efficiency all oxide solar cells using CBO absorber and SSO or BTO 

transport layer, which can be experimentally viable, cheap, stable, and environmentally 

friendly. 
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8.1 Summary and conclusion 

The global energy demand will be 30 TW by 2050, which is expected to increase 

to 46 TW by 2100. With ever-increasing energy demand, conventional energy sources such 

as coal, oil, natural gas, etc., are not sustainable to reach the expectations. Therefore, 

renewable and sustainable energy sources need to be extensively inspected to administer 

future massive energy demand. Of the several available renewable energy systems, 

producing hydrogen fuel through water splitting and generating electricity from sunlight 

using PV cells are two prominent attractions to the scientific and industrial community. 

Likewise, photodetectors that convert photons into electrical signals attract scientists and 

industrialists for utilization in various modern applications. Considering the limitation of 

sunshine timing; the excess solar energy can be stored in the form of hydrogen fuel by 

putting PV panels and water electrolyzers in tandem, i.e., the electrical output from the PV 

panels can be fed as input to water electrolyzers to produce hydrogen fuel which can be 

converted back to electricity using fuel cells or internal combustion engines. Moreover, 

photodetectors can be used with PV panels in self-powered mode to monitor the intensity 

of incident solar radiations and align the PV panels for better efficiency throughput over 

the year. Overall, photodetectors, PV panels, and electrocatalytic hydrogen generation will 

be efficient approaches to sustainably serve future energy demands. 

Oxides of transitional metals, namely Ti, Sn, Mn, Fe, Co, Ni, Cu, and Zn, have been 

utilized for water splitting, photodetection, and solar cell applications. Different doping 

and composite formation strategies are explored to tailor the physicochemical and 

electronic properties benefiting those applications. The downscaling of the transition metal 

oxides in various nanostructure morphological forms provide control over the defects and 

interface at the nanoscale. Therefore, metal oxide nanostructures are used as 

electrocatalysts for water splitting and the buffer layers in thin-film solar cells and 

photodetectors. Nevertheless, the morphology and size of the nanostructures decide the 

number of exposed active sites which control the efficiency during electrochemical water 

splitting. Similarly, the roughness, thickness, uniformity, pinholes, etc., of metal oxide thin 

films directly influence the photoconversion efficiency in solar cells and photodetectors. 

Especially in the case of metal oxide thin films, the synthesis technique and its repeatability 

are highly important.  
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Therefore, investigating the influence of morphologies of metal oxides on the 

efficiency of electrocatalytic water splitting is essential to improve the performance in 

green hydrogen generation. Various metal oxide nanostructures and their composites have 

been developed for electrocatalytic water splitting, but the influence of NiO nanostructure 

morphologies and porosity in achieving lower overpotential is not well understood. 

Moreover, self-powered perovskite-based PDs have attracted intense attention due to their 

independence, less complicated circuitry, and self-sufficient potential for device operation. 

These PDs depend on PV behavior to produce light current at 0 V bias, which is achieved 

by forming Schottky junctions with single perovskite crystals and p-i-n junctions. These 

materials are thermally unstable and degrade in the ambient atmosphere. This becomes a 

critical issue inhibiting device performance for real-time applications such as optical 

communication, imaging, sensing, etc. Therefore, a systematic study on degradation 

mechanisms and intrinsic modification within metal halide perovskite in the presence of a 

metal oxide, like NiO, transport layer is highly desirable. 

