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The evolving perovskite photovoltaic market includes thin-film perovskite, perovskite/silicon tandem and all-perovskite tan-
dem. The future trends are to enhance the efficiencies of the perovskite solar cells (PSCs) and to explore combining the 
benefits of previous generations with new materials and approaches of the fourth generation of (PSCs). TiO2 is considered an 
efficient and stable electron transport layer (ETL) for perovskite solar cells. Tuning the TiO2 surface layer in perovskite solar 
cells is a crucial strategy for enhancing device performance and stability. This involves modifying the TiO2 layer's properties, 
such as its surface energy levels, charge carrier density, and interface with the perovskite layer, to optimize electron transport 
and minimize recombination losses. We present the recent advances in the strategies for modeling the interfaces of TiO2 
-based ETLs in perovskite solar cells to improve electron extraction and transport, reduce recombination losses and enhance 
stability. We provide an overview of the current state-of-the-art research of TiO2 carriers’ selective surfaces in perovskite solar 
cells by surface modifications, using bilayer structures, doped TiO2, nanostructured and hybrid materials as well as discus-
sions on challenges and opportunities in the field. 
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1. Introduction 
 

The development of solar energy technologies has 

been driven by the increased energy demand expected in 

the coming years and the continuous search for renewable 

and clean energy sources. The cleanest and most abundant 

renewable energy source available is considered to be the 

radiant energy of sun. 

The International Energy Agency (IEA) in their World 

Energy Outlook 2020 report stated the solar energy as the 

cheapest energy in history. In 2021 the IEA report, pre-

dicted an increase of solar power production by 2050 that 

will become the “world’s primary source of electricity”. 

The ever-evolving field of photovoltaics is focused 

nowadays on the 3rd and 4th generations of solar cells. 

The first generation of solar photovoltaics is based on 

monocrystalline and polycrystalline technology. The early 

high production costs were driven down based on a con-

tinuously technological development. The stability and 

good performance in time allow this traditional solar device 

to represent up to 90% of today’s market share in spite of 

the conversion efficiency around 20–25% under the theo-

retical efficiency of 29.4% [1]. The major drawbacks rely in 

complex and high energy production costs and loss of 

efficiency as heat.  

The second generation is based on thin layers (films) of 

photovoltaic materials like amorphous silicon, cadmium 

telluride (CdTe), or copper indium gallium selenide 

(CIGS).  

Compared to the first generation, these cells are flexi-

ble, lightweight and thinner with decreased costs of man-

ufacturing. However, their efficiencies and shorter lifespan 

due to degradation in time, are lower as compared to con-

ventional solar cell generation.  

The environmental impact of these photovoltaic cells 

due to their toxicity (for instance cadmium content) adds 

supplementary costs to manage their end-of-life disposal. 

However, current, on market today there are CdTe and 

CIGS based photovoltaic technologies [2].   

The photovoltaics field is continuously developing the 

third-generation of solar cells, aiming to exceed the limits 

of 1st and 2nd generations as surpassing the Shock-

ley-Queisser limit, lower the manufacture costs and find 

alternative nontoxic materials. The main representants of 

the 3rd generation solar cells are: Dye-sensitized solar cells 

(DSSCs), Perovskite Solar Cells (PSCs), Quantum-Dot 

Solar Cells. 

The efficiencies of perovskite solar cells increased 

within about a decade from 3% [3], in 2009 to 25.5% in 

2020 [4], therefore this technology is considered by many 

scientists as the “future of solar technology”.  

PSCs are called after the absorbent materials known as 

perovskites, that are a class of materials with a particular 

structure ABX3, where cations of various atomic radii (A 

and B) are bonded by an anion X. In the perovskite solar 

cells, the perovskite crystals with the role of absorbing the 

photons are sandwiched between two transport layers, the 

electron transport layer (ETL) and hole transport layer 

(HTL) respectively, the latest having the role of transport-

ing electrons and holes generated by the perovskite. Since 

the number of atoms in their structure can be modified, the 

different perovskites can be tailored to absorb different 
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wavelength of sun spectrum. There are notably advantages 

that made the perovskite based solar cells the future of solar 

cells as: 

(a) The fabrication technology is solution based, 

therefore on a lower energy consumption such as heat. The 

workable thin layered structures need reduced materials’ 

consumption and consequently the fabrication costs are 

reduced. 

(b) Perovskites can be synthesized to have tunable 

bandgaps and absorption spectrums. They can be tuned to 

meet the best arrangement of energy levels within carriers’ 

transport layers ETL and HTL. 

(c) Perovskite solar cells are flexible and light-

weight increasing thus their applicability. 

However, the susceptibility to degradation under ex-

posure of heat, light and moisture is one of the most im-

portant drawbacks of perovskite solar technologies. The 

degradation in time causes not only a diminish of lifespan 

but also environmental concerns since some components of 

the perovskite structure are toxic. As a consequence, the 

manufacturing costs are affected. 

The 4th generation of solar cells explores new 

nanostructured materials (as graphenes), new architecture 

(as tandem solar cells) together with studies aiming to 

better achieve the goals of the 3rd generation. 

To surpass the efficiency limit for a single junction 

solar cell, tandem solar cells stacks were fabricated. These 

cells consist of two or more individual cells composed of 

different absorption materials that due to their different 

bandgaps can convert a wider range of solar spectrum into 

electricity. A promising configuration is Perovskite/Silicon 

Tandem Cells. However different materials with different 

bandgaps led to efficiency losses due mainly to transmis-

sion and thermalization losses. Apart from these, tandem 

solar cells suffer from some parasitic resistance losses 

together with the recombination losses existing in perov-

skite cells for instance. The power conversion efficiency 

(PCE) of single-junction PSCs has increased in a decade of 

research, from more than 26% for single-junction PSCs to 

almost 34% for perovskite–silicon tandem solar cells and 

29.1% for perovskite–perovskite tandem solar cells [5]. 

This study is an overview of the reported work recently 

published during 2025. The paper systematizes the ad-

vances in enhancing efficiencies, stability and reducing the 

fabrication costs of: 

(I) Carbon-based perovskite solar cells following 

strategies addressed to the interface TiO2-ETL engineering: 

(1) Nanostructured interface by treatments with reactive 

compounds; (2) Nanostructured interface by additional 

passivating layers; (3) Nanostructured interface by doping 

TiO2-ETL; 

(II) Lead halide perovskite cells nano structuring 

the ETL surface: (1) Nanostructure the interface by com-

posite TiO2 -ETL and additional layers; (2) Modified in-

terface by 3D TiO2 hierarchical nanostructure; (3) 

Nanostructure the interface by doping TiO2-ETL; 

(III) Lead free perovskite cells doped TiO2 based 

ETL.  

 

 

2. Perovskite solar cells  
 

The photovoltaic activity of perovskite solar cells 

based on the absorption of light by the perovskite has as 

operating steps: (1) the generation of free charges by pho-

ton absorption, (2) electron and holes charge transport and 

(3) charge extraction. The charge carriers (electrons and 

holes) are produced by dissociation of the excitons pro-

duced on their turn by the perovskite light absorption. 

  Exciton dissociation occurs at the interface between 

the perovskite layer and the charge transport layer. If the 

electron is separated from the hole and injected into the 

electron transport layer (ETL), it moves to the anode, which 

in many cases is fluorine-doped tin oxide (FTO) glass. At 

the same time, the hole is injected into the hole transport 

layer (HTL) and subsequently migrates to the cathode 

(usually metal). The working and counter electrodes, re-

spectively, collect the electrons and holes to the external 

circuit and produce current [6,7]. 

The research studies are driving by the achieving of the 

power conversion efficiencies as close as possible to the 

theoretical limit. However, the power producing process is 

complex involving many parameters.   

