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HIGHLIGHTS

•	 A novel strategy employs 2D materials to construct cascaded band alignment, enabling efficient charge transport and reducing energy loss.

•	 An innovative approach utilizes donor–acceptor blends; active layer morphology and interfacial engineering minimize charge 
recombination to enable high performance and long-term device stability.

•	 This review uniquely consolidates the roles of 2D materials as electron transport layers and hole transport layers across three major 
classes of solar cells: perovskite, organic and dye-sensitized solar cells.

ABSTRACT  The growing global energy demand and 
worsening climate change highlight the urgent need for 
clean, efficient and sustainable energy solutions. Among 
emerging technologies, atomically thin two-dimensional 
(2D) materials offer unique advantages in photovoltaics 
due to their tunable optoelectronic properties, high surface 
area and efficient charge transport capabilities. This review 
explores recent progress in photovoltaics incorporating 2D 
materials, focusing on their application as hole and electron 
transport layers to optimize bandgap alignment, enhance 
carrier mobility and improve chemical stability. A com-
prehensive analysis is presented on perovskite solar cells 
utilizing 2D materials, with a particular focus on strategies 
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to enhance crystallization, passivate defects and improve overall cell efficiency. Additionally, the application of 2D materials in organic 
solar cells is examined, particularly for reducing recombination losses and enhancing charge extraction through work function modifica-
tion. Their impact on dye-sensitized solar cells, including catalytic activity and counter electrode performance, is also explored. Finally, 
the review outlines key challenges, material limitations and performance metrics, offering insight into the future development of next-
generation photovoltaic devices encouraged by 2D materials.

KEYWORDS  2D materials; Photovoltaics; Interface engineering; Work function tuning; Energy harvesting

1  Introduction

Amid the escalating challenges of climate change and the 
greenhouse effect, largely due to the continued reliance on 
fossil fuels, the shift toward renewable energy has emerged 
as a critical necessity for a sustainable future [1, 2]. The 
increasing demand for energy puts a strain on conventional 
sources, highlighting the even more importance of renew-
able energy coupled with environmental concerns is driving 
the search for cleaner and more efficient energy sources. 
Renewable energy offers a promising alternative to tradi-
tional fossil fuels and is gaining significant research interest 
[3, 4]. Unlike fossil fuels, sunlight is a constantly refillable 
resource, readily available in most locations and produces no 
harmful emissions during operation offering an inexhaust-
ible supply of clean energy. Photovoltaic (PV) technology 
captures this energy and directly converts sunlight into 
electricity. These qualities make solar power a high-quality 
and sustainable choice for the future. PV technology is a 
cornerstone of future renewable energy production. It offers 
several advantages that include abundant energy resources, 
minimal environmental impact and long-term sustainabil-
ity. PV materials convert the sun inexhaustible energy into 
usable forms. The development of solar cells boasts a rich 
history spanning over half a century [5, 6]. Over the years, 
the technology has progressed through silicon-based cells 
[7, 8], thin-film organic cells [9], including CdTe, GaAs and 
InP-based varieties, and the new generation of novel concept 
solar cells [10, 11]. Currently, silicon-based cells dominate 
the PV market, other promising technologies are emerging 
rapidly. These include perovskite solar cells (PSCs) [12, 13], 
copper indium gallium selenide (CIGS) solar cells [14, 15], 
quantum dot solar cells (QDSCs) [16, 17], dye-sensitized 
solar cells (DSSCs) [18, 19] and organic solar cells (OSCs) 
[20, 21]. Two-dimensional (2D) materials hold immense 
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promises for revolutionizing solar cell technology. Their 
unique atomic structure, arranged in ultrathin layers, offers 
remarkable properties that make them ideal candidates for 
next-generation solar cells [22, 23]. The main advantage of 
2D materials lies in their tunable bandgaps which represent 
the minimum energy difference between the material valence 
and its conduction band. This energy difference dictates a 
material’s ability to absorb light and generate electrons. In 
2D materials, the bandgap can be strategically modified, 
ranging from near-metallic behavior in graphene to semi-
conducting properties in black phosphorus (BP) for efficient 
light absorption and insulating behavior in hexagonal-boron 
nitride (h-BN) that is useful for controlling charge trans-
port [24]. This remarkable control over bandgaps allows for 
the creation of sophisticated layered heterostructures. By 
carefully stacking different 2D materials, we can design 
solar cells with precisely tailored light absorption and 
charge transport properties which would result in optimiz-
ing energy conversion efficiency [25]. Recently, perovskite 
films are class of materials that have attracted significant 
research interest due to their high stability and remarkable 
efficiency. The quality and orientation of perovskite crystal 
significantly impact their performance and modifying per-
ovskite composition can improve charge carrier mobility. 
Defects in the perovskite lattice can act as charge recombi-
nation center which reduce the overall cell efficiency. High-
quality perovskite crystals with minimal defects and using 
charge selective layers can help to separate electrons and 
holes for reduce recombination [26, 27]. OSC solar cells 
offer promising potential for lightweight, low-cost cost and 
flexible photovoltaic devices. Trap states within the organic 
material act as recombination center and reduce the overall 
cell performance. The morphology of donor–accepter can 
be used for enhancing charge transport and ensuring optimal 
phase separation between acceptor and donor material is 
crucial for efficient transport [28, 29]. Counter electrodes 
(CE) in DSSCs facilitate the reduction of the oxidized redox 
mediator. 2D materials such as transition metal dichalcoge-
nides (TMDCs), graphene and BP exhibit excellent electrical 
conductivity for efficient electron transfer and surface area 
for enhancing catalytic activity of CE. The surface area and 
high conductivity of these materials enhance electrocatalytic 
activity, which leads to faster redox mediator regeneration 
and higher overall cell efficiency [30, 31].

1.1 � Emerging Trends in 2D Material Use 
in Photovoltaics

Over the past five years, a growing body of work has 
demonstrated that atomically thin materials can dramatically 
improve the performance of several photovoltaic platforms. 
In perovskite solar cells (PSCs), n-type MoS2, WS2 and SnS2 
nanosheets have been incorporated as electron transport 
layers (ETLs), lowering the interfacial recombination 
current and pushing certified power conversion efficiency 
(PCE) beyond 25% [32]. p-type WSe2 and doped graphene 
derivatives, when used as hole transport layers (HTLs), raise 
the work function at the perovskite interface and improve fill 
factors to > 85% [33]. Ultrathin Ti3C2Tx MXene and h-BN 
“active-buffer layers (ABLs)” further passivate surface traps 
and suppress ion migration, adding > 500 mV to open-circuit 
voltage in some inverted devices [34]. In organic solar cells 
(OSCs), graphene oxide and BP nanosheets embedded at 
the donor–acceptor interface enhance exciton dissociation 
and yield ∼ 20% PCEs in flexible modules [35]. For DSSCs, 
edge-enriched MoS2/RGO composites now serve as low-cost 
counter electrodes (CEs) with catalytic activities rivaling Pt 
while retaining long-term chemical stability in iodide and 
cobalt electrolytes [36].

1.2 � Challenges and Future Directions

Notwithstanding these advances, several obstacles still 
hinder the large-scale deployment of 2D-enabled PV tech-
nologies. (1) Scalability: continuous, wafer-scale growth or 
transfer of defect-free 2D films at temperatures compatible 
with flexible substrates remains difficult; solution-processed 
inks often suffer from poor flake alignment and residual sur-
factants. (2) Interface stability: chemical incompatibilities 
between 2D layers and hybrid perovskites can lead to ion 
exchange, phase segregation, or undesirable interfacial 
dipoles under light, heat, or moisture stress. (3) Device lon-
gevity: while laboratory cells may exceed 1,000 h under 
standard tests, the long-term (> 10,000 h) behavior of 2D/3D 
interfaces, especially under simultaneous thermal, electrical 
and mechanical cycling, has not been systematically bench-
marked [37].

To translate laboratory success into bankable prod-
ucts, future research should prioritize (1) scalable syn-
thesis/printing of orientation-controlled 2D layers via 
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low-temperature CVD, slot-die coating, or roll-to-roll (R2R) 
blade coating; (2) multifunctional heterostructures that 
couple defect passivation, moisture blocking and graded 
band alignment in a single laminated stack; (3) in situ and 
operando characterization to track ion migration, chemi-
cal reactions and stress evolution at buried 2D/3D junctions; 
and (4) data-driven screening of 2D materials and surface 
chemistries using machine learning models linked to high-
throughput experiments. A realistic roadmap targets > 28% 
PCE, < 10% performance loss after 10,000 h of damp-heat 
testing and fully solution-processed module fabrication by 
2030 for PSCs, with analogous stability and cost metrics for 
OSCs and DSSCs. Achieving these milestones will position 
2D-enabled photovoltaics as a competitive technology for 
terawatt-scale, low-carbon energy deployment [38].

1.3 � Study Gaps and Objectives

Despite significant advancements in photovoltaics, 
certain challenges continue to limit the full potential of 
these technologies. Addressing these gaps is essential 
for enhancing the stability and performance of solar 
devices, and exploring these techniques further will be 
critical for future applications. For 2D materials, their 
atomic-scale thickness limits light absorption, and sharp 
edges make these materials more susceptible to defects, 
while scalability issues constrain their commercial 
viability. Research into overcoming these limitations 
can significantly broaden the 2D materials applications 
in future solar devices [39, 40]. In perovskite-based 
photovoltaics, a major challenge lies in optimizing the 
interface between the charge transport layer and perovskite 
layer to improve charge collection and extraction. Effective 
interface passivation is also essential to reduce trap states 
and defects, which would otherwise act as recombination 
centers, leading to charge carrier losses. Optimization 
of perovskite composition and morphology will be 
key for enhanced device performance, and continued 
exploration in these areas can enable more reliable and 
efficient future applications [41]. In organic photovoltaics, 
optimizing donor–acceptor blends is necessary to reduce 
recombination losses, while refining the morphology of 
donor–acceptor composites with active layer is crucial for 
high efficiency. Additionally, reducing the work function 
of the electron transport layer (ETL) can facilitate better 

electron transfer from the active layer [42]. For DSSC, 
enhancing long-term stability and durability of both the 
dye and electrolyte components is crucial for extending the 
lifespan and performance of cell. Addressing electrolyte 
leakage is also critical to prevent potential hazards. 
Moreover, the development of efficient, cost-effective 
counter electrodes as alternatives to platinum (Pt) is 
essential for the commercial scalability of DSSCs [43].