Despite the use of MOTLs, high-efficiency PSCs are realized by using expensive 

organic HTLs, which trigger degradation of the perovskite layer and require an inert 

atmosphere for processing. Therefore, to overcome the problem of perovskite degradation, 

among all inorganic transport layers, NiO is found to be a more promising and important 

candidate for optoelectronic properties because of its excellent chemical stability. Various 

wet chemical techniques, namely, spin coating, blade coating, spray coating, metric rod 

coating, etc., are used to synthesize metal oxide thin films, but residual ligands present in 

it impede the performance. Although the physical deposition methods, such as atomic layer 

deposition, sputtering, laser deposition, etc., ensure uniformity and reproducibility of the 

thin films, it involves high processing costs. Therefore, synthesizing NiO thin films using 

industrially matured thermal evaporation will be an economical solution to the above-cited 

problems in PSCs. Moreover, the intervention of the lead iodide layer at the interface 

degrades the PCE performance drastically. The solar cell consisting of metal oxide light 

harvesters and buffer layers is expected to be highly stable and environmentally friendly, 

unlike the PSC, which is hazardous, moisture and UV sensitive, and suffers from long-term 

stability. Therefore, evaluating the potential of metal oxide light harvesters and PO buffer 

layers is of scientific importance. However, experimentally evaluating the performance of 
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solar cells with various buffer layers and light harvesters is a myriad task. The 

heterojunction and multi-junction solar cell devices simulation using the SCAPS-1D 

package shall give the prime information about the influence of thickness, defect/impurity 

levels, temperature, interfacial resistance, etc., of the selected metal oxide buffer and light 

harvester layers for the solar cell fabrications. 

Therefore, we have addressed the following objective in this thesis work. 

• Synthesis and characterization of morphology-controlled NiO nanostructures 

using the cost-effective technique for hydrogen and oxygen generation 

applications through electrocatalytic water splitting.  

• The industrially scalable synthesis protocol for transparent NiO thin films to 

use as a transport layer in the solar cells and photodetector processed at ambient 

atmospheric conditions 

• The influence of perovskite degradation at the interface (due to the formation 

of PbI2) on the overall performance of the solar cells and photodetector. 

• Simulation of heterojunction and multi-junction oxide solar cell devices 

consisting of various metal oxide buffers and light harvester layers to identify 

the best suitable combination for efficient all oxide solar cells. 

Developing a single electrocatalyst effective for both oxygen and hydrogen 

evolution remains challenging. Although an attempt to utilize a single electrocatalyst for 

overall water splitting is made, there still exist several issues of efficiency and stability of 

the electrocatalyst. Hence, the present study reports on morphology-controlled NiO 

electrocatalyst, a single electrocatalyst for oxygen and hydrogen evolution (Fig. 8.1). The 

cubic phase NiO nanoparticles and nanoplates of diameter and thickness < 10 nm delivered 

surface-to-volume ratios of 0.078 and 0.083, respectively. XRD and TEM confirm the 

formation of NiO nanostructures, where morphology transformed independently of the 

chemical composition. XPS and EXAFS confirm the 2+ oxidation state of Ni ions and their 

octahedral coordination with oxygen. The 0D nanoparticles providing a larger surface area 

and active sites offered the overpotentials of 373 and 268 mV for OER and HER activity, 

respectively, and performed well than the 2D porous NiO nanoplates. The CA and 

repetitive LSV cyclic studies confirmed the excellent long-term stability of 0D NiO 
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nanoparticles in basic and acidic mediums during electrocatalytic water splitting reactions, 

owing to its increased electrochemically exposed active sites.  

 
Figure 8.1 Morphology-controlled bi-functional 0D NiO nanoparticles (left upper panel) 

of cubic crystalline (lower left panel) phase delivered excellent electrocatalytic hydrogen 

(upper right panel) and oxygen (lower right panel) evaluation. 