An important factor contributing to the overall per-

formance of perovskite solar cells is the device configura-

tion. A perovskite solar cell can have a regular (n-i-p) or 

inverted (p-i-n) structure, depending on the transport ma-

terial (electrons/holes) in the outer portion of the cell (first 

encountered by the incident light). These structures can be 

divided into two subcategories: mesoscopic and planar 

structures. The mesoscopic structure includes a mesopo-

rous layer, compared to the planar structure which has only 

planar layers. Perovskite solar cells without electron and 

hole transport layers have also been tested. As a result, there 

are six types of perovskite solar cell architectures reported 

by research studies: mesoscopic n-i-p configuration, planar 

n-i-p configuration, planar p-i-n configuration, mesoscopic 

p-i-n configuration, ETL-free configuration and HTL-free 

configurations [6]. 

For a chosen device configuration, the overall per-

formance characteristics as current density (Jsc), 

open-circuit voltage (Voc), fill factor (FF), as well as series 

(Rs) and shunt (Rsc) resistances apart from determining the 

cell power output, provide an insight of the cell working 

process and identify the most probable limiting factors that 

path the way towards further research studies [8-10].   

Lately, the need of scale-up and commercialization has 

driven the interest towards a balance between production 

costs and efficiencies. Thus, the simple manufacturing 

process, low cost of components, and good stability of 

carbon-based perovskite solar cells are continuing to be of 

interest for the optimization of their technologies 

[11,12,13].  

Flexible perovskite solar cells are ideal for applications 

ranging from wearables to portable devices and their pro-

duction technologies are continuously under research for 

reducing the costs of production and enhance the stability 

preserving the power conversion efficiency as high as 

possible [14,15].  
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Due to their toxicity, instability against moisture, heat 

and irradiation of organic inorganic perovskites an in-

creased interest was driven towards environment friendly 

lead-free perovskite solar cells in spite of their low power 

conversion efficiency as compared with lead-based per-

ovskite cells [16]. 

 

 

3. Titanium dioxide (TiO2) as electron  
   transport layer (ETL) 
 

The ETL in perovskite based solar cells is responsible 

for extraction of the electrons generated by perovskite 

absorption layer and transport them to the electrode with 

the simultaneous prevention of charge recombination by 

hole blocking. Additional roles as promoting crystallization 

of perovskite layer and ensure durability and stability of 

solar cells are desirable for improved solar cell efficiency 

[6,7][17]. 

The achievement of these ETL functions is ensured by 

some critical characteristics of an ETL as: electron mobil-

ity, alignment of its conduction band energy level with the 

band energy of the perovskite layer, best contact with 

perovskite layer, low absorption in visible light and good 

processability as continuous defect free films.  

Titanium oxide (TiO2) is a n-type semiconductor ex-

tensively studied as an efficient and stable ETL material for 

perovskite solar cells due to its properties. The conduction 

band energy of TiO2 is lower than most perovskites ab-

sorbers therefore a good band alignment with effective 

electron extraction and suppressing hole injection is possi-

ble [17]. 

TiO2 is environmentally friendly and accessible from 

natural resources. The synthesis temperature for TiO2 can 

be lowered on the cost of low crystallinity. Also, the depo-

sition techniques for TiO2 films have been established and 

scalable providing thus a cost-effective production of PSCs 

[18]. 

Porous TiO2 can be engineered to have an increased 

interfacial contact area with the perovskite layer enhancing 

thus the electrons extraction [19,20].  

TiO2 is also well known to have hydroxyl groups 

contained on its surface/interface with perovskite layer 

facilitating the nucleation and growth of perovskite layers 

and passivating surface imperfections on the perovskite 

[21,22].  

TiO2 can be produced in a variety of morphologies and 

phases, allowing tailored bandgap characteristics to certain 

perovskite compositions and device structures [23-25]. 

However, TiO2 possesses on its surface, more precise 

at the interface ETL-perovskite some inevitable detrimental 

defects that can influence the performance improvement of 

PSCs [26]. 

As compared with other ETL, the reserves of titanium 

oxide are estimated at 650 billion tons, being the ninth most 

abundant element on Earth, while SnO2, another oxide with 

good properties as ETL, is less abundant [17].  

Overall, TiO2-based PSCs imply a viable long-term 

solution for clean and renewable energy, which encom-

passes research and development to solve the challenges 

like stability, toxicity, and costs to improve efficiency and 

commercialize the technology [26]. 

 

 
4. Interfaces TiO2 - perovskite  
 

The boundaries where two distinct materials meet, also 

called interfaces are well known to have different charac-

teristics as compared with the bulk of each material. These 

interfaces can exhibit discontinuities due to differences of 

physical and chemical properties of the different materials, 

leading to variations in material behavior across the inter-

face. These discontinuities manifest in various forms, like 

changes in material’s density, conductivity, permittivity, 

induced stress and strain.  

Current density (Jsc), open-circuit voltage (Voc), fill 

factor (FF) and the efficiency of the entire cell of PSCs are 

strongly influenced by the TiO2 surface morphologies and 

phases [27-29], the dimensionality of TiO2 nanostructures 

[30-32], the thickness and roughness of TiO2 layer [33-37], 

the energy level alignment between the ETL-absorber layer 

and electrodes for efficient charge extraction [38], and by 

the defects and traps in the perovskite and TiO2 layer 

[39-40]. 

To promote high efficiencies of the cells, the interfaces 

between ETL and perovskite should possess some attrib-

utes like proper energy level alignment, good physical 

contact, reduced defects, protective coatings from degra-

dation like moisture, heat, UV. However, at the interface 

between two different materials, the apparition of defects 

and misalignments are very likely to occur [17]. 

One critical process is direct linked to the mobile 

charge species produced by the absorption layer, which in 

their move near the junctions, confront the possibility of 

recombination [41]. The two main mechanisms for the 

recombination of electron-hole pairs are Shock-

ley-Read-Hall (SRH) recombination and Auger recombi-

nation. SRH recombination consists in dissipating the 

energy as heat due mainly to the defects in the semicon-

ductor's structure. The Auger recombination occurs at 

higher concentrations of charge carriers and consists in the 

transfer of the energy from recombination to another free 

electron or hole [17, 41-42]. 

Both theoretical and experimental investigations 

demonstrated that misalignment of energy levels at the 

junctions of the active layer and ETL generates energy 

hurdles for electron transfer and results in trapping of 

electrons at interfacial defects. The energy release is emit-

ted as heat and reduces the open-circuit voltage (Voc) 

[42-43]. 

Some defects at the interface, such as vacancies, dis-

placements contribute to the distortions of the electronic 

structure at the interface resulting in the emergence of so 

called “deep-trap states” (DTS) that act as recombination 

centers with the consequences as diminished mobility and 

lifetime of charge carriers [44]. 
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Tuning the TiO2 surface layer in perovskite solar cells 

is a crucial strategy for enhancing device performance and 

stability. This involves modifying the TiO2 layer's proper-

ties, such as its surface energy levels, charge carrier density, 

and interface with the perovskite layer, focusing on opti-

mizing the electron transport and minimizing recombina-

tion losses [41-44].  

During the last decade, an overwhelming amount of 

research has been conducted in an attempt to overcome the 

limitations in using TiO2 as an ETL. Review articles present 

systematized the advances in enhancing performances of 

perovskite solar cells [45,17,46-50]. 

The present paper addresses the latest advances on the 

interface TiO2-perovskite strategies for enhancing 

TiO2-based ETLs perovskite solar cells. The latest report-

ed advances are summarized in Table 1, ordered from the 

highest to the  

lowest reported PCE for carbon based, lead halide and 

lead-free perovskite cells. 

 
Table 1. Latest reported advances on interface TiO2-perovskite engineering 

 

Interface  

modifier 

Type of ETL  

modification (TiO2 

synthesis route) 

 

Type of cell  

perovskite 

 

Cell Stability 

(% of initial 

efficiency) 

Power conversion 

efficiency (PCE) 

 % 

Fill 

factor 

(FF) 

% 

Open 

circuit 

voltage 

(𝑉𝑜𝑐) 

V 

Short 

circuit 

current 

density 

(JSC) 

mA∙cm-2 

Ref  

Carbon based perovskite cells 

1-phenylguanidi

ne hydrochloride 

(PGCl) 

Intermediate addi-

tional layer 

TiO2/SnO2- PGCl 

(TiO2 spin coating-  

500 0C) 

CsFAMA lead 

halide perov-

skite 

. 