In this review, we begin with recent advancements in 2D 
materials-based photovoltaics as promising 2D materials 
for next-generation solar cells, focusing on their applica-
tions as ETL and HTL. The layout of 2D materials-based 
solar cells is explored, focusing on planar architecture, 
bulk heterojunction and nanocomposite configurations 
with their pros and cons. For PSCs, the role of 2D materi-
als is discussed in improving perovskite crystallization, 
passivate defects and optimizing charge transport for 
improved stability and efficiency. In OSCs, 2D materials 
potentially reduce recombination and improve electron 
collection by modifying the work function and interface 
barrier. For DSSCs, 2D materials are explored as coun-
ter electrodes (CEs) to enhance efficiency, stability and 
electrocatalytic activity. Challenges include limited light 
absorption, defect susceptibility and scalability. In PSCs, 
interface engineering, energy-level alignment, perovs-
kite composition and morphology control are addressed 
to discuss these limitations. For OSCs, the focus is on 
donor–acceptor blends with complementary properties and 
methods to reduce work function, such as doping, surface 
treatment and nanostructuring. Furthermore, long-term 
stability of dye and electrolyte, electrolyte leakage and 
development of efficient, cost-effective counter electrodes 
are addressed for next-generation photovoltaics. Figure 1 
presents a comprehensive overview of 2D materials and 
their role in optimizing carrier transport and enhancing 
device efficiency for next-generation solar technology.

2 � Rise of 2D Materials

The groundbreaking isolation of single-layer graphene 
through mechanical exfoliation marked a pivotal moment 
[52]. This discovery ignited a surge of research into 
2D materials, and the field continues to expand expo-
nentially. A key driver behind this rapid growth is the 
immense potential of 2D materials to revolutionize various 
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technological sectors. Their unique properties hold prom-
ises for advancements in electronics and optoelectronics, 
among other fields. Many 2D semiconductor materials 
have been mechanically exfoliated and have a remarkable 
range of band gaps, varying from milli-electron-volts to 
several electron-volts. This diversity paves the way for 
hundreds more to be discovered in the near future that 
could revolutionize the electronics field and the wide 
spectrum of bandgaps in 2D materials allows us to tune 
material properties for diverse applications. For instance, 
a narrow-bandgap material might be ideal for solar cells, 
while a wider bandgap material could be better suited for 
transistors. Crystal structures of various 2D semiconductor 
families, highlighting their similarities and differences as 
well as band structure alignment, are shown in Fig. 2a, b. 
The gray horizontal bars visually represent the range of 
band gaps achievable within each family. These bandgaps 
can be modified by varying thickness, applying strain, or 
creating alloys. The wide range of achievable bandgaps 
allows 2D semiconductors to address diverse needs across 
the electromagnetic (EM) spectrum [53].

Two-dimensional materials provide a unique combination 
of atomically smooth surfaces, tailorable work functions, 
and tunable carrier types that make them ideal interfacial 
charge transport layers in perovskite solar cells (PSCs). 
For efficient hole transport layers (HTLs), a high work 
function (~ 5.0 to 5.4 eV), p-type conductivity and strong 
valence-band alignment with the perovskite absorber (typi-
cally 5.4–5.9 eV) are essential [54]. A higher work function 
has a deeper Fermi level, which helps create a favorable 
energy-level offset with the perovskite valence band for 
hole extraction and reduces energy losses. For efficient 
hole extraction, precise valence band alignment at the per-
ovskite/HTL interface is crucial. An optimal configuration 
typically involves a minimal energy barrier, often realized 
when the HTL valence band maximum (VBM) is slightly 
higher, i.e., more negative, closer to the vacuum level than 
that of the perovskite, ensuring low resistance and facilitat-
ing facile hole transfer. Alternatively, engineering a “hole 
cascading” energy landscape can further mitigate charge 
recombination. However, any substantial energy barrier 
at this interface would significantly hinder efficient hole 
extraction. Graphene derivatives doped with sulfonic or 
amine groups, and semiconducting TMDCs such as WSe2 
(work function ~ 5.1 eV, hole mobility 101–102 cm2 V−1 s−1) 

meet these criteria while offering excellent transparency and 
mechanical flexibility [55].

Conversely, an effective electron transport layer (ETL) 
demands a wide optical bandgap (> 2.5 eV) to suppress 
parasitic absorption, an n-type character, and a deep 
conduction-band minimum (~ 4.0  eV) that matches or 
lies below that of the perovskite. Few-layer MoS2 or WS2, 
when chemically doped to enhance n-type mobility and 
insulating h-BN sheets (bandgap ~ 5.9 eV), fulfill these 
requirements, simultaneously serving as physical barriers 
that hinder ion migration and moisture ingress [56]. A 
favorable energy landscape is required to efficiently 
transport electrons from the perovskite layer into the 
ETL. The ETL conduction-band minimum (CBM) must be 
positioned at an energetically low level and align favorably 
with the perovskite’s CBM, either by matching it or lying 
slightly below. For efficient electron transfer, the ETL 
CBM should be lower, i.e., more negative, closer to the 
vacuum level than the perovskite’s CBM. This creates an 
“energy downhill” path, providing a strong driving force 
for electrons to transfer, minimizing energy barriers at 
the interface, facilitating facile electron collection and 
suppressing interfacial recombination losses. Beyond 
simple energy-level matching, 2D layers contribute to PSC 
performance by passivating interfacial defects (through 
Pb–S or Pb–O coordination), guiding perovskite grain 
growth via van der Waals epitaxy and providing ultrathin, 
pin-hole-free encapsulation [57].

2.1 � Graphene

Graphene is a remarkable combination of optoelectronic 
and mechanical properties, along with its strong bonding 
to various organic materials, making it a valuable mate-
rial for high-performance organic devices. This unique 
synergy allows for enhanced performance in organic 
light-emitting diodes (OLEDs), field-effect transistors 
(FETs) and organic photovoltaic cells (OPVs) [46, 58]. 
It has an exceptional specific surface area that provides 
enough space for the adsorption and storage of ions and 
good chemical stability that ensures its long-term dura-
bility. Doping graphene with specific elements or using 
multilayer graphene structures could potentially improve 
its conductivity while maintaining some transparency and 
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could serve as an alternative to traditional transparent con-
ductive electrodes in solar cells. It can be combined with 
other light-absorbing materials to create composite struc-
tures which could improve charge transport and collection 
within the solar cell, while the other material handles light 
absorption [44, 59]. Crystal structures with different per-
spectives are shown in Fig. 3a, b. Graphene single-atom 
thick crystal shows an unusually low density of defects 
within the material that typically acts as scattering centers, 
hindering the movement of charge carriers and ultimately 
limiting mobility. The minimal presence of such defects in 
graphene allows for highly efficient charge transport. It has 
ambipolar field-effect behavior that allows for the continu-
ous tuning of the carrier type by using an applied electric 
field. The Dirac point in graphene marks the intersection 

of the valence and conduction bands, resulting in a zero-
band gap material. By applying a negative gate voltage, 
the Fermi level is shifted below the Dirac point results 
in a significant abundance of holes being introduced into 
the valence band leading to hole conduction. Conversely, 
a positive gate voltage elevates the Fermi level above the 
Dirac point, resulting in a significant abundance of elec-
trons into the conduction band, enabling electron conduc-
tion [60].

2.2 � Transition Metal Dichalcogenides (TMDCs)

TMDCs represent one of the most extensively studied 
families of 2D materials after graphene, with the general 

Fig. 1   Schematic presents a detailed overview of 2D material-based solar photovoltaics and their integration into cutting-edge photovoltaic 
technologies. It highlights the energy-level alignments of various materials, which play a critical role in optimizing charge transport and enhanc-
ing device efficiency. These advancements demonstrate significant potential in contributing to global sustainability initiatives by enabling the 
development of affordable and clean energy solutions, aligned with United Nations (UN) Sustainable Development Goals (SDGs), adapted with 
permission from [44–51]
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Fig. 2   a Crystal structure and atomic arrangement of each material, highlighting their structural similarities and differences. The wavelength 
scale corresponds to specific energy levels measured in eV along the bottom and an inverse relationship between the energy and wavelength. 
The adjustable bandgap of 2D semiconductors represents the energy difference between valence and conduction band achieved by varying the 
number of layers, strain, or alloying, offers potential applications ranging from photovoltaics, infrared detection, solar energy harvesting and 
optical communication, adapted with permission of Nature Springer [53]. b Band structure alignment for monolayer TMDCs with valence band 
maximum and conduction band minimum as orange and green bars, respectively, at vacuum level 0 eV, adapted with permission of IOP Publish-
ing Ltd. [50]
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Fig. 3   Crystal structure and library. a, b Crystal structure of graphene along different planes. c Structures of TMDCs and d lattice structure of 
BP and out-of-plane lattice constant az with n number of layers, adapted with permission of AMER PHYSICAL SOC [98]. e The stability of 
monolayers under different conditions is influenced by several factors, including atomic structure and bonding, defects and impurities, interac-
tion with the environment, thickness and temperature. Monolayers are classified based on their stability under ambient conditions (cyan for sta-
ble, green for likely stable and tan for potentially stable in an inert atmosphere), adapted with permission of Nature Springer [99]
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formula of MX2, where M represents a transition metal 
element and X represents a chalcogen element like 
selenium, sulfur or oxygen, as shown in Fig. 3c [61, 62]. 
A key characteristic of TMDCs is their intrinsic bandgap, 
which falls within the visible spectrum of light and quantum 
confinement effects that restrict the movements of electrons 
due to material thinness and affect its properties. Since 
the material is confined in an ultrathin layer, the bandgap 
exhibits dependence on the number of layers and shows a 
transition in the bandgap nature as the thickness increases, 
from a direct bandgap in monolayers to an indirect bandgap 
in multilayers [63, 64]. These materials possess strong 
spin–orbit interaction due to the presence of heavy transition 
metals within the material atomic structure. Spin–orbit is 
a  relativistic interaction that couples the electron spin 
intrinsic angular momentum to its orbital motion. Spin-
orbital interaction in TMDCs causes the single valence 
bands to gets divided into two sub-bands with slightly 
different energies that result in a  significant impact on 
the optical properties of the material [65, 66]. These families 
of materials had exceptionally strong exciton binding energy 
required to separate an exciton back into a free electron 
and hole. An exciton quasiparticle forms when an excited 
electron and a hole are bound together by electrostatic 
attraction and strong exciton binding energy in TMDCs 
makes them ideal candidates for studying the physics of 
excitons through photoluminescence (PL) spectroscopy 
even at ambient conditions. Research on these materials 
has unveiled fascinating light–matter interactions. One 
such phenomenon is the formation of charged excitons, also 
known as trions which consist of an e–h pair bound to an 
additional charge carrier and can be an extra electron or 
hole. Additionally, these materials exhibit valley-polarized 
photoluminescence in which emitted light has the same 
circular polarization as the absorbed light due to selective 
excitation of a specified valley. In this process, light with 
a specific circular polarization where an  electric field 
oscillates in a circular path and the direction of rotation 
either clockwise or anticlockwise defines the handedness 
of the polarization excites electrons in a particular valley of 
the material band structure, leading to the emission of light 
with the same polarization [67–69].