A porous 1D nanostructure provides much shorter electron transport pathways, 

thereby helping to improve the life cycle of the device as well as to overcome poor ionic 

and electronic conductivity, the interfacial impedance between electrode-electrolyte 

interface, and low volumetric energy density. In view of this, we report on the feasibility 

of 1D porous NiO nanorods comprising interlocked NiO nanoparticles as an active 

electrode for capturing green-house CO2, effective supercapacitor, and efficient 

electrocatalytic water splitting applications (Fig. 8.2). The nanorods with size less than 100 

nm were formed by the stacking of cubic crystalline NiO nanoparticles having a dimension 

less than 10 nm providing the necessary porosity. XPS and EXAFS confirm the presence 

of Ni2+ and octahedral coordination with O2-. The SAXS profile and BET analysis showed 

a surface area of 84.731 m2/g for the porous NiO nanorods. The NiO nanorods providing 

significant surface area and hence active surface sites offered the CO2 uptake of 63 mmol/g 

at 273 K via physisorption, the specific capacitance of 368 F/g with 76.84% retention after 
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2500 cycles, and excellent electrocatalytic water splitting with over potential of 441 and 

345 mV for OER and HER activity, respectively. Therefore, the porous 1D NiO as an 

active electrode shows multifunctionality toward sustainable environmental and energy 

applications. 

 

Figure 8.2 The Porous nanorods by stacked NiO nanoparticulate exhibiting corn-like 

structure (upper left panel) show multifunctionality towards sustainable applications in 

CO2 capture (upper right panel), energy storage (lower left panel), and electrocatalytic 

H2/O2 evolution through water splitting (lower right panel). 

Optoelectronic devices based on perovskite light absorbers have drawn worldwide 

attention owing to solution processible photovoltaic, high carrier mobility, broad spectral 

range, integration with a wide range of substrates, etc. A facile NiO/CH3NH3PbI3 

heterojunction was fabricated in the ambient environment for self-powered and high-

performance photodetector (PD) application. The self-powered PD showed a high 

responsivity of 33.39 mAW-1 for UV light and 5.79 mAW-1 for white light at zero bias, 

which further increases up to 28.6 AW-1 for UV light and 29.2 AW-1 for white light at + 1 

V. Subsequently, the detectivity for an entire region of UV light and the visible spectrum 

was observed to be above 1010 Jones at zero bias. Interestingly, the stability study in the air 

for PD up to 38 days revealed the highest photoresponsivity of 40.56 mAW-1 at zero bias 

(Fig. 8.3, right panel). This enhancement is attributed to the intrinsic modification within 
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metal halide perovskites that lead to optimized PbI2 content. Additionally, a systematic 

study of XRD patterns at an interval of days revealed the presence of PbI2 content (Fig. 

8.3, left panel). Further, the photodetection ability was retained for up to 58 days with a 

decrease in light current without encapsulation. Our results indicate that NiO/CH3NH3PbI3 

heterojunction-based PD paves the way for ambient-friendly, high-performance, self-

powered, stable optoelectronic applications. 

 

Figure 8.3 The time-dependent increase in the ratio of PbI2 content in CH3NH3PbI3 films 

(left panel), FESEM cross-sectional image depicting the facile NiO/CH3NH3PbI3 

heterojunction (left panel inset). Time and probing wavelength-dependent variation of 

detectivity of ambient synthesized and stored NiO/CH3NH3PbI3 heterojunction (right 

panel). 

Inverted planar PSCs with nickel oxide (NiO) as a hole-transporting layer were 

fabricated in an ambient atmosphere. Nickel (Ni) film films synthesized at optimized 

evaporation conditions using low-cost thermal evaporation were transformed from island-

like structures to compact porous thin films of NiO after oxidation at 580℃. The formation 

of highly transparent NiO films without impurity was confirmed from UV-visible 

spectroscopy and energy dispersive x-ray analysis. These optically tailored NiO films with 

island-like morphology conceived minimum absorption to the visible light than that of 

compact porous thin films (Fig. 8.4, right panel). The NiO island-like films coated with a 

single cationic MAPI perovskite overlayer in ambient conditions via a modified two-step 

method showed higher hole quenching than the compact porous NiO thin films. PSCs 

consisting of NiO island-like films showed a 39.3 % improvement in PCE (Fig. 8.4, left 
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panel) and a 41.4 % enhancement in current density (JSC) compared to the compact porous 

NiO thin film films. Overall, the present approach of utilizing optically engineered island-

like inorganic films with a single cationic MAPI perovskite overlayer has opened up a novel 

approach toward the improvement of high-performance optoelectronic devices fabricated 

in an ambient atmosphere.  