75.4% at 

300 h 

(45-50 °C, 

RH- 

60-70%) 

15.52  77.96  0.94  21.95 [55] 

Zinc acetate 

Zn(OAc)2 

Composite ETL and 

PAL at the interface  

(TiO2 spin coating-  

200 0C) 

C- CsPbI2Br- 

 

Not reported 14.91  80  1.248  Not 

reported 

 

[53] 

Rubidium 

acetate (RbAc) 

Composite ETL and 

PAL at the interface  

(TiO2 by spin coat-

ing-200 0C) 

C-CsPbI2Br 

 

90 % at 1800 

h (RH- 

 15–25 %) 

14.28 Not 

reported 

1.29 Not 

reported 

[52] 

Er/Yb-TiO2 

nanocones 

(NCs) 

Doped TiO2 nano-

cones 

(hydrothermal 

synthesis - 450 0C) 

(FAPbI3)(MA 

PbBr3) 

 

86 % at 30 

days 

13.38  69.19 0.937 19.56 [59] 

Sn doped TiO2 

 

 

Doped TiO2 

(TiO2-spin coating- 

500 0C) 

 

C-FAMACsPbI3  

 

Not reported 12.26  76 0.74  21.8   

[58] 

Tetrame-

thylammonium 

hydroxide layer 

(TMAH) 

Intermediate addi-

tional layer 

(TiO2-spin coating- 

500 0C) 

C-CsPbBr3 

 

99.72 % at 

30 days 

10.13  83.24  1.64  7.42  [54] 

Lead halide perovskite cells 

Titanium dibo-

ride (TiB2) 

TiO2–TiB2 

heterostructure 

integrated on 

SnO2 

Composite floral 

heterostructure 

TiO2–TiB2 

(TiB2 hydrothermal 

treatment -140 0C, 

TiO2–TiB2 hetero-

structure--450 °C) 

(α-FAPbI3) 

perovskite 

 

Not reported  23.5  78.81 1.201  24.5   

[64] 

Potassium 

bitartrate (KBT) 

Composite 

TiO2-KBT 

(chemical bath 

deposition-150 0C) 

FAMA PbIBr  80 % at 800 

h 

23.35  Not 

reported 

Not 

reported 

Not 

reported 

 

[65] 

 

3D hierarchical TiO2 3D hierarchical CH3NH3PbI3 Not reported 19.54 74 1.110 23.8   



Latest advances in TiO2-perovskite nanostructured interface engineering. Short review                        191                      

 

 

Interface  

modifier 

Type of ETL  

modification (TiO2 

synthesis route) 

 

Type of cell  

perovskite 

 

Cell Stability 

(% of initial 

efficiency) 

Power conversion 

efficiency (PCE) 

 % 

Fill 

factor 

(FF) 

% 

Open 

circuit 

voltage 

(𝑉𝑜𝑐) 

V 

Short 

circuit 

current 

density 

(JSC) 

mA∙cm-2 

Ref  

TiO2 nanorod- structure over nano-

spheres 

(TiO2 nanospheres- 

electrospray deposi-

tion, hydrothermal 

TiO2 3D hierarchical 

structure -160 °C) 

  [69] 

N-Acetyl-L-tryp

tophan (NAT) 

Intermediate addi-

tional layer 

N-Acetyl-L-tryptoph

an (NAT) 

(chemical bath 

deposition -110 0C) 

 

MAPbI3 

 

75.3% at 800 

h (RH- 

30% ± 5%, 

25 ± 5 °C). 

19.26 Not 

reported 

Not 

reported 

Not 

reported 

 

[66] 

2D-MXene/Janu

s MoSSe into a 

mesoporous 

TiO2 

 

 

Composite layer 

c-TiO2/mp-TiO2/Mo

SSe@MXene@TiO2 

(spin coating- 500 
0C) 

CH3NH3PbI3 

 

89 % at 

500 h 

18.33  68.34  1.20  25.14   

[67] 

TiO2-GQDs 

nanocomposite 

GQDs doped TiO2 

(QDs - electrochem-

ical process,  

ETL spin coating 

500 0C) 

FAMAPbI3 Not reported 15.10 73.43 0.99 19.82   

[74] 

Er3+ doped TiO2 

(sol-gel) 

Er3+ doped TiO2 

(Er-TiO2 nanoparti-

cles sol gel- 550 0C, 

ETL-spin coating 

110 0C) 

Organ-

ic-inorganic 

perovskite solar 

cells 

 

Not reported  14.8  0.60 1.06  23.3   

[72] 

BaTiO3/TiO2 Composite bilayer 

BaTiO3/TiO2 

(spin coating 500 0C) 

 

FAMACs 

PbBrI-based 

perovskite  

 

Not reported  14.02 55 0.98  26.01   

[68] 

Er3+ doped TiO2 

(ball-milling) 

Er3+ doped TiO2 

nanoparticles 

Er-TiO2 by 

ball-milling 

spray pyrolysis and 

450 0C for TiO2 film 

CH3NH3PbI3 

 

Not reported 13.38 65.107  1.012 20.3   

[73] 

Lead free perovskite cells 

0.5% gra-

phene-doped 

TiO2 (TiO2+Gr) 

 

TiO2+Gr (0.5 %) 

ETL 

device simulation 

RbGeI3-based 

PSC 

 

Not reported 30.14  88.72  1.0622  

 

31.98   

[80] 

 

Ce4+ dopant ions Ce4+ doped TiO2 

(Ce-TiO2 particles at 

400 0C, 

ETL-Spin coated 

250 °C) 

(CH3NH3)2CuBr

Cl 

 

 

Not reported 2.21 

 

79.5  

 

0.7707  

 

3.49   

[78] 

Pr3+ ions acti-

vated TiO2 

xPr3+:TiO2 (x = 0.07) 

Pr doped 400 0C 

(CH3NH2)2CuBr

4 

Not reported 1.6  79.8  0.67  2.97   

[79]  
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5. TiO2 based ETL in carbon-based perovskite  
  cells  
 

Carbon-based perovskite cells continue to be consid-

ered good candidates for commercialization since carbon 

electrode’s fabrication costs are lower and availability is 

higher as compared with metal electrode perovskite cells 

[51]. However, the passivating of nonradiative defects at 

the ETL/perovskite interface aiming to improve the PCE of 

C-PSCs still remains one of the important challenges [51]. 

Modifications of interface TiO2 based ETL and per-

ovskite were focused on enhancing efficiency, stability and 

reducing the costs occasioned by synthesis at lower an-

nealing temperature.  

Latest reported approaches for achieving the up men-

tioned desiderates are the nanostructuring the interface 

ETL/PAL by different strategies: (1) Nanostructured in-

terface by treatments with reactive compounds; (2) 

Nanostructured interface by additional passivating layers; 

(3) Nanostructured interface by doping TiO2-ETL.    

 

5.1. Nanostructured interface by treatments with  

    reactive compounds  

 

Treatments with reactive compounds that engineered 

both ETL and perovskite absorbance layers (PAL) and form 

nanostructured composite ETL and PAL, was one of the 

approaches lately reported. The noticeable advance due to 

this approach with reactive compounds was the reduced 

fabrication temperature surpassing thus one disadvantage 

of TiO2 ETL as compared with SnO2 for instance. The lower 

temperature processing of tin oxide films provides an 

advantage over mesoporous TiO2, which requires 

high-temperature annealing (>450 °C). The second advance 

was the increasing of PCE by reactive compounds that 

passivate both ETL and perovskite forming nanostructured 

interface of composite ETL and PAL without introduction 

of additional layer [52,53].  