2.3 � Black Phosphorous (BP) and Black Arsenic

Black phosphorus, a relatively new 2D material has gained 
significant interest because of its exceptional properties of 
high charge carrier mobility of 100 to 1000 cm2 v−1 s−1 that 
is exceeding most other 2D semiconductors [70]. It exhibits 
two fascinating electronic properties; (a) a tunable bandgap 
and (b) pronounced in-plane anisotropy. The bandgap of BP 
covers a wide range of the EM spectrum, extending from 
the visible to the mid-infrared region, enabling it to interact 
with diverse light wavelengths. Unlike most 2D materials 
that show strong anisotropy between in-plane and out-of-
plane directions, BP exhibits an additional unique property, 
i.e., in-plane anisotropy in which its optical and electrical 
properties vary depending on the direction within the plane 
of the material [71–73]. The exceptional in-plane anisotropy 
of BP is due to its unique atomic bonding compared to other 
layered materials like graphite. In graphite, each carbon 
atom forms three planar bonds with its neighbors using sp2 
hybridization, while in the case of BP, four valence orbitals 
combine to form four sp3 hybrid orbitals suitable for forming 
strong tetrahedral bonds where each phosphorus atom bonds 
to three neighboring atoms in a tetrahedral arrangement as 
shown in Fig. 3d [74, 75]. This distinct bonding scheme 
leads to a puckered honeycomb lattice structure, unlike the 
planar structure of graphite. The puckered honeycomb lat-
tice structure in BP is the foundation for its highly aniso-
tropic band structure. An anisotropic band structure refers 
to variations in the energy levels of electrons depending on 
their direction of movement within the material. This unique 
structure leads to BP exhibiting pronounced in-plane anisot-
ropy in its optical, thermal, electrical and mechanical prop-
erties. This characteristic stands in stark contrast to other 
layered materials like graphene, boron nitride and molyb-
denum or tungsten-based TMDCs which display minimal 
in-plane anisotropy [76, 77]. It exhibits a remarkable optical 
property of linear dichroism where light absorption depends 
on the relative orientation between the material crystal lat-
tice and incident linearly polarized light. It absorbs light 
differently based on the direction of the light electric field 
relative to its atomic arrangement. This linear dichroism 
has significant consequences for several aspects of BP like 
Raman spectra which used to study the vibrational modes 
in materials and can be influenced by the direction of light 
polarization due to dichroism and plasmonic and screening 
effects that refers to collective oscillation of electrons on the 
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material surface and how effectively the material screens 
electric fields can be affected by the polarization of light 
and photoresponse; the way BP respond to light, includ-
ing the generation of electrical current or light emission 
can be dependent on the polarization of the incident light. 
Black arsenic (b-As), a less-explored allotrope of arsenic, 
exhibits remarkable anisotropies in its thermal, electronic 
and electric transport properties along its in-plane princi-
pal axes-armchair (AC) and zigzag (ZZ) directions. These 
anisotropies surpass or match those of any other known 2D 
materials, such as TMDCs and graphene, making b-As an 
exciting candidate for future research and potential device 
applications. Due to distinct atomic arrangements and bond-
ing properties, the electronic band structure of b-As along 
the AC and ZZ directions is different and charge carriers 
will experience different mobilities and resistance based 
on current flow direction. These anisotropic properties are 
potentially modulated by the current flow directions and 
could be used in novel thermoelectric and electronics appli-
cations. b-As has a similar puckered layered structure as BP 
and exists in three crystalline allotropes, i.e., black arse-
nic (b-As), yellow arsenic (y-As) and gray arsenic (g-As). 
g-As is the most stable allotrope of arsenic and has metal-
lic properties as compared to y-AS that exhibits insulating 
properties and had waxy appearance [78]. Both the b-AS 
and BP have structural similarities and share attributes like 
layer-dependent behavior and tunable electronic properties 
that facilitate the integration into existing technologies. The 
in-plane anisotropy is expected to inspire new breakthroughs 
and design for more sustainable and efficient energy devices. 

Table 1 summarizes the bandgap and charge carrier mobility 
of various 2D materials.

2.4 � World of Elemental 2D Materials Extends 
beyond TMDCs, BP and Graphene

Group XIV of the periodic table following carbon holds 
elements capable of forming similar single-atom-thick 
materials. Since graphene structures are  built from 
carbon atoms, silicon (silicene), germanium (germanene) 
and tin (stanene) can form their own 2D analogs [92]. 
However, unlike graphene f lat honeycomb lattice, 
these elements exhibit a distinctive buckled atomic 
arrangement. Compared to carbon, silicon, germanium and 
tin possess stronger spin–orbit coupling. This enhanced 
interaction between an electron spin and its orbital motion 
significantly impacts the electronic band structure of their 
corresponding 2D materials (silicene, germanene and 
stanene) compared to graphene. Consequently, a bandgap 
is predicted to open in these materials and estimated 
values for these bandgaps are around 300 meV for stanene, 
20 meV for germanene and 2 meV for silicene [93, 94]. 
While successfully fabricated, these narrow-bandgap 2D 
semiconductors (silicene, germanene and stanene) present 
significant hurdles for characterization due to their growth 
methods. A collection of 2D materials with their stability 
at room temperature are shown in Fig.  3e. Epitaxial 
growth on metallic surfaces within ultrahigh vacuum 
environments limits their exposure to standard analysis 
techniques [95, 96]. Additionally, these metallic substrates 
significantly influence the intrinsic electronic properties 
of 2D materials and limits the exploration of their true 
potential and applications in areas like mid and near-
infrared optoelectronics. However, a recent breakthrough 
has emerged where the encapsulation of silicene involves 
the removal of material from the high vacuum environment 
and forms functional devices which paves the way for 
understanding of these 2D materials and their potential 
applications for cutting-edge optical devices [97]. By 
overcoming the limitations of environmental instability 
arising from the initial growth methods, the encapsulation 
technique unlocks a new era for studying this class of 2D 
materials which opens the door for experimental research 
where a significant gap in experimental data currently 
exists.

Table 1   Bandgap and carrier mobility of various notable 2D materi-
als

Material Mobility (cm2 
v−1 s−1)

Bandgap (eV) Refereces

WSe2 140–500 1.2–1.7 [79–81]
TiS2 7.24 0.02–2.5 [82, 83]
SnS2 50–230 2.18–2.44 [84, 85]
MoS2 10–200 1.2–1.8 [79, 86]
Graphene  ~ 2 × 105  ~ 0 [87, 88]
Ti2CO2  ~ 400 0.91 [89]
WS2 43–234 1.3–2.1 [90]
HfCO2  ~ 1100 1.79 [91]
Zr2CO2  ~ 600 1.76 [89]
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2.5 � MXenes as an Emerging Material for Photovoltaic 
Applications

MXenes, a rapidly emerging class of 2D transition metal 
carbides, nitrides and carbonitrides, have attracted 
significant attention due to their exceptional physicochemical 
properties. First discovered in 2011, MXenes have the 
general formula Mn+1XnTx, where M is a transition metal, 
X is carbon and/or nitrogen, and Tx represents surface 
terminations such as –OH, –F, or –O. These materials 
offer high electrical conductivity, tunable work functions, 
good hydrophilicity and solution processability, making 
them ideal for integration into flexible and printable 
optoelectronic devices [100, 101]. Their layered structure, 
which facilitates interfacial contact and ion transport, 
combined with their strong light absorption and capability 
for work function modulation, makes MXenes promising 
candidates for improving the performance of photovoltaic 
technologies, especially as charge transport materials, 
interfacial modifiers, or transparent conductive electrodes 
[102].

In PSCs, MXenes have demonstrated promising 
functionality as both ETLs and HTLs, as well as interfacial 
modifiers to enhance charge extraction and suppress 
recombination. Their tunable work function (typically in 
the range of 4.2–5.6 eV, depending on surface terminations) 
enables effective energy-level alignment with perovskite 
and transport layers, improving open-circuit voltage and 
fill factor. Furthermore, their excellent conductivity and 
passivation ability can enhance charge mobility while 
reducing trap states and hysteresis [103, 104]. For example, 
Ti3C2Tx MXene has been shown to increase device stability 
by serving as a buffer layer that blocks ion migration and 
prevents moisture ingress. Additionally, MXenes can 
improve the crystallinity of the perovskite layer when 
incorporated into the precursor solution or used as a 
substrate, resulting in higher power conversion efficiency 
and improved operational stability [105, 106].

MXenes have also been explored in OSCs, where their 
high conductivity and tunable surface chemistry allow 
them to function effectively as electrode modifiers, interfa-
cial layers, or even active additives in the photoactive layer. 
In inverted OSC architectures, MXenes such as Ti3C2Tx 
can be used to modify the work function of electrodes like 
ITO, facilitating efficient electron extraction and reducing 
energy barriers at the interface [107, 108]. Moreover, the 

incorporation of MXenes into the donor–acceptor blend 
has shown to improve phase separation and charge carrier 
transport, leading to reduced recombination losses. Their 
mechanical flexibility and compatibility with low-tempera-
ture, solution-based processes also make them particularly 
attractive for flexible and printed OSCs. Recent studies have 
reported that MXene-based interlayers can significantly 
improve both the short-circuit current density and fill fac-
tor, thereby enhancing the overall performance and stability 
of OSC devices [109].