 
Figure 8.4 The NiO island-like films coated with a single cationic CH3NH3PbI3 perovskite 

overlayer in ambient conditions (right panel) delivered 39.3 % improvement in power 

conversion efficiency (PCE) and 41.4 % enhancement in current density (JSC) compared to 

the compact porous NiO thin film films (left panel). 

Thin film solar cells have gained tremendous interest due to their easy processing 

and packaging at low costs, but most of them suffer from long-term stability. Therefore, in 

the quest to find a novel thin film harvester with both high efficiency and long-term 

stability, the capabilities of cheap and stable copper bismuth oxide or CuBi2O4 (CBO) are 

comprehensively investigated as an efficient light harvester (Fig. 8.5, left panel). SCAPS-

1D software is used to optimize the performance of CBO-based kusachiite solar cells with 

various n-type ABO3 PO buffer layers (such as SrTiO3, BaTiO3, SrSnO3, and BaSnO3) (Fig. 

8.5, right panel). The variation in the thickness, doping density, and defect density of the 

CBO light absorber showed the utmost control over PCE and other solar cell parameters. 

The effect of the work function of metal back contact and operating temperature on the 

performance of solar cells is also analyzed to assess the real-time application of the 

proposed PO buffer and CBO light harvester-based kusachiite solar cells. Among all 
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investigated solar cell device structures, ITO/SrSnO3/CBO/Au optimized in terms of 

thickness and doping density has shown a theoretical PCE of 22.19%. 

 

Figure 8.5 Kusachiite Solar Cells of p-type CuBi2O4 light absorber in combination with n-

type perovskite oxide buffer layer achieving reasonable efficiency. The schematics of the 

modeled Kusachiite solar cells and the corresponding band diagram. 

8.2 Future scope 

The increased energy consumption will support economic development; however, 

it will give rise to greenhouse gas emissions and other issues, namely, environmental 

pollution, global warming, and other allied problems. Therefore, sustainable energy 

applications are the only way toward a greener future. Sustainable energy applications such 

as electrolytic water splitting, solar cells, photodetectors, etc., will play a prominent role in 

attaining zero carbon footprint. The production of green hydrogen fuel can be directly used 

in industries or can drive internal combustion with zero pollution to assist modern-day 

transport. Similarly, the output of PV panels can act as isolated sources or be integrated 

into existing grids which will soften the dependence on natural gas. The photodetectors can 

monitor and optimize the effective outcome when such renewable systems work in tandem. 

Therefore, one should put efforts into improving the overall performance of materials for 

these sustainable energy applications. The present study signifies that the pristine NiO 

nanostructures and thin films are excellent multifunctional materials for applications in 

water splitting, light sensing, and photoconversion. However, some of the key findings 

provide directions for future work, such as: 
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1. Explore the hetero-architecture of the morphology-controlled p-type NiO 

nanostructures with metal oxides or chalcogenides to enhance the overall splitting 

efficiencies. 

2. Study the effect of porous 1D NiO nanostructures and conducting polymers such 

as polyaniline, polypyrrole, PEDOT, etc., on the overpotential for water splitting. 

3. Study how the surface post-treatments of the NiO thin films control the formation 

of the PbI2 layer at the NiO/perovskite interface and assist in improving the stability 

of photodetector and solar cells can 

4. Explore the effect of transition metals doping in NiO to improve the transport 

phenomenon for higher efficiency PSCs.  

5. Experimental investigation on the theoretically well-performing all-oxide-solar 

cells consisting of CuBi2O4 light harvester and suitable n-type binary metal oxides 

transport layer. 