Yao, Q. et.al. [52] used rubidium acetate (RbAc) 

molecules as interface modification reactive compound 

while Hengzhuo Cai et al. [53] used zinc acetate Zn(OAc)2 

to optimize the TiO2/CsPbI2Br buried interface. In both 

cases the reactive compound treatment allows a lowered 

synthesize temperature of 200 0C and a similar fabrication 

process for the cell.  

The acetate (Ac−) group belonging to Zn(OAc)2 and 

RbAc interacts with Cs+/Pb2+, reducing the number of 

uncoordinated Cs+/ Pb2+ species on the surface and sup-

pressing thus the formation of trap states together with 

altering the electronic environment forms. These coordina-

tion interactions can neutralize the charge of the defect sites 

of perovskite and prevent them from participating in non-

radioactive recombination, actually passivating the defects 

on TiO2 surface as well. Acetate ions on the other hand 

passivate the defects on TiO2 surface by occupying the 

oxygen vacancies and coordinate the Ti3+. The small mol-

ecule of Rb+ is very likely to enter the perovskite structure 

and fill the Cs+ vacancies in the perovskite lattice and also 

to enter the TiO2 layer. Zn2+ is more likely to act as doping 

element for the TiO2 surface. At the interface ETL/PAL, 

Rb+ or Zn2+ form nanostructured compounds with titanium 

oxide and perovskite. The results of this treatment were the 

interface modification on both TiO2 and perovskite sites 

with the improvement of interface morphology and crys-

tallinity, passivating defects and improving energy level 

alignment.  

To conclude, rubidium acetate and zinc acetate form 

nanostructured composites with TiO2 and perovskite layers 

respectively, reducing the interfacial ETL-PAL defects, 

increasing the conductivity of TiO2-ETL and optimizing 

the energy level alignment. The effects of this treatment 

were achieving PCEs of 14.28% and 14.91%, open-circuit 

voltage of 1.29 V and 1.248 V for RbAc [52] and Zn(OAc)2 

[53] respectively, as well as a long-time stability of 90 % of 

the initial PCE value [52]. 

 

5.2. Nanostructured interface by additional  

    passivating layers   

 

Introducing interface additional passivating layers was 

another approach to improve efficiencies and stability of 

carbon-based perovskite cells.   

Li et al. [54] investigated the surface defects manipu-

lation by introducing tetramethyl-ammonium hydroxide 

[(CH3)4]N+(OH)- molecular layer (TMAH) between 

TiO2-ETL and perovskite. TMAH molecule was suggested 

to passivate the surface defects of TiO2 by its OH- group 

and permeates the perovskite completing its crystalline 

structure by tetramethylammonium (TMA+) adjusting thus 

the energy level by TMAH dipole layer. The authors 

proved an increase of PCE -TMAH configuration by up to 

10.13 % [54], minimizing the energy loss and achieved 

high VOC of 1.64 V. Modification of the perovskite layer 

was demonstrated by the authors to preserve 99.72 % of the 

initial efficiency after 30 days of simulated atmospheric 

environment. The PCE performance was not very high. 

However, it is based on the very good quality of perovskite 

film and opens the way for further improvement for TiO2 

surface passivation. (TMA+) with a similar structure with 

perovskite achieves a defects free PAL layer with very 

good stability of the cell in atmospheric environment. The 

reported Voc of 1.64 V proved the very good quality of 

perovskite film in accordance with its stability. However, 

there are 2 drawbacks. One is related to the very high 

toxicity of TMAH and the second that TiO2 is deposited at 

elevated temperature (500 0 C). The low short circuit cur-

rent density (JSC) of 7.42 mA∙cm-2 suggests a lower electron 

extraction and transport by TiO2 due either to the defects on 

the surface or to a lower conductivity. 

Wenxiang Zhou et al. proposed a method to optimize 

the interface radiative recombination and promote the 

perovskite layer growth using an organic compound 

1-phenylguanidine hydrochloride (PGCl) introduced be-

tween the double electron transport layer of TiO2/SnO2 and 

perovskite [55]. The PGCl was noticed to be chemically 

connected to TiO2/SnO2 ETL and perovskite layers by 

electrostatic coupling and hydrogen bonding. The oxygen 

vacancy density was reduced by replacing with the Cl- ions 
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from PGCl. The iodine ions in perovskite precursor solu-

tion form hydrogen bonding, with PGCl improving the 

dispersion and crystal growth of the perovskite film. The 

carbon-based PSC device takes advantages from both 

double TiO2/SnO2 ETL and the interface modification with 

PGCl showing a PCE of 15.4%. In addition, the used 

modifier material PGCl proved to stabilize PbI2 in perov-

skite [55].  

The engineering of the ETL/PAL interface with dif-

ferent reagents that form either composite with the layers or 

additional films are comparatively presented in Table 2. 

According to the latest studies, the highest and lowest PCE 

values of ~15% (PGCl) and 10% (TMAH), respectively, 

were fabricated at 500 0C with a 30 days’ stability of 75% 

and 99,7%, respectively. However, a PCE of ~14.9 % and 

stability of 90% could be obtained by RbAc and ZnO(Ac)2 

treatments at lower annealing temperature of 200 0C. These 

results path the way towards further studies most probably 

starting with the passivating mechanism not fully investi-

gated so far. 

 
Table 2. PCE, stability and annealing temperature for interface modifiers for carbon-based perovskite cells 

 

Passivating  

reagents 

PCE% Synthesis  

temperature (0C) 

Stability (%) Reference 

Zn(OAc)2 14.91 200 Not reported [53] 

RbAc 14.28 200 90.00 [52] 

TMAH 10.13 500 99.72 [54] 

PGCl 15.52 500 75.40 [55] 

 
5.3. Nanostructured interface by doping TiO2-ETL   

 

Introducing dopants was demonstrated by many stud-

ies that can improve electron mobility, conductivity, and 

charge extraction as previously reported [56-57]. Latest 

reports continue this approach and test different dopants to 

modify the ETL in carbon-based perovskite cells.  

Rana et al. [58] reported the performances of Sn doped 

TiO2 as ETL in carbon-based perovskite cells. Their sys-

tematic Taguchi method was utilized to optimize four 

imperative fabrication parameters: electron transport layer 

(ETL) type, perovskite absorber layer composition, hole 

transport layer (HTL) type, and perovskite layer annealing 

temperature. In their validation experiment the authors 

reported a PCE of 12.26 %. However, the modified con-

ductivity and energy level alignment of TiO2 with perov-

skite is due to both doped ETL and to the passivating ma-

terials integrated into the perovskite layer [58].  

The replacement of mesoporous TiO2 with 

one-dimensional Er/Yb-doped TiO2 nanocones as electron 

transport layer (ETL) was the strategy adopted by Lv et al. 

[59] for a better energy level alignment at the 

ETL/perovskite interface and demonstrate the superior 

conductivity, a reduced density of defect states and a better 

energy level alignment at the ETL/perovskite interface 

leading to increased short-circuit current density (Jsc) and 

open-circuit voltage (Voc). The one step hydrothermal 

method implying 450 0C thermal treatment post deposition 

was used to fabricate TiO2 and TiO2 doped nano cones 

directly on FTO glass. The Er/Yb-TiO2 NCs possess high 

conductivity and conduction band edge facilitating a good 

energy band alignment. However, the obtained 13.38% 

PCE is not very high, even if it is based on the synergy 

effects of RE doping and surface nanostructure. 

 

6. TiO2 based ETL in lead halide perovskite      
  cells  
 

The research studies on lead halide perovskite cells 

addressed the main challenges as long term stability to 

moisture, heat, and light and keep the performances when 

scale up to commercial production. A key area of research 

is modeling [60-62] engineering the interface ETL- PAL 

[63]. Thus, the latest studies were centered on nano struc-

turing the ETL surface aiming to increase the PCE by 

adjusting the energy level alignment and increasing con-

ductivity. The identified approaches were: (1) Nanostruc-

ture the interface by composite TiO2 -ETL and additional 

layers; (2) Modified interface by 3D TiO2 hierarchical 

nanostructure; (3) Nanostructure the interface by doping 

TiO2-ETL. 