3 � 2D Materials Integration in Solar Cell

The integration of 2D materials in solar cells marks the 
significant advancement in PV technology, offering unique 
properties that improve the performance and efficiency of 
devices. With their atomically thin structure, 2D materials 
such as TMDCs, graphene and other layered materials 
provide improved electrical conductivity and light 
absorption capabilities. These materials can be utilized 
in various configurations, including charge transport 
layers, active layers and interface modifiers, enabling the 
development of novel solar cell architectures [110–112]. 
This section explores various solar cell configurations using 
2D materials, highlighting their potential to enhance energy 
conversion efficiency. Despite various layouts, these cells 
share common components that influence performance. The 
details of these components and their effects are outlined 
below as.

3.1 � Top Electrode

The top electrode in 2D material-based solar cells serve two 
important functions. a) Light Transmission, which allows a 
significant portion of the incoming sunlight to pass through 
and reach the light-absorbing layer within the device that 
ensures efficient capture of solar energy for conversion into 
electricity. b) Current Collector; once light is absorbed 
and generates electron–hole pairs, it acts as a collector 
for the photogenerated current. Indium tin oxide (ITO) 
is commonly used as a top electrode because of its high 
transparency across a broad range of wavelengths, allowing 
a significant amount of sunlight to penetrate the solar cell 
and excellent conductivity enables the efficient collection 
of the generated holes and facilitates their flow into the 
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external circuit. However, currently there has been ongoing 
research to actively explore alternative materials for the top 
electrode to potentially overcome some limitations of ITO, 
such as its scarcity and relatively high cost which might offer 
even better transparency, conductivity, or compatibility with 
specific device architectures [113–115].

3.2 � Hole Transport Layer (HTL)

The HTL is crucial for the efficient operation of 2D 
material-based solar cells. The HTL material is chosen for 
its ability to selectively transport holes generated within 
the active layer to ensure minimal transport of electrons 
in the opposite direction and efficient separation of these 
charges for maximizing solar cell performance. The HTL 
layer also facilitates the movement of holes toward the top 
electrode and offers a low energy barrier for hole transfer, 
allowing for smooth and efficient extraction of these charges 
from the active layer. The selection of an appropriate HTL 
material depends on multiple key factors that include (a) 
Energy-Level Alignment: The bandgap and work function 
of the material is chosen to ensure proper alignment with the 
energy levels of both the top electrode and active layer which 
allows for efficient transfer of holes from the active layer to 
the HTL and then to the top electrode for current collection. 
(b) High Hole Mobility: The material should have high 
hole mobility to minimize resistance to hole transport which 
ensures efficient movement of holes through the HTL with 
minimal energy loss. (c) Stability and Compatibility: 
The material must be chemically stable and compatible 
with the other solar cells components to ensure long-term 
device performance and avoid environmental degradation 
[116–118].

3.3 � Active Layer

The active layer is the core component of a 2D material-
based solar cell, responsible for converting light energy into 
electricity which is designed to efficiently absorb incoming 
sunlight that excites electrons within the material to higher 
energy states. In solar cells using 2D materials, the active 
layer is typically comprised of one or more materials like 
graphene, BP or TMDCs that have unique properties for light 
absorption. The selection or combination of different 2D 
materials can tailor the active layer to absorb a broader range 

of solar spectrum, maximizing the light capture efficiency. 
Certain 2D materials exhibit exceptional light–matter 
interaction properties, allowing them to efficiently capture 
incoming photons and generate excitons.

3.4 � Electron Transport Layer (ETL)

The ETL in 2D materials-based cells facilitates the 
movement of electrons toward the bottom electrode of 
the solar cell and offers a low energy barrier for electron 
transfer, allowing for efficient and smooth extraction of these 
charges from the active layer. The ETL material is chosen 
for its ability to selectively transport electrons generated 
within the active layer that minimize the movement of 
holes in the opposite direction. Effective separation of these 
charges is crucial for maximizing solar cell performance. 
The appropriate ETL material is selected based on several 
key factors. (a) Energy-Level Alignment: The work 
function and bandgap of the ETL need to be carefully 
chosen to ensure optimal alignment with the energy levels 
of the bottom electrode and the active layer which allows 
for the efficient electron transfer to ETL and then to the 
bottom electrode for current collection. (b) High Electron 
Mobility: The ETL material possess a high electron 
mobility to minimize any resistance to electron transport 
which ensures efficient movement of electrons through the 
ETL with minimal energy loss. (c) Chemical Stability and 
Compatibility: The ETL material must be compatible and 
stable with the other components of the solar cell to ensure 
excellent performance and prevent degradation [119–121].

3.5 � Bottom Electrode

The bottom electrode serves as the final electron collector 
and completes the electrical circuit. Once electrons are 
transported through the ETL, the bottom electrode acts as 
a sink to collect them and creates electrons flow from the 
active layers to the circuit. The ohmic contact with the ETL 
allows for efficient transfer of collected electrons, ensuring 
minimal energy loss during electron transfer. The selection 
of an appropriate material for the bottom electrode is crucial 
for optimal solar cell performance and depends on many 
key factors. (a) High Electrical Conductivity: The material 
should possess excellent electrical conductivity to minimize 
resistance to electron flow which ensures efficient collection 
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and electrons transport from ETL to the external circuit. (b) 
Work Function: The work function of the bottom electrode 
needs to be carefully chosen to ensure an ohmic contact 
with the ETL for efficient electrons transfer from the ETL 
to the electrode, minimizing energy barriers. (c) Chemical 
Stability: The bottom electrode material must be stable with 
the other components to prevent degradation over time and 
ensure long-term device performance. Common materials 
used for bottom electrodes in 2D materials-based cells 
include aluminum (Al) and calcium (Ca). These materials 
offer a good balance of conductivity, work function and 
stability. However, ongoing research seeks alternative 
materials that could provide superior properties and 
enhanced compatibility with specific device architectures 
[115, 122–124].

The planar architecture is the most basic layout for solar 
cells that adopts a layered approach where all the functional 
components are vertically layered on top of one another in 
a well-defined sequence as shown in Fig. 4a. This structure 
features a relatively simple design, making it easier to fab-
ricate compared to more complex alternatives and allowing 
for potential scalability in the manufacturing process [125, 
126]. However, this simpler design does have certain limita-
tions that include (a) Limited Light Path Length: In this 
design, light traverses the entire device stack before reaching 
the active layer which limits the overall light absorption effi-
ciency, especially for thicker layer and (b) Charge Recom-
bination Losses: The travel distance for charges within the 
device can be relatively longer in planar architecture which 

increases the possibility of these charges recombining before 
reaching their respective electrodes, leading to energy losses 
and reduced efficiency.

The bulk heterojunction architecture offers a promising 
approach for 2D materials-based solar cells by incorporating 
a unique active layer that is a blend of intermixed donor-
accepter materials. Donor material efficiently absorbs 
photons and generates excitons while the acceptor material 
has a higher electron affinity than the donor which facilitates 
the separation of excitons into free holes and electrons by 
accepting the excited electron from the donor. The acceptor 
and donor material within the heterojunction is intermixed 
at the nanoscale to create a large interfacial area between 
two materials for efficient exciton dissociation as shown in 
Fig. 4b. Excitons have a finite diffusion length within the 
active layer before they recombine, and intermixing ensures 
a high probability of excitons reaching a donor–acceptor 
interface before recombination. At the interface, the energy 
difference between the acceptor and donor materials allow 
for efficient transfer of the excited electron from the donor 
to the acceptor and separation creates free electrons and 
holes that are collected by their respective electrodes. The 
large interfacial area and short diffusion lengths in the bulk 
heterojunction design promote efficient exciton dissociation, 
leading to improved charge separation and generation of free 
carriers. However, there are some challenges associated with 
this architecture. The performance of these types of cells 
is highly dependent on the morphology of the donor and 
acceptor materials within the blend, and optimizing this 

Fig. 4   2D materials-based solar cells layout. a Planar architecture; a simple layered design and easy to fabricate in which each layer is stacked 
on top of each other, adapted with permission of Nature Springer [132]. b Bulk heterojunction architecture; it uses 2D materials blend donor–
acceptor materials to facilitate efficient exciton dissociation; thereby, intermixed materials create a large interfacial area for exciton separation 
to improve charge separation and generation of free carriers, adapted with permission of Nature Springer [133]. c Nanocomposite architecture; 
it uses 2D material nanoparticles embedded in a matrix for enhancing charge transport and light absorption. Material selection and morphol-
ogy control are crucial for efficient exciton dissociation and minimizing recombination to achieve high efficiencies, adapted with permission of 
ELSEVIER [134]
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morphology is required to ensure a good balance between 
interfacial area and charge transport pathways. Therefore, 
careful selection of donor and acceptor materials is essential 
for excellent electronic compatibility and efficient charge 
transfer at the interface [127, 128].

The nanocomposite architecture presents an innovative 
approach for designing the active layer in 2D material-
based solar cells. It incorporates a composite material 
formed by nanoparticles and matrix material. Nanoparticles 
are comprised of 2D materials like molybdenum disulfide 
(MoS2) or other light-absorbing materials like fullerenes 
while matrix material surrounds and embeds the 
nanoparticles and often consists of a conductive polymer 
or inorganic scaffold. These incorporated nanoparticles 
can improve overall light capture efficiency within the 
active layer and provide efficient pathways for transporting 
either electrons or holes depending on the specific design 
that promotes efficient separation and collection of 
photogenerated charges as shown in Fig. 4c. This design 
approach offers flexibility in material selection for both 
nanoparticles and the matrix, allowing for customization 
of charge transport and light absorption properties. 
By optimizing the combination of materials and their 
arrangement within the nanocomposite, we can achieve 
enhanced light capture and efficient charge transport, 
leading to potentially higher solar cell efficiencies. 
However, there are some challenges associated with this 
architecture like controlling morphology and optimizing 
the size, distribution and interface between nanoparticles 
and the matrix is important for efficient transport of charges 
and exciton dissociation. Depending on the materials and 
their arrangement, there exists a risk of increased charge 
recombination at the interfaces within the nanocomposite 
and careful design and material selection could potentially 
minimize this recombination for improved device 
performance and efficiency [129–131].

4 � Role of 2D Materials in Photovoltaics

2D materials have been at  the center stage of research 
for more than a decade due to their incredible optics and 
electronic properties. Traditionally, solar cells have relied 
on silicon wafers, while effective at capturing sunlight, their 
thickness and weight make them bulky and unsuitable for 
certain applications like incorporating them into wearable 

electronics. Additionally, silicon wafers are rigid and 
inflexible, limiting their use on curved surfaces or for 
applications that require flexibility. However, the trend in 
photovoltaics is moving toward thinner and lighter materials. 
Since 2D materials are just a single or few atomic layers 
thick, they are naturally lightweight and flexible. These 
properties open the door for new solar cell applications, such 
as incorporating them into fabrics for wearable electronics 
or even curving them around surfaces.

4.1 � Role of 2D Materials in Perovskite Solar Cells 
(PSCs)

4.1.1 � Optimizing Defect Passivation and Crystallization 
Control in PSCs via 2D Materials

Metal halide perovskites (MHPs) have emerged as a highly 
promising class of light-harvesting materials for photo-
voltaics due to their broad-spectrum absorption, tunable 
bandgap and long carrier diffusion lengths, which allow 
photogenerated charge carriers to travel longer distances 
before recombining, ultimately supporting efficient current 
generation [135, 136]. The charge transport interlayers act 
as critical components influencing both the device pho-
tovoltaic performance and its durability over time. It effi-
ciently extracts photogenerated charges from the perovskite 
layer and minimizes unwanted recombination losses within 
device. It facilitates efficient charge transfer by aligning 
bandgaps with respective valence and conduction bands 
of perovskite absorber. PSC can be fabricated in various 
architectures, each influence device performance, durability 
and applicability. These are mainly classified into III types: 
(a) Mesoporous PSC: This structure utilizes a mesoporous 
scaffold material that is sandwiched between the bottom 
electrode and the perovskite layer. It helps in efficient light 
absorption and facilitates charge transport within the perovs-
kite layer due to large surface area of mesoporous layer. (b) 
Planar (Normal) PSC: In this device structure, perovskite 
layer directly contacts the top and bottom electrodes that 
offers more direct pathway for charge collection compared 
to mesoporous structure. (c) Planar (Inverted) PSC: In this 
device design, perovskite layer inserted between electrodes 
same as planar (normal). However, electrodes position is 
reversed with the ETL layer deposited on top of the per-
ovskite and HTL layer on the bottom. This structure offers 
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advantages for air-stable material like organic HTL, which 
are more susceptible to degradation when deposited directly 

on perovskite and may also improve charge collection at the 

Fig. 5   Optimization of crystallization and passivation of defects. a Mesoporous PSC; a mesoporous scaffold material between the bottom elec-
trode and perovskite layer enhances light absorption and charge transport. b Planar (Normal) PSC; this structure directly contacts the perovskite 
layer with both electrodes (top and bottom) that allows the efficient charge collection. c Planar (Inverted) PSC; this structure reverses the elec-
trode positions in a planar (normal) design that is advantageous for air-sensitive organic HTLs by protecting them from degradation and poten-
tially improving charge collection at the perovskite-HTL interface. d Structure of an inverted planar perovskite solar cell with MAPbI3 deposited 
on MoS2 flakes where PTAA and PCBM serve as HTL and ETL, respectively. e TEM and HRTEM images of MoS2 with a MAPbI3 perovskite 
layer, along with SAED patterns of MoS2 and perovskite, respectively, d, e adapted with permission of Wiley [138]. f, g FASnI3 grain growth on 
NiOx w/o MX2 and vdW epitaxial growth of FASnI3 on a MX2 (WSe2) surface and WSe2 energy-level alignment with FASnI3 facilitate efficient 
charge carrier transfer and cascaded band structure with WSe2 conduction band lower than FASnI3 promoting hole transfer from perovskite to 
WSe2. h VOC dependence on light intensity shows variations in recombination mechanisms with WSe2 lowest slope of 1.47 indicating the strong-
est suppression of trap-assisted recombination, likely due to its favorable band alignment, f–h adapted with permission of Wiley [139]
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perovskite–HTL interface. These device structures of differ-
ent configurations are shown in Fig. 5a–c.

Despite the advantageous properties of MHP, several 
fundamental and practical challenges must be addressed 
before MHP-based PSCs can achieve widespread 
commercial adoption. These challenges include their 
inherent instability under environmental stressors such as 
heat, humidity and UV radiation, as well as the prevalence 
of deep-level defects at grain boundaries and interfaces that 
significantly limit device efficiency and long-term durability.

To overcome these limitations, 2D materials such as 
TMDCs (MoS2, WS2, WSe2) and graphene derivatives have 
been explored extensively due to their unique properties 
of high carrier mobility, excellent surface smoothness, 
tunable electronic structures and robust chemical stability 
[137]. When incorporated as interfacial modifiers or 
charge transport layers, these 2D materials not only aid 
in band alignment and charge transport but also serve as 
multifunctional layers for defect passivation, which plays 
a critical role in enhancing photovoltaic performance and 
operational stability. One key mechanism is chemical 
passivation via ion bonding, where specific atomic species 
in the 2D material form strong coordination bonds with 
undercoordinated ions at the perovskite surface. For 
instance, sulfur atoms in MoS2 QDs can chemically bind 
to uncoordinated Pb2+ ions, forming Pb–S bonds that 
passivate electronic trap states and suppress non-radiative 
recombination losses. Similarly, functional groups such 
as hydroxyl, carboxyl, or amine on functionalized reduced 
graphene oxide (f-RGO) or graphene oxide (GO) can 
chemically interact with both Pb2+ and halide vacancies, 
mitigating surface defects. These chemical interactions 
are crucial for increasing the open-circuit voltage (Voc) 
and fill factor (FF) of the device by minimizing charge 
recombination at the interface [138].

Another mechanism is grain orientation control through 
van der Waals epitaxy. TMDCs such as MoS2 and WSe2, 
with their atomically flat surfaces and low lattice mismatch 
with perovskite crystals, can act as templates that guide the 
nucleation and epitaxial growth of perovskite films. In the 
work of Tang et al., MAPbI3 films were grown on MoS2 
flakes via solution-phase deposition, resulting in strong 
in-plane lattice coupling between the two materials [138]. 
This interaction facilitated the formation of uniform, large-
grained perovskite films with fewer grain boundaries and 
reduced defect densities. Device structure, high-resolution 

TEM (HRTEM) and selected area electron diffraction 
(SAED) confirmed the crystalline alignment between MoS2 
and the perovskite layer as shown in Fig. 5d, e, directly cor-
relating with improved charge transport and reduced trap-
assisted recombination. Similarly, in another study, WSe2 
flakes were employed as growth templates for FASnI3 per-
ovskites [139]. The van der Waals interaction between WSe2 
and the perovskite layer promoted grain alignment along 
the (100) plane, enhancing film crystallinity and facilitat-
ing efficient charge transfer across the interface as shown 
in Fig. 5f, g.

The third mechanism involves physical barrier layer for-
mation. Certain 2D materials, such as f-RGO, graphene and 
h-BN, can form compact and continuous interfacial layers 
that act as impermeable barriers against moisture, oxygen 
and migrating ions. These barrier layers not only protect the 
perovskite from environmental degradation but also suppress 
detrimental ion migration, such as halide movement or metal 
diffusion, which is known to cause hysteresis and instability 
in PSCs. By preventing these degradation pathways, such 
barrier-forming 2D materials contribute significantly to 
improving both device longevity and operational reliability 
[24, 140].

The impact of these mechanisms is quantitatively demon-
strated through J–V and Voc-light intensity measurements. 
For instance, devices incorporating TMDCs interlayers 
(MoS2, WS2, WSe2) showed clear reductions in the slope of 
the Voc versus light intensity plot from 1.74 (kT q−1) for the 
control device to 1.47 (kT q−1) for the WSe2-based device, 
indicating the suppression of trap-assisted recombination as 
depicted in Fig. 5h. These enhancements in interfacial qual-
ity and defect control directly contribute to improved PCE, 
Voc and FF.

Collectively, these findings confirm that 2D materials 
contribute to perovskite performance enhancement not 
only through charge transport and band alignment but also 
through multiple defect passivation strategies, including 
chemical interaction, crystallographic templating and 
physical encapsulation. Table  2 provides a detailed 
comparison of various functionalities observed in PSCs that 
incorporate 2D materials.
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Fig. 6   Optimizing charge transport for enhanced efficiency and stability. a Schematic diagram of RGO in MAPbl3 PSC for efficient hole extrac-
tion from PSC layer and wide bandgap of RGO minimize the energy loss during hole transport and contribute to higher VOC. b, c Long-term 
stability testing of PEDOT:PSS and RGO-based devices revealed that RGO exhibits superior chemical stability and effectively prevents perovs-
kite layer degradation because of strong interfacial adhesion between RGO and the perovskite layer, a–c adapted with permission of ELSEVIER 
[177]. d Schematic diagram of graphene-based flexible PSC, where graphene delocalized π-electron facilitates efficient charge carrier transport 
and strong C–C bonds provide exceptional flexibility and resistance to bending stress. e Normalized PCE of ITO/PEN and Gr-Mo/PEN devices 
with varying bending radii; flat, 6, 4 and 2 mm after 1000 bending cycles. Gr-Mo/PEN devices showed remarkable flexibility and stability and 
retained 90% of their primary efficiency after 1000 bending cycles as compared to ITO which has inherent brittleness that led to crack formation 
and disrupted electrical conductivity in ITO/PEN devices, which result in a significant decline PCE during cyclic bending, d, e adapted with per-
mission of ROYAL SOC CHEMISTRY [179]
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4.1.2 � Optimizing Charge Transport for Enhanced 
Efficiency and Stability