 

6.1. Nanostructure the interface by composite  

    TiO2 -ETL and aditional layers 

 

Composite TiO2 as a nanostructured ETL or as an ad-

ditional interlayer ETL/PAL was a recent approach aiming 

to enhance both efficiency and stability of the cells. The 

fabrication process was achieved with different reagents. In 

their reported work, Nouf Alharbi et al. [64] proposed to 

take the advantages of TiO2/SnO2 bi-ETL by modifying the 

TiO2 interface. Thus, the authors integrated TiO2 as a floral 

heterostructure TiB2 -TiO2 in a bi-layer electron transport 

layer of SnO2/TiO2–TiB2/perovskite/Spiro-OMeTAD/Ag 

arrangement. The TiO2/SnO2 bi-ETL experiences a 

mismatch in their conduction band minimum that generates 

an energy barrier at the interface, obstructing electron flow 

and resulting in charge accumulation. The incorporation of 

TiB2 produces an intrinsic electric field which promotes 

effective charge separation. It was demonstrated an 

enhancement of lattice compatibility with the α-FAPbI3 

perovskite, therefore reducing interfacial strain and 

facilitating uniform film growth, enhancing thus the 

durability of the perovskite solar cells. Their manufactured 

n-i-p PSCs configuration achieved a PCE of 23.5 % [64]. 

However, the device fabrication temperature was 450 0C 

and the overall efficiency of the cell was also due to the 

very good conductivity of SnO2. However the energy level 

alignment perovskite-SnO2 was achieved by the TiB2 -TiO2 
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and makes this aproach interesting for further 

developments. 

The interface engineering by the addition of molecular 

potassium bitartrate (KBT) to the TiO2 to form a composite 

ETL significantly enhances TiO2 surface morphology, 

leading to a reduction in surface roughness and defect states 

[65]. The carboxyl and hydroxyl functional groups be-

longing to the potassium salt of tartaric acid form bonds 

with titanium interface defects and optimize the energy 

level alignment of TiO2/perovskite. KBT also reduced the 

concentration of non-radiative recombination centers at the 

interface, by passivating the uncoordinated Pb2+ and I-  

belonging to the perovskite layer with COO‾ and OH‾ 

moieties. The preparation of the cell was achieved at 150 0C 

with a 23.35% PCE. The KBT apart from the lower an-

nealing needed temperature, passivated both defects on 

TiO2 and on organic/ inorganic perovskite site. Due to 

optimized defects free ETL/PAL interface over 80 % of the 

initial efficiency was maintained after 800 h of continuous 

run.  

An acetylamino-functionalized interlayer formed by 

small molecules was proposed by Y. Chen et al. [66]. The 

organic modifier N-Acetyl-L-tryptophan (NAT) formed 

bonds with both Pb in perovskite stabilizing the layer and 

with TiO2 passivating the defects on the surface and within 

the ETL layer. The fabrication of TiO2 based ETL was 

performed at 100 0C. The manufacture device was demon-

strated to preserve 75.3% of its initial efficiency [66]. 

A bilayer ETL formed of compact TiO2 and composite 

porous TiO2 impregnated with two-dimensional (2D) 

nitrides and carbides (2D MXene) and molybdenum sulfide 

selenide (MoSSe) nanosheets was proposed by Nouf 

Alharbi et al. [67]. The recently discovered materials called 

the 2D layered Janus TMD referred to a XMY compound 

(where X and Y are different chalcogen elements and M is a 

transition metal) makes easier for the material to produce an 

intrinsic electric field. Improved electron mobility and 

extraction, as well as decreased recombination are the 

consequences of the MXene/TiO2 interface. The further 

integration of MoSSe promotes energy level alignment. 

The most efficient device developed by the authors con-

sisted of a c-TiO2/mp-TiO2/MoSSe@MXene@TiO2 elec-

tron transport layer and demonstrated a PCE of 18.5 %, 

maintaining 89 % of its initial efficiency after 500 h in 

ambient air [64]. It is worth to be mention and further 

improve the high achieved device stability which is a con-

sequence of the very good energy level alignment [67]. 

Reza et al. [68] proposed a composite nanostructure of 

BaTiO3/TiO2 bilayer as electron transport layer. The 

structure includes a mesoporous TiO2 layer that serves as a 

barrier to prevent charge recombination and a mesoporous 

BaTiO3 layer that facilitates efficient electron transport. 

Both mesoporous TiO2 and BaTiO3 layers are deposited by 

spin coating method using the synthesized nanoparticles 

and developed paste formulation. The higher band gap 

energies of ETLs containing BaTiO3 as compared to the 

pristine TiO2 ETL inhibited electron-hole recombination. 

The optimized band alignment between TiO2 and BaTiO3 

leads as reported to improved electron extraction as well as 

to the enhanced infiltration and growth of the perovskite 

resulting in an 82 % increase in photo-conversion effi-

ciency compared to conventional TiO2-based devices [68]. 

The use of BaTiO3 could be further investigated for its 

potential for enhancing the performance, stability, and 

commercial viability of PSCs. 

As a general overview, composite TiO2 –ETL or 

composite TiO2 interlayer fabricated with the use of moie-

ties containing COOH‾ and OH‾ anions, can be fabricated 

at thermal treatment temperatures lower that 500 0C and can 

passivate Pb+2 and I- at the perovskite layer interface, 

achieving PCE of 23.35 % and 19.26% in the case of 

TiO2-KBT and TiO2/Try, respectively. Stabilities in normal 

environment condition after 30 days of run were also en-

hanced (Table 3).  

For TiO2-TiB2 ETL, the 23.5 % PCE value, even if it is 

not related only to the TiO2 composite, the interface struc-

ture is worth to be investigated since it achieved a very 

good Jsc value of 24.5 mA∙cm-2 (Table 1).  

In the case of mTiO2/MXenes/MoSSe interlayer, the 

89% stability reflects a good defect free interface achieved 

at 500 0C and the interface engineering approach could 

provide information on interface modification mechanism 

(Table 4).

 
Table 3. PCE, stability and annealing temperature for composite TiO2 ETL with interface modifiers in lead halide perovskite cells 

 

Composite 

ETL 

PCE % Annealing 

temp (oC) 

Stability (%) Reference 

TiO2-TiB2 23.50 450 Not reported [64] 

TiO2-KBT 23.35 150 80.00 [65] 

TiO2-BaTiO3 14.02 500 Not reported [68] 

 
Table 4. PCE, stability and annealing temperature for composite TiO2 based interlayers ETL/perovskite with interface modifiers in lead 

halide perovskite cells 

 

Composite TiO2 

based interlayer 

PCE % Annealing 

temp (oC) 

Stability (%) Reference 

TiO2/Try 19.26 110 75.30 [66] 

TiO2/MXenes/MoSSe 18.33 500 89.00 [67] 
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6.2. Modified interface by 3D TiO2 hierarchical  

    nanostructure  

 

Employing nanostructured TiO2, such as nanorods or 

nanocrystals, are known to enhance electron transport and 

improve perovskite film quality.  

Khalid et al. [69] performed an exclusive combination 

of electrospray and hydrothermal low temperature methods 

for growing 3D hierarchical TiO2 nanostructures as ETLs 

for PSCs. Their 3D hierarchical TiO2 nanorod-sphere 

nanostructure-based ETL produced an efficient 

mesostructured perovskite device with an average power 

conversion efficiency (PCE) of 19.54% and a maximum of 

21.3%. The performance was attributed to the 3D hierar-

chical structure of the ETL. The nanorod shape reduced 

electron recombination and increased the overall effec-

tiveness of charge extraction from the perovskite. Because 

TiO2 spheres possessed a large surface area, there were 

many locations available for deposition of the perovskite 

absorber layer, which increased light absorption and pho-

tocurrent production [69]. The proposed cell architecture 

was demonstrated to be a low cost (synthesis temperature of 

hierarchical TiO2 nanostructures was 160 °C) and highly 

efficient. The synthesis procedure qualifies the device to be 

further optimized for commercial use.  