Efficient charge carrier transport remains a critical chal-
lenge to achieve higher efficiency and facilitation of electron 
and hole extraction toward the external circuit, a suitable 
energy-level alignment and internal electric field need to be 
established among the device components. In one study, Yeo 
et al. presented the room temperature fabrication method for 
employing reduced graphene Oxide (RGO) as an innovative 
HTL in MAPbl3 perovskite solar cells [177]. High charge 
carrier mobility of RGO efficiently extracts the holes from 
the perovskite layer. The wide bandgap of RGO minimizes 
energy loss during hole transport which contributes to higher 
Voc, and high conductivity of RGO ensures the efficient hole 
collection at the CE which reduces the charge combination 
losses. The schematic diagram with the chemical composi-
tion of RGO is shown in Fig. 6a. RGO exhibits excellent 
chemical stability, preventing degradation of the perovskite 
layer and enhancing device lifetime. The strong interfacial 
adhesion between RGO and the perovskite layer improves 
device stability by preventing delamination. The device per-
formance monitored w.r.t exposure time to an environment 
with approximately 50% relative humidity for checking the 
stability under ambient conditions according to ISOS-D-1 
protocol for degradation kinetics and mechanisms related to 
moisture-induced degradation processes. ISOS-D-1 protocol 
is design to assess the stability of PV devices, particularly 
perovskite solar cells that focuses on dark storage condition 
aiming to evaluate the device tolerance to oxygen, moisture 
and other atmospheric components [178]. Solar cells-based 
PEDOT:PSS exhibited a rapid decline in PCE, resulting in 
complete PV performance loss within 120 h of exposure 
potentially due to a degradation mechanism attributed to 
erosion of the underlying ITO electrode induced by mois-
ture ingress and ionic species migration within the layer. 
The photovoltaic parameters for PEDOT: PSS and RGO-
based devices under ambient atmospheric conditions as 
a function of exposure time are shown in Fig. 6b, c. The 
acidic microenvironment caused by PEDOT:PSS induces 
perovskite decomposition through proton-mediated phase 
segregation; where proton separate the different compo-
nents and phases within a material system potentially due 
to electrostatic interactions, hydrogen bonding and chemi-
cal reactions. The formation of volatile byproducts, such 
as methylamine and hydrogen iodide, with the presence of 

oxygen and moisture exacerbates these processes, leading to 
the formation of PbI2 and other degradation products. RGO-
based device showed long-term stability due to its inherent 
properties that has a significantly slower degradation rate of 
perovskite layer. The low density of surface oxygen func-
tionalities on RGO also creates an effective barrier against 
the ingress of oxygen and moisture that potentially reduces 
the degradation and device maintained 6% of their primary 
efficiency even after 140 h of exposure. In another study, 
Yoon et al. demonstrated a high-efficiency, flexible perovs-
kite solar cell incorporating graphene as a transparent elec-
trode. The delocalized π-electron system in graphene enables 
efficient charge carrier transport for effective charge collec-
tion and strong C–C bonds provide exceptional flexibility 
and resistance to bending stress. The device exhibited com-
parable PCE to a control device using a conventional ITO 
electrode, indicating graphene potential as an alternative 
to conventional electrodes [179]. The schematic of device 
structure is shown in Fig. 6d. The operational stability under 
repeated bending stress was evaluated by subjecting device 
to 1000 bending cycles at various curvature radii (R) of 2, 4 
and 6 mm. Flexible perovskite cells utilizing ITO had sig-
nificant performance degradation after repeated bending, 
and the device shows a 50% reduction in initial PCE after 
1000 bending cycles at a radii of 4 mm. While the Gr-Mo/
PEN devices exhibited exceptional stability under repeated 
bending, PCE remained at 90% of its initial value after 1000 
bending cycles at both radii of 4 and 6 mm. The normal-
ized PCE values of ITO/PEN and Gr-Mo/PEN devices after 
1000 bending cycles are shown in Fig. 6e. The decrease 
in PCE for ITO/PEN devices under cyclic bending is pri-
marily due to the intrinsic brittleness of ITO that induces 
crack formation within the film and disrupts its electrical 
conductivity and hinders the charge collection. While the 
graphene-based Gr-Mo/PEN device exhibits exceptional 
mechanical resilience due to its superior mechanical prop-
erties. The remarkable resistance of 2D material-based PSC 
to mechanical stress shows the ability to withstand repeated 
bending without substantial performance degradation mak-
ing them promising candidates for flexible and foldable solar 
cell applications.
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Fig. 7   Role of 2D materials in improving the PCE of solar cells. a Energy band alignment in MAPbl3 PSC modified with 2D materials. b–e 
Photovoltaic performance of PSCs incorporating 2D material interlayers, showing b current density, c Voc, d FF and e PCE, adapted with per-
mission from AMER CHEMICAL SOC [181]
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4.1.3 � Role of 2D Materials in Improving Solar Cell 
Efficiency

2D materials such as graphene, MoS2 and TMDCs have 
emerged as promising interface modifiers in photovoltaic 
devices due to their unique optoelectronic properties. 
These materials enable precise band alignment tuning, 
enhance charge extraction, reduce carrier recombination 
and provide chemical passivation at critical heterojunc-
tions in solar cells. By modifying energy-level offsets 
between the absorber, transport layers and electrodes, 2D 
materials directly influence key performance parameters 
such as open-circuit voltage (Voc), fill factor (FF) and PCE. 
This interface engineering strategy is particularly effec-
tive in perovskite and organic solar cells, where interfa-
cial defects and non-radiative recombination often limit 
performance [180].

Najafi et al. [181] presented a comprehensive study on 
the use of graphene-related materials (GRMs), specifically 
MoS2 quantum dots (QDs) and functionalized reduced 
graphene oxide (f-RGO) as both HTLs and active-buffer 
layers (ABLs) in MAPbI3-based perovskite solar cells. 
The zero-dimensional MoS2 QDs, derived from exfoli-
ated MoS2 flakes, exhibit enhanced hole extraction and 
electron-blocking capabilities due to quantum confinement 

and doping-induced intraband states. When hybridized 
with f-RGO via salinization chemistry, the resulting van 
der Waals heterostructure enables uniform film coverage, 
effectively sealing pinholes and improving interfacial con-
tact. This strategy leverages the optoelectronic tunability 
and morphological compatibility of 2D materials to opti-
mize device performance [182].

Schematic Fig. 7a shows a schematic energy band dia-
gram illustrating the band edge positions of the materials 
used in the assembled device. The conduction and valence 
band levels of MoS2 QDs and MoS2 flakes were experi-
mentally determined using optical absorption spectroscopy 
(OAS) and ultraviolet photoelectron spectroscopy (UPS), 
while the band levels for other components, fluorine-doped 
tin oxide (FTO), TiO2, MAPbI3, spiro-OMeTAD and Au 
were adapted from previously published literature. The 
diagram emphasizes how incorporating 2D materials like 
MoS2 and graphene at the interface can improve energy-
level alignment between the perovskite layer and the hole 
transport material, leading to more efficient charge extrac-
tion and suppressed recombination. Figure 7b–e summa-
rizes the photovoltaic performance parameters of four dif-
ferent PSC configurations, including current density, Voc, 
FF and PCE: a control device with spiro-OMeTAD only, 
and three variants incorporating additional 2D additives 

Table 3   A comparison of 2D materials in improving the photovoltaic features of solar cells

Material Voc (V) Jsc (mA cm−2) FF (%) PCE (%) References

WSe2/MoS2 (PbS QD) 0.42 – 43.00 7.65 [183]
BP:PCBM 0.81 16.00 0.64 8.30 [184]
MeBThMA-Pb 1.09 18.61 60.23 12.18 [174]
FTO/c-TiO2/mp-TiO2/ MAPbI3 0.95 23.50 48.50 13.50 [171]
h-BN/MoSe2 0.70 24.60 70.00 14.23 [185]
FTO/c-TiO2/mp-TiO2/MXene@TiO2/ MAPbI3 1.10 25.20 66.50 16.00 [171]
Ti3C2Tx-PSC 1.06 22.83 67.52 16.38 [173]
Spiro-OMeTAD 1.10 23.32 66.14 16.93 [186]
FTO/c-TiO2/mp-TiO2/MoS2/MXene@TiO2/ MAPbI3 1.15 26.30 67.70 17.40 [171]
Phosphorene/Au 1.08 23.32 0.71 17.85 [187]
FTO/c-TiO2/mp-TiO2/MoSSe/MXene@TiO2/ MAPbI3 1.19 27.50 68.80 18.50 [171]
MoS2 QDs/spiro-OMeTAD 1.06 20.98 83.02 18.98 [181]
f-RGO/spiro-OMeTAD 1.07 22.49 80.61 19.34 [181]
MoS2 QDs:f-RGO/spiro-OMeTAD 1.11 22.81 79.75 20.12 [181]
Ti3CNTx-PSC 1.13 24.16 73.96 20.16 [173]
CNBThMA-Pb 1.18 21.66 78.23 20.67 [174]
Perovskite/NbS2 1.13 23.95 82.50 22.32 [175]
Perovskite/NbSe2 1.14 23.95 84.40 23.03 [175]



Nano-Micro Lett.           (2026) 18:32 	 Page 25 of 53     32 

MoS2 QDs, f-RGO and a hybrid MoS2 QDs:f-RGO inter-
layer. It is clearly observed that the 2D materials with opti-
mal band gaps play an important role in improving the 
efficiency of the solar cells. Table 3 provides a detailed 
comparison of 2D materials in improving Voc, Jsc, FF and 
PCE.

4.2 � 2D Materials‑Based Organic Solar Cells (OSCs)

4.2.1 � Enhancing PCE Through Reduced Recombination 
by Employing 2D Materials as HTL and ETL

OSCs have emerged as promising photovoltaic technologies 
due to their remarkable advancements in PCE. OSC offers 

Fig. 8   2D material as HTL and ETL for reduced recombination. a Schematic diagram of solution-processed BP as an ETL to create energy gra-
dient between active layer and electrode for efficient flow of electrons. b Energy band structure; BP flakes create the cascaded band alignment to 
facilitate smoother electron transport and minimize energy loss, a, b adapted with permission of Wiley [35]. c Schematic diagram illustrates the 
use of liquid-exfoliated MX2 as a HTL for enhanced PCE by modifying the work function of MX2 to facilitate efficient hole transfer toward the 
electrode from the active layer. d Bimolecular recombination losses in different cell types with the influence of light intensity on the Jsc indicate 
WS2-based HTL demonstrated an S value of 1 shows a near-ideal scenario with minimal deviation from a linear relationship between Jsc and 
light intensity, (c-d) adapted with permission of Wiley [189]. e–f J-V curve of device with p- and n-doped MoS2 as HTL and ETL shows the 
effectiveness of work function engineering for optimized performance and enhanced charge transport within the device, (e–f) adapted with per-
mission of ROYAL SOC CHEMISTRY [190]
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several advantages that make them attractive for large-scale 
production. These include their lightweight nature, mechani-
cal flexibility, partial transparency and compatibility with 
cost-effective roll-to-roll (R2R) processing techniques 
[20, 188]. The optimization of interlayer materials that are 
inserted between different components in OSC for improv-
ing the charge transport, modifying surface properties and 
enhancing device stability as well as electron donor and 
acceptors are key areas of research in organic photovolta-
ics to enhance device performance. In a recent study, Lin 
et al. explored the potential of solution-processed, ultrathin 
BP as an ETL. The introduction of BP with its unique 
bandgap creates a favorable energetic gradient between 
the electrode and the active layer that allows electrons to 
flow more readily from the perovskite layer toward the ETL 
[35]. The schematic of the device structure is shown in 
Fig. 8a. In some OPV materials, there may be a significant 
energy jump between donor and acceptor levels that hin-
der the efficient electron flow. BP flakes with a thickness of 
10 nm are integrated into the OPV structure to create the 
cascaded band alignment that facilitates smoother electron 
transport, minimizing energy losses and improving device 
efficiency. The carefully chosen thickness of the BP flakes 
is critical for achieving the optimal energy band structure 
and a smoother energetic pathway of electrons for transport 
toward the collecting electrode that improved the average 
enhancement of 11% which resulted in increased PCE of 
8.18%. The schematic representation of the energy band 
structure is shown in Fig. 8b. In another study, Yuan et al. 
introduced the potential of using liquid-exfoliated TMDCs, 
MoS2 and WS2 as a HTL in organic solar cells, achieving 
impressive PCE exceeding 17% [189]. The utilization of a 
solution-processing technique involves directly applying a 
suspension containing few-layered WS2 and MoS2 flakes 
onto the transparent ITO electrodes in the cell which simpli-
fies device fabrication compared to traditional methods. The 
device structure is shown in Fig. 8c. The solution-processing 
approach results in modification for the work function of 
the WS2 layer without requiring additional treatments and 
facilitates the efficient holes transfer toward the electrode 
from the active layer. By varying the intensity of light on the 
solar cell, the generation rate can effectively be changed for 
electron–hole pairs and measuring the Jsc at different light 
intensities allows us to understand how efficiently these car-
riers are collected. The relationship between Jsc and Plight is 
shown in Eq. (1):

where the S represents the signature of recombination pro-
cesses. If S = 1, it signifies a linear dependence of Jsc on 
Plight and suggests that all generated carriers are efficiently 
collected at the electrodes with minimal recombination 
losses. When S < 1, the Jsc increases slower than linearly 
while increasing light intensity, this deviation indicates the 
presence of bimolecular recombination that leads to a lower 
value of S. The influence of light intensity on the Jsc to quan-
tify bimolecular recombination losses within the different 
cell types is shown in Fig. 8d. The OPV cell employing a 
WS2 as a HTL exhibits an S value of 1 that signifies a near-
ideal scenario with minimal deviation from a linear rela-
tionship between the light intensity and Jsc, while in MoS2 
and PEDOT:PSS HTL cells they exhibit the values of 0.94 
and 0.97, respectively, which indicates the presence of bio-
molecular recombination in these cells. This demonstrates 
that WS2 as HTL material offers a significant advantage in 
reducing bimolecular recombination compared to MoS2 and 
PEDOT: PSS which highlights the importance of 2D mate-
rials for optimizing the OPV cell performance. A study by 
Yun et al. explored the potential of work function engineered 
by MoS2 thin films for application in OSC. By strategically 
doping MoS2, the work function of the device was modified 
efficiently to extract hole for p-doped HTL or electron for 
n-doped ETL [190]. The improvement in PCE from 2.8% 
to 3.4% is because of the optimized energy-level alignment 
between the MoS2 layers and the adjacent organic materi-
als in the OSC. The current–density (J–V) curve of devices 
with p- and n-doped MoS2-based HTL and ETL is shown 
in Fig. 8e, f. The consistent improvement in device perfor-
mance across all configurations when MoS2 thin films were 
p- or n-doped compared to using undoped MoS2 as either a 
HTL or ETL suggests that the doping effectively engineered 
the MoS2 properties for better charge transport within the 
device. The improved PCE performance is potentially due 
to the modification of the work function of MoS2, aligning it 
more favorably with the energy levels of the adjacent materi-
als that allow for smoother electron transfer to the n-doped 
MoS2 ETL from active layer, minimizing energy losses and 
boosting overall device efficiency [191]. Table 4 shows the 
PCE of 2D materials-based OSCs with their functional roles 
for enhanced charge extraction and improved energy-level 
alignment.

(1)Jsc ∝
(

Plight

)S
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Table 4   Power conversion efficiency (PCE) of 2D materials-based OSCs with their functional roles for improved band alignment and interfacial 
layer

Device structure Functionality PCE (%) References

Al/P3HT:PC61BM/MoO3-MoS2/FTO/Glass Serve as HTL, after UVO treatment forms MoO3-MoS2 double 
layer which enhances hole extraction, blocks electrons and 
improved energy-level alignment

4.15 [192]

Al/P3HT:PC61BM(GQD)/MoS2/TFSA-GR MoS2 layers improve charge extraction efficiency and interfacial 
resistance; TFSA-doped graphene acts as transparent conductive 
electrode and improves conductivity and energy-level alignment. 
GQD incorporation into active layer enhances light absorption, 
charge separation and improves flexibility and mechanical 
stability of device

4.23 [193]

Ag/p-MoS2/PBDTTT-C-T:PC70BM/n-MoS2/AgNW Used as interfacial layers and composite transparent electrodes in 
AgNW which improves device fill factor and light absorption and 
enhances electrode conductivity and transmittance. Enables high-
efficiency, large area and semi-transparency

6.39 [194]

Ag/MoO3/PTB7:PC71BM/PEIE/ITO/Glass 2D material work as ETL and sub-photosensitizer, which enhances 
charge separation and electron transfer. Improve light absorption, 
reduce electron decay time and enhance charge carrier dynamics

7.15 [195]

Al/PFN/ PTB7:PC71BM/MoS2@Au/ITO Acts as HTL utilizing plasmonic effects from Au nanoparticles 
for increased light absorption and charge carrier generation to 
improve short-circuit current density

7.25 [196]

PFN/PTB7:PC71BM/PEDOT:PSS/MoS2 Serves as HTL, MoS2 modified with a surfactant to improve 
colloidal stability and solution processability for long-term 
storage and easy integration

7.26 [197]

GO/PTB7:PC71BM/LiF Used as electron-blocking layer to replace PEDOT:PSS for 
enhancing thermal and humidity resistance and templating of 
active layer morphology, π stacked face-on microstructure

7.46 [198]

PTB7:PC71BM/e-MoO3 Serve as HTL, improves the hole transport and offers low-cost, 
scalable and efficient alternative to conventional vacuum-
deposited MoOx layers

7.54 [199]

Ag/MoO3/PBDTTT-C-T:PC70BM/ZnO/ITO MoS2 nanosheets serve as interfacial layers and improve the charge 
transport, higher conductivity and transparency

7.62 [194]

Ag/MoO3/PTB7-Th:PC71BM/PEIE/ITO/Glass Serves as ETL and auxiliary light harvester, facilitate efficient 
charge separation and accelerating electron mobility and 
improves optical absorption and shortens carrier lifetime

7.86 [195]

ITO/ZnO/PTB7:PC71BM/MoS2/Ag Used as HTL, enhances the hole transport and energy-level 
alignment for room temperature, low-cost and scalable processing 
and alternative to vacuum-deposited MoOx for large-area

8.10 [199]

PTB7:PC71BM/NbSe2 Acts as low trap density HTL, enhances the hole extraction and 
interfacial quality and effectively replaces MoO3 in OSCs

8.10 [200]

Ag/MoO3/PTB7:PC71BM:MoS2 NS/ZnO/ITO Serve as dual-function additive in the ternary blend, enhance light 
harvesting by increasing optical absorption and improve charge 
transport by increasing carrier mobility and reduce trap state 
density

8.17 [201]

ZnO/BP/PTB7:PC71BM/MoO3 Used as ETL by forming cascaded band structure which facilitates 
electron transport, improve charge carrier extraction and reduce 
recombination

8.18 [35]

ITO/F-rGO/PTB7-Th:PC71BM/PFN/Al Function as HTL, improve film formation and conductivity. 
Enhances the energy-level alignment due to higher work function 
fluorinated-reduced graphene oxide

8.60 [202]

CuSCN/AMQS/PTB7-PC71BM Function as a passivating interlayer in bilayer hole extraction 
layer with CuSCN with reducing surface defects, suppress 
recombination and exciton quenching for enhanced charge 
extraction

8.80 [203]
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4.2.2 � Enhancing Electron Collection by Reducing Work 
Function and Interface Barrier

In a most recent study, Li et al. developed an efficient stable 
inverted OSC using a ZnO ETL modified with 2D ZrSe2. 
ZnO is commonly used as ETL due to its high electron 
mobility and good transparency [216]. However, the energy 
level of ZnO often does not align well with the active layer 
materials used in OSCs and hinder the electrons flow from 
the active layer to the ZnO ETL which leads to energy losses 

and reduced device efficiency. ZnO surface also has a high 
density of defects such as oxygen vacancies, dangling bonds 
and acts as recombination centers and reduce the overall 
cell performance. The mismatch between the active layer 
and ZnO leads to interfacial charge accumulation and device 
instability over time. The device structure of ZrSe2-modified 
ZnO ETL with energy level is shown in Fig.  9a. ZnO 
acquires electrons from ZrSe2 which causes the formation 
of interfacial dipoles that are regions of positive and nega-
tive charge at the interface between ZnO and ZrSe2. The 

Table 4   (continued)

Device structure Functionality PCE (%) References

ITO/MXene/PBDB-T:ITIC Function as both HTL and ETL by modifying work function via 
surface treatment which enable selective contact formation and 
facilitates efficient tunable charge extraction

9.06 [204]

ITO/MoC:PEDOT:PSS/PTB-Th:PCBM/LiF Serve as HTL and forms composite layer with PEDOT:PSS 
and enhances hole mobility, charge extraction and active layer 
morphology improved the device efficiency

9.24 [205]

ZnO/PTB7-Th:WSe2NFs:PC71BM/MoO3 Reduce exciton recombination, enhance charge transport, help in 
maintaining neat bulk heterojunction morphology and improve 
donor–acceptor interfaces and promote more balanced bipolar 
charge carrier mobility

9.24 [206]

ITO/PFN/PTB7:WSe2:PC71BM/MoO3/Ag Function as third component within the active layer, promotes 
exciton generation and facilitates exciton dissociation at the 
WSe2-fullerene interface. Improve electron extraction and 
balance charge transport

9.30 [207]

RGO/ZnO:ITRGO/PTB7-Th:PC71BM/MoO3 Incorporation into hybrid ZnO-based cathode interlayers improve 
electrical conductivity, form interconnected nanostructures and 
aligns energy levels for enhanced charge extraction