 

6.3. Nanostructure the interface by doping  

    TiO2-ETL 

 

Passivating interface defects of TiO2-lead perovskite 

cells through doping the ETL layer was the subject of many 

studies aiming to enhance the cell efficiencies and improve 

its stability. The Rare Earth TiO2 doped ETL still are in-

teresting options for efficient perovskite cells with scalable 

and economic viable fabrication technologies [70,71]. 

Er3+ may substitute the Ti sites, interstitially, despite its 

larger ionic radius because it may be energetically more 

advantageous than the creation of oxygen vacancies. Er3+ 

ions can introduce intermediate energy levels within the 

TiO2 band-gap, facilitating improved light absorption and 

photogenerated carrier dynamics. The impact of Er-doped 

TiO2 synthesized via a ball milling method was recently 

reported [72]. The ETL was prepared by spin coating of 

Er-TiO2 nanoparticle suspension. Ball milling method 

produced tetragonal anatase phase of Er doped TiO2, in-

creasing the efficiency of PSCs by modifying the structure 

of the TiO2. The authors claim a potentially effective route 

for the production of Er3+ doped TiO2 nanoparticles with 

high crystallinity as paste. The device fabricated with 

0.5 %Er content showed a PCE of 13.38%. The proposed 

ball milling method is worth to be considered as a cheap 

and scale-up fabrication technology. 

The sol–gel route was used for fabrication of 

Er3+-doped TiO2 in perovskite cell [73]. The absorption in 

the ultraviolet and visible light regions was enhanced 

compared to the undoped ETL layer. The reported device 

efficiencies were 14.8 % [73].  

Combining TiO2 with other materials like carbon dots 

can improve electron transport and stability. Enhanced 

grain size and crystallinity of the perovskite layer, im-

proved photovoltaic performance, reduced trap states, and 

faster charge transfer dynamics were proved by Sukrit 

Sucharitakul et al. [74] by incorporation of TiO2-GQDs 

nanocomposite in the TiO2 electron transport layer using an 

electrochemical method. The proposed one-step coating 

process for TiO2-GQDs nanocomposite provides a scalable 

and commercially viable method for enhancing PSCs 

through ETL engineering. Devices utilizing the 

TiO2-GQDs nanocomposite exhibited increased 

open-circuit voltage, short-circuit current density, and fill 

factor, demonstrating enhanced charge transfer and reduced 

recombination [74].  

 

7. TiO2 based ETL in lead free perovskite cells  
 

The non-toxic lead-free perovskite cells are subject of 

recent studies to overcome the environmental issued occa-

sioned by the lead perovskites in spite of their lower PCE as 

compared to the lead ones [75-77]. 

In lead - free cells TiO2 is the preferred ETL. However, 

the challenges apart from enhancing the performances 

given mainly by the perovskite absorber, the improvement 

of TiO2 surface by passivating strategies are current under 

study.Ce4+ doped TiO2 was reported to achieve a PCE of 

2.21 % in copper-based perovskite cells [78].  

Pr3+ doped TiO2 was explored as ETL in lead free cells 

aiming for aiding the visible light absorbing for 

Cu-perovskites, since at excitation with UV radiation, Pr3+ 

has emission in red region [79]. The authors demonstrated 

the incorporation of Pr3+ ions into TiO2 lattice with effects 

as lowering the conduction band and reducing the TiO2 

band gap. In addition, Pr3+ was reported to occupy the 

interstitial sites at the perovskite interface passivating thus 

the defects states. 

TiO2-graphene composite was investigated using Solar 

Cell Capacitance Simulator-one Dimension (SCAPS-1D) 

[80]. The reported simulated results showed notable im-

provement of PCE of 30.14 %, by incorporation of gra-

phene in ETL layer achieving thus a suitable ETL bandgap 

that improved charge carrier transport, minimized interfa-

cial defects, and increased overall device stability.  

 

 
8. Conclusions 
 

The development of TiO2 based ETL as a result of its 

outstanding electron mobility, high stability, and low cost 

was extensively studied during the latest years. Different 

recently reported strategies were developed aiming at 

overcome the drawbacks of TiO2 as ETL in PSCs and to 

maximize power conversion efficiency and stability. These 

issues have shown promise to be solved by methods such as 

surface modifications, doping, and interface engineering.  

The latest reported studies continue the impressive 

work done during the last decade on studying the interfaces 

of TiO2 -based ETLs in perovskite solar cells aiming at 

improving electron extraction and transport (by surface 

modification, increased contact area, doping), reducing 
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recombination losses (by interface passivation, defect 

reduction), enhancing stability (air stability, long-term 

performance) by intermediate layers at the interface 

ETL-PAL or by forming compounds with both ETL and 

PAL.  

This paper overviews the reported work focusing on 

latest published during 2025 and systematizes the advances 

in enhancing efficiencies, stability and reducing the fabri-

cation costs of: 

(i) Carbon-based perovskite solar cells following 

strategies addressed to the interface TiO2-ETL engineering: 

(1) Nanostructured interface by treatments with reactive 

compounds; (2) Nanostructured interface by additional 

passivating layers; (3) Nanostructured interface by doping 

TiO2-ETL.  

(ii) Lead halide perovskite cells nano structuring the 

ETL surface: (1) Nanostructure the interface by composite 

TiO2 -ETL and additional layers; (2) Modified interface by 

3D TiO2 hierarchical nanostructure; (3) Nanostructure the 

interface by doping TiO2-ETL.  

(iii) Lead free perovskite cells doped TiO2 based ETL.  

 

For carbon-based devices, the latest reported PCEs 

were in the range of 10.13-23.5%, preserving 75-99.72% of 

initial efficiency after 30 days of continuous run in normal 

conditions. PCEs of 14.28-14.91 % were achieved for 200 
0C fabrication temperature. 

In the case of lead halide perovskite cells, 13.38-23.5 

% PCEs with stability of 75-89% of initial efficiency after 

30 days of continuous run were reported. For maximum 

device fabrication temperature of 160 0C, the PCEs were in 

the range of 19.26-23.35 %. 

Lead-free devices with 2.21% PCE were achieved by 

doped TiO2-ETL.  

 

Possible future directions 

 

Using TiO2 as ETLs in perovskite solar cells has 

proven to have enormous promise and offers a plausible 

route to their commercialization, hence TiO2-based PSCs 

have the potential to develop into a workable and long-term 

solution for supplying the rising demand for clean and 

renewable energy with more research and development. 

Possible future directions for enhanced performance of 

TiO2 based ETL in perovskite photovoltaics are summa-

rized below: 

• Continuous tailoring the TiO2 surface morphologies 

with larger surface area (as nano cones, 3D nanostructures) 

in synergy with doping elements; 

• Explore doped or nanocomposite TiO2 based ETL (as 

Rare Earth, CQDs, graphene), that enhance charge 

transport, diminish recombination, and increased stability;  

• Further development of passivation solutions for 

ETL/PAL interface with reactive compounds (as organic 

salts) to reduce surface and trap defect states, enhancing 

thus the electrons extraction and stabilizing at the same 

time the perovskite layer; 

• Investigating fabrication methods at lower tempera-

ture (<200 0C) for TiO2 based surface nano-architecture 

with increased surface area and perovskite contact;  

• Development of scalable and economical fabrication 

techniques (as solution-based technologies, ball-milling) 

for TiO2 ETLs necessary to enable PSCs to be produced on 

a large scale; 

• Concentrate the research on environmentally ac-

ceptable and sustainable ways to synthesize TiO2-based 

ETL, (without the use of toxic reagents) with stability effect 

on perovskite layer reducing thus the cell’s negative effects 

on the environment; 

• Modeling the key fabrication parameters to optimize 

the method for electron transport layer (ETL) type, perov-

skite absorber layer composition, hole transport layer 

(HTL) type, by designed experiments, that can identify the 

optimal fabrication conditions to maximize power conver-

sion efficiency (PCE). 

 

 

Acknowledgments 

  

Authors were supported by Core Program with the 

National Research Development and Innovation Plan 

2022–2027, carried out with the support of Ministry of 

Education and Research, Romania, project no. PN 23 05. 

 

 

References 
 

 [1] J. Pastuszak, P. Węgierek, Materials 15,  

    5542 (2022).  

 [2] Global Thin Film Solar Cell Market 2025-2034;   

    https://www.custommarketinsights.com/ 

    report/thin-film-solar-market/ 

 [3] A. Kojima, K. Teshima, Y. Shirai, T Miyasaka,  

    Journal of American Chemical Society 131,  

    6050 (2009).  

 [4] E. Raza, Z. Ahmad, Energy Reports 8, 5820 (2022).  

 [5] NREL Best Research-Cell Efficiency Chart,  

    https://www.nrel.gov/pv/cell-efficiency.html 

 [6] Q. Jiang, K. Zhu, Nature Review Materials 9,  

    399 (2024).  

 [7] I. Hussain, H.P; Tran, J. Jaksik, J. Moore, N. Islam,  

    M. J. Uddin, Emergent Materials 1, 133 (2018).  

 [8] Y. Wang, A.B. Djurišic, W. Chen, F. Liu, R. Cheng,  

    S. P. Feng, A. M. C. Ng, Z. He, Journal of Physics:  

    Energy 3(1), 012004 (2021).  

 [9] D. Gao, B, Li, Q. Liu, C. Zhang, Z. Yu, S. Li,  

    J. Gong, L. Qian, F. Vanin, K. Schutt, M. A. Davis,  

    A. F. Palmstrom, S. P. Harvey, N. J. Long,  

    J. M. Luther, X. C. Zeng, Z. Zhu, Science 386,  

    187 (2024).  

[10] A. K. Astakala, S.-Y. Lee, J. Gautam, K. B. Thapa,  

    I. In, S. J. Lee, S.-J. Park, Advanced Powder  

    Materials 5(2) 100354 (2025).  

[11] I. Barrutia, R. Seminario-Córdova,  

    V. Martinez-Rojas, Carbon-Based Perovskite Solar  

    Cells: The Future Photovoltaic Technology,  

    M. Espinoza-Andaluz, T. Li, Á. E. Dávila,  

    M. Andersson, J. S. Villamar, E. M. Vargas (Eds.),  



Latest advances in TiO2-perovskite nanostructured interface engineering. Short review                        197                      

 

 

    Congress on Research, Development and Innovation  

    in Renewable Energies. Green Energy and  

    Technology, Springer, 33 (2021).  

[12] D. Raptis, C. A. Worsley, S. M. P. Meroni,  

    A. Pockett, M. Carnie, T. Watson, Solar 2(2),  

    293 (2022).  

[13] I. Chilibon, I. C. Vasiliu, J. Optoelectron. Adv. M.  

    27(9-10), 511 (2025).  

[14] A. Chandrakar, A. Khare, Solar Energy 298,  

    113649 (2025). 

[15] Q. Wali, I. E. Lee, M. Aamir, T. C. Chuah, R. Jose,  

    Surfaces and Interfaces 76, 107922 (2025).  

[16] K. Saranya, B. Janarthanan, Journal of Molecular  

    Structure 1287, 135663 (2023).  

[17] Q. Fatima, A. A. Haidry, H. Zhang, A. El Jery,  

    M. Aldrdery, Materials Today Sustainability 27,  

    100857(2024). 

[18] N. Balagowtham, K. R. Acchutharaman,  

    M. S. Pandian, M. Kumar, J.-H. Chang,  

    P. Ramasamy, Solar Energy 301, 113892 (2025).  

[19] K. Lan, Q. Wei, D. Zhao, Angewandte Chemie 

    International Edition 61, e202200777 (2022).  

[20] J. Lee, J. Kim, C.-S. Kim, S. Jo, Nanomaterials 12,  

    718 (2022).  

[21] K. Bourikas, C. Kordulis, A. Lycourghiotis, Chemical  

    Reviews 114(19), 9754-9823 (2014).  

[22] A. V. Vorontsov, H. Valdés, P. G. Smirniotis, Y. Paz,  

    Surfaces 3, 72 (2020).  

[23] A. Kumar, S. K. Tripathi, M. Shkir, S. AlFaify,  

    T. Srilavanya, Inorganic Chemistry Communications  

    169, 113115 (2024).  

[24] T. D. Malevu, T. E. Motaung, S. V. Motloung,  

    L. F. Koao, T. P. Mokoena, M. R. Mhlongo,  

    Condensed Matter 7(2), 39 (2022).  

[25] S. Supraja, R. K. Dileep, N. Chundi, E. Ramasamy,  

    S. Shanmugasundaram, G. Veerappan, Solar Energy  

    247, 308 (2022).  

[26] B. G. Krishna, G. S. Rathore, N. Shukla, S. Tiwari,  

    Hybrid Perovskite Composite Materials, Woodhead  

    Publishing Series in Composites Science and  

    Engineering, Imran Khan, Anish Khan,  

    Mohammad Mujahid Ali Khan, Shakeel Khan,  

    Francis Verpoort, Arshad Umar (eds.), Woodhead  

    Publishing, 375 (2021),  

[27] G. K. Rahane, B. Singh, A. Roy, N. G. Saykar,  

    A. Mandal, D. Afria, Y. A. Jadhav, S. S. Mali,  

    N. Y. Dzade, S. R. Rondiya, Langmuir 40(43),  

    22526 (2024).  

[28] M. A. Millán-Franco, C. A. Rodríguez-Castañeda,  

    P. M. Moreno-Romero, J. J. Prias-Barragán,  

    O. A. Jaramillo-Quintero, H. Hu, Materials Science in  

    Semiconductor Processing 161, 107452 (2023).  

[29] J. Idígoras, L. Contreras-Bernal, J. M. Cave,  

    N. E. Courtier, Á. Barranco, A. Borras,  

    J. R. Sánchez-Valencia, J. A. Anta, A. B. Walker,  

    Advanced Materials Interfaces 5, 1801076 (2018).  

[30] A. Sharma, R. Sharma, A. Agarwal, M. S. Dhaka,  

    Renewable and Sustainable Energy Reviews 222,  

    115795 (2025).  

[31] S. Bhandari, A. Roy, T. K. Mallick, S. Sundaram,  

    Chemical Engineering Journal 446(Part 5),  

    137378 (2022).   

[32] G. L. M. Anandan, M. Mani, A. K. Ravindran,  

    S. P. Muthu, Ceramics International 50(19), Part A,  

    35214 (2024).  

[33] A. Bag, R. Radhakrishnan, R. Nekovei,  

    R. Jeyakumar, Solar Energy 196, 177 (2020).  

[34] I. Gulomova, O. Accouche, R. Aliev, Z. Al Barakeh,  

    V. Abduazimov, Nanomaterials 14, 1301 (2024).  

[35] S. Sakib, M. Y. M. Noor, M. R. Salim,  

    A. S. Abdullah, A. I. Azmi, M. H. Ibrahim,  

    M. H. Ibrahim, Materials Today: Proceedings 80,  

    Part 2, 1022 (2023).  

[36] C. Zhou, Z. Xi, D. J. Stacchiola, M. Liu, Energy  

    Science and Engineering 10(5), 1614 (2022).  

[37] G. S. Kinsey, Solar Energy 217, 49 (2021).   

[38] S. Khatoon, S.K. Yadav, V. Chakravorty, J. Singh,  

    R. B. Singh, M. S. Hasnain,  

    S. M. Mozammil Hasnain, Materials Science for  

    Energy Technologies 6, 437 (2023).  

[39] N. Yadav, A. Khare, Surfaces and Interfaces 56,  

    105593 (2025).  

[40] P. Chen, Y. Bai, L. Wang, Small Structures 2,  

    2000050 (2021). 

[41] J. Pascual, T. S. Ripolles, S.-H. Turren-Cruz,  

    J. L. Delgado, Current Opinion in Colloid and  

    Interface Science 74, 101863 (2024).  

[42] S. Hou, Z. Ma, Y. Li, Z. Du, Y. Chen, J. Yang,  

    W. You, Q. Yang, T. Yu, Z. Huang, Advanced  

    Functional Materials 34(4), 2310133 (2024).  

[43] N. Mozaffari, D. Walter, T. P. White, A. D. Bui,  

    G. D. Tabi, K. Weber, K. R. Catchpole, Solar RRL 6,  

    2101087 (2022).  

[44] D. S. C. Halin, A. W. Azhari, M. A. A. M. Salleh,  

    N. I. M. Nadzri, P. Vizureanu, M. M. A. B. Abdullah,  

    J. A. Wahab, A. V. Sandu, Coatings 13, 4 (2023).  

[45] W. Shah, S. M. Faraz, Z. H. Awan, M. H. Sayyad,  

    Micro and Nanostructures 205, 208189 (2025).  

[46] A. A. Abdelghafar, A. Mdallal, M. A. Allam,  

    A. A. Hamad, A. H. Alami, M. A. Abdelkareem,  

    A. G. Olabi, Energy Nexus 19, 100487 (2025).  

[47] A. Sharma, V. Gupta, A. Sharma, S. K. Sharma,  

    A. K. Sharma, Next Research 2(3), 100494 (2025).  

[48] O. O. Moyofola, M. E. Emetere, Renewable and  

    Sustainable Energy Reviews 222, 115943 (2025).  

[49] A. Kumar, D. Kumar, N. Jain, M. Kumar,  

    G. Ghodake, S. Kumar, R. K. Sharma, J. Holovsky,  

    V. S. Saji, S. K. Sharma, Solar Energy 266,  

    112185 (2023).  

[50] M. F. Gözükızıl, Optical and Quantum Electronics 57,  

    212 (2025).  

[51] A. A. Sery, A. E. Abd El-Samad, R. S. Mostafa,  

    H. H. Zeenelabden, A. Mourtada Elseman, S. Sajid,  

    M. M. Rashad, M. El-Aasser, Solar Energy 287,  

    113261 (2025).  

[52] Q. Yao, F. Liu, L. Gao, R. Li, C. Zhong, D. Jiang,  



198                                     Irinela Chilibon, Ileana Cristina Vasiliu 

 

    H. Deng, Y. Xu, Y. Liu, Z. Du, J. Wu, Z. Lan,  

    Journal of Alloys and Compounds 1018,  

    179256 (2025).  

[53] H. Cai, S. Wu, Z. Liu, J. Lin, X. Lu, X. Gao,  

    J. M. Liu, S. Wu, Applied Surface Science 705,  

    163473 (2025).  

[54] H. Li, Z. Wang, S. Zheng, W. Zhu, Y. Zhang,  

    Y. Wang, W. Sun, J. Wu, Surfaces and Interfaces 62,  

    106255 (2025).  

[55] W. Zhou, Q. Wang, J. Wan, X. Zhou, International  

    Journal of Hydrogen Energy 116, 288 (2025).  

[56] C. Brundha, J. K. Cha, Q. F. Ren, H. S. Kim,  

    H. W. Lee, S. H. Kim, ACS Applied Energy  

    Materials 6(21), 11081 (2023).  

[57] X. X. Gao, Q. Q. Ge, D.-J. Xue, J. Ding, J.-Y. Ma,  

    Y.-X. Chen, B. Zhang, Y. Feng, L.-J. Wan, J.-S. Hu,  

    Nanoscale 8(38), 16881 (2016).  

[58] N. Rana, M. Selvaraj, J. V. Gohel, Journal of  

    Electroanalytical Chemistry 994, 119240 (2025),  

[59] Y. Lv, K. Wen, T. Zhang, F. Fang, X. Zhou, Journal  

    of Alloys and Compounds 1032, 181185 (2025).  

[60] A. Barar, C. Boscornea, M. Balasoiu,  

    D. Manaila-Maximean, University Politehnica of  

    Bucharest Scientific Bulletin-Series A-Applied  

    Mathematics and Physics 83(4), 285 (2021). 

[61] A. Bărar, S. A. Maclean, O. Dănilă, A. D. Taylor,  

    Materials 16(11), 3934 (2023). 

[62] A. M. Badea, D. Manaila-Maximean, L. Fara,  

    D. Craciunescu, Solar Energy 285, 113082 (2025).  

[63] T. Seyisi, B. G Fouda-Mbanga, J. I. Mnyango,  

    Y. B. Nthwane, B. Nyoni, S. Mhlanga,  

    S. P. Hlangothi, Z. Tywabi-Ngeva, Energy Reports  

    13, 1400 (2025).  

[64] N. Alharbi, Journal of Science: Advanced Materials  

    and Devices 10(3), 100899 (2025).  

[65] Y. Wu, J. Zhang, J. Luo, M. Wang, S. Cai, Q. Cai,  

    D. Wei, J. Ji, Z. Zhang, X. Li, Applied Surface 

    Science 662, 160139 (2024).  

[66] Y. Chen, Y. Zhang, X. Li, L. Zhang, M. Xu,  

    C. Wang, Applied Physics Letters 126(11),  

    111606 (2025).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[67] N. Alharbi, M. M. Alotaibi, L. K. Obeas,  

    I. I. Marhoon, M. Zorah, A. G. Taki,  

    B. A. Mohammed, G. Abdulkareem-Alsultan,  

    M. F. Nassar, Journal of Alloys and Compounds  

    1013, 178501 (2025).  

[68] M. R. Mohammadi, F. Saremi, Materials Science and  

    Engineering: B 320, 118454 (2025).  

[69] Mahmood, Usama, A. Khalid, RSC Advances 15(26),  

    20446 (2025).  

[70] A. Barar, D. Manaila-Maximean, University  

    Politehnica of Bucharest Scientific Bulletin - Series  

    A: Applied Mathematics and Physics 83(2),  

    309 (2021). 

[71] Fei Zhao, Peizhi Yang, Junhao Chu,  

    J. Optoelectron. Adv. M. 25(7-8), 326 (2023).  

[72] E. Abd-Elrazek, A. M. Elseman, I. Morad,  

    M. M. El-Desoky, Solar Energy 294, 113525 (2025).  

[73] T. Li, Y. Wang, M. Wei, T. Yan, Peining Yang,  

    Materials Letters 401, 139264 (2025).  

[74] S. Sucharitakul, V. Yarangsi, S. Thanasanvorakun,  

    T. Sintiam, S. Yarin, K. Hongsith,  

    S. Phadungdhiti-Dhada, S. Choopun, Electrochimica  

    Acta 521, 145901 (2025).  

[75] S. Ahmed, M.A. Gondal, A.S. Alzahrani, M. Parvaz,  

    A. Ahmed, S. Hussain, ACS Applied Energy  

    Materials 7(4), 1382 (2024).  

[76] S. M. Masawa, R. Bakari, J. Xu, J. Yao, Journal of  

    Solid-State Chemistry 317, Part A, 123608 (2023).  

[77] Shweta Shukla, Rabin Paul, Trupti Ranjan Lenka,  

    J. Optoelectron. Adv. M. 27(1-2), 55 (2025). 

[78] D. Jagadeesh, R. Ranjith, M. A Ghanem,  

    K. Munirathnam, S. N. Kumar, A. G. V. Reddy,  

    G. R. Reddy, S. W. Joo, Ceramics International  

    51(18), Part B, 26526 (2025).  

[79] R. Vishwanath, R. Ranjith, K. Munirathnam, J. Shim,  

    P. C. Nagajyothi, S. Ansar, V. Manjunath, Materials  

    Science in Semiconductor Processing 186,  

    109093 (2025).  

[80] I. B. A. Ghani, M. Khalid, H. Yan, Y. El Arfaoui,  

    B. Nawaz, J. Wang, Optik 320, 172116 (2025).  

______________________ 
*Corresponding author: icvasiliu@inoe.ro 

 