9.49 [208]

MXene/PBDB-T:ITIC/PFN:Br Function as HTL, improve the work function for efficient hole 
extraction and enhances electrical conductivity and optical 
transparency

10.53 [209]

α-In2Se3/PBDB-T:ITIC:PDINO Incorporation with PEDOT:PSS forms a composite HTL, enhances 
conductivity by screening Coulombic interactions and improving 
PEDOT chain networking, offers suitable work function and 
enhanced optical transmittance

11.22 [210]

ZnO/PTB7-Th:IEICO-4F:BPNFs/MoO3 Function as morphology modifiers and enhances π-π stacking 
order and domain purity, reduce carrier resistance, suppress 
recombination and offers morphological stability by retarding 
phase mixing during device aging for stability

12.20 [211]

ZnO/PBDB-T:ITIC:Bi2OS2/MoO3 Function as heterogeneous nucleation in active layer, improve 
crystallization, charge transport and surface morphology for 
enhanced efficiency

12.31 [212]

PEDOT:PSS/Ti3C2TX/PM6:Y6/PFN:Br Incorporation into PEDOT:PSS to form composite HTL for 
enhanced electrical conductivity and facilitates conformational 
changes in PEDOT, creates better charge transfer pathways

14.55 [213]

ZnO/PDINO-G/PM:Y/MoO3 Function as cathode interfacial material, for improved conductivity, 
lowers work function, reduce carriers recombination and 
enhances charge extraction

15.70 [214]

WS2/PBDB-T-2 F:Y/PFN:Br Serve as HTL, WS2 enhances work function alignment, improves 
film uniformity, higher short-circuit current, reduced series 
resistance for enhanced performance

15.80 [215]
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Fig. 9   Reducing work function and interface barrier. a ZrSe2-modified ZnO ETL and energy band structure; for reducing work function and interface barrier 
between active layer and ETL to efficiently collect electrons. b, c XPS spectra of Zn 2p and O 1s with two prominent peaks at 1044.7 eV and 1021.7 eV corre-
sponding to Zn 2p1/2 and Zn 2p3/2 show film shifted 0.1 eV toward lower energy from 1021.7 to 1021.6 eV and from 1044.7 to 1044.6 eV, respectively, because 
electron density increases around the Zn atoms lowers the work function of ZnO for efficient electrons injection into ETL for enhanced mobility of electrons. (a-c) 
adapted with permission of Wiley [216]. d Schematic structure of ZnO and GeSe composite ETL; the defect density on the ZnO surface is reduced by modifica-
tion of ZnO with 2D GeSe. e Electron density change across the composite structure ZnO and GeSe. f Big hole vacancy defect form on polar surface of ZnO due to 
an imbalance of charges and creation of unstable sites. g 2D GeSe prevents the formation of ZnO defect vacancies to stabilize the crystal structure and reduce the 
defect formation for improved device efficiency, d–f adapted with permission of ROYAL SOC CHEMISTRY [119]
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formation of interfacial dipoles reduces the work function of 
ZnO which measure the energy required to extract an elec-
tron from the material, with lower work function facilitates 
the injection of electrons from the active layer into the ETL 
and leads to lower interface barrier between the ETL and 
active layer that enables more efficient electron collection 
and improve the overall cell performance. First-principles 
calculation (FPC) and XPS confirmed ZnO acquires elec-
trons from ZrSe2 and form interfacial dipoles that reduce 
ZnO work function. XPS spectra of Zn 2p and O 1s are 
shown in Fig. 9b, c, where two prominent peaks observed at 
1044.7 and 1021.7 eV correspond to Zn 2p1/2 and Zn 2p3/2, 
respectively. O 1s region have three primary peaks at 532.31, 
531.54 and 530.25 eV that correspond to adsorbed oxygen, 
defect oxygen and lattice oxygen, respectively. Compared 
to pure ZnO film, the Zn 2p1/2 and Zn 2p3/2 peaks in the Zn 
2p core level spectrum of ZnO/ZrSe2 film shifted 0.1 eV 
toward lower energy from 1044.7 to 1044.6 eV and 1021.7 
to 1021.6 eV, respectively [217]. The increase in electron 
density around the Zn atoms minimizes the work function 
of ZnO and makes it easier for electrons to be injected into 
the ETL as well as enhances the mobility of electrons within 
the ZnO layer and improves the carrier transport in the OSC. 
The electron transfer and interfacial dipole formation poten-
tially modify the interfacial properties between ZnO and the 
active layer and improve the charge transfer efficiency. In 
a recent study, Tan et al. introduced a novel ZnO&GeSe 
composite ETL by modifying ZnO with 2D GeSe which 
effectively reduced the defects density on ZnO surface and 
improved electron extraction efficiency in the devices [119]. 
GeSe can interact with ZnO to reduce the density of surface 
defects. The modification of ZnO with GeSe enhanced the 
electron extraction efficiency from the active layer to the 
ETL because of improved interfacial properties and reduced 
energy barriers. The schematic of device structure is shown 
in Fig. 9d. The interaction between ZnO and GeSe modifies 
the interfacial properties between the active layer and ETL, 
improves the charge transfer efficiency and reduces inter-
facial recombination. The incorporation of GeSe into ZnO 
alters the electronic structure of the ETL and creates a more 
favorable bandgap alignment with the active layer and reduc-
ing the energy barrier for electron injection. GeSe interacts 
with surface defects on ZnO, passivating them and reduc-
ing their ability to act as recombination centers. Differential 
charge density analysis shows the redistribution of electron 
density in a system. By comparing the electron density of the 

combined system, ZnO and GeSe to the electron densities of 
the individual components, we can identify regions of elec-
tron accumulation and depletion. The planar-averaged charge 
density difference in the ZnO/GeSe composite is shown in 
Fig. 9e. When ZnO and GeSe are brought together, some 
electrons from the surface of GeSe may transfer to the ZnO/
GeSe interface. This electron transfer can be visualized as a 
region of electron accumulation at the interface and a region 
of electron depletion on the surface of GeSe [218]. The elec-
trons transfer from GeSe to ZnO reduces the total energy of 
the system, as it seeks a configuration that minimizes energy. 
Differential charge density analysis shows the redistribution 
of electron density in a system. By comparing the electron 
density of the combined system, ZnO and GeSe to the elec-
tron densities of the individual components, we can identify 
regions of electron accumulation and depletion. The polar 
surface of ZnO is particularly susceptible to the formation 
of point defect vacancies that are missing ions from their 
regular lattice sites in a crystal due to imbalance of charges 
on the surface and create unstable sites; big hole vacancy 
defects as shown in Fig. 9f. Formation energy of point defect 
vacancy shows the influence of GeSe on ZnO defect forma-
tion; it is the energy required to create a defect in the crystal 
structure and lower formation energy indicates that a defect 
is more energetically favorable [219]. Point defect vacancies 
in ZnO significantly impact its electronic properties with 
single Zn point defects are often more metastable. They are 
energetically unstable but can exist for a relatively longer 
time, and the presence of a single Zn point defect can create 
a local distortion in the crystal lattice. Oxygen atoms near 
the defect site may experience an imbalance in electrostatic 
forces that drive these oxygen atoms to migrate to nearby 
face centered cubic (FCC) sites and create larger cavities 
on the ZnO surface. The schematic of GeSe which prevents 
the formation of ZnO defect vacancies is shown in Fig. 9g. 
The presence of cavities increases the surface roughness of 
ZnO which affects its optical and electronic properties. The 
defects and cavities also act as scattering centers for charge 
carriers which reduce the mobility of electrons. The modi-
fication of ZnO with GeSe potentially inhibits the formation 
of these defect vacancies. By interacting with ZnO surface, 
GeSe stabilizes the crystal structure and reduces the defect 
formation which leads to improved electronic properties and 
enhanced device performance [220].

Beyond ZnO, other wide-bandgap metal oxides such 
as tin dioxide (SnO2) have gained increasing attention 
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as promising ETLs in inverted organic solar cells due to 
their high transparency, deep conduction band edge and 
low-temperature processability. SnO2 exhibits excellent 
chemical and thermal stability, and compared to ZnO, 
it possesses a lower density of oxygen vacancies, which 
reduces trap-assisted recombination and leads to enhanced 
electron extraction. Moreover, SnO2 has better energy-level 
alignment with many donor–acceptor systems, making it 
highly suitable for use in polymer-based OSCs [221]. For 
instance, SnO2 modified with surface ligands such as PEIE 
or doped with potassium ions (K⁺) has shown improved 
interface compatibility, lower work function and smoother 
film morphology, resulting in higher short-circuit current 
density (Jsc) and fill factor (FF). These modifications reduce 
the interfacial barrier for electron transfer and suppress 
recombination losses.

In another approach, TiO2 nanoparticles and ZnSnO3 
nanocrystals have also been explored as ETLs [222, 223]. 
TiO2 provides a high dielectric constant and suitable 
energy levels for many active layers, but often suffers from 
photocatalytic degradation under UV exposure [224]. To 
mitigate this, surface modifications (e.g., with graphene 
quantum dots or fullerene derivatives) have been employed 
to stabilize TiO2 and enhance charge transfer. ZnSnO3, a 
perovskite-type oxide, offers a deeper conduction band and 
better resistance to photocorrosion than ZnO, making it an 
emerging alternative for improving interfacial energetics 
and charge collection in OSCs.

Additionally, organic small molecules like bathocuproine 
(BCP) or perylene diimide derivatives (e.g., PDINO) are 
also frequently used either alone or in combination with 
metal oxides to improve interfacial properties [225, 226]. 
These layers can effectively reduce the cathode work func-
tion, enhance contact selectivity and passivate interfacial 
traps, resulting in better device stability and higher PCEs.

4.2.3 � Enhancing Hole Collection via 2D Anode 
Modification Layers

While significant attention has been given to electron 
collection using 2D-modified cathodes, the anode side also 
plays a critical role in determining the overall efficiency 
of organic solar cells (OSCs) [227]. Several 2D materials, 
including GO, rGO, TMDCs (e.g., MoS2, WS2) and 

MXenes, have shown excellent potential as HTLs or anode 
interfacial modifiers due to their tunable work functions, 
good transparency and solution processability [103, 104, 
180, 228].

The work function of 2D materials can be precisely 
tuned via chemical doping, surface functionalization, 
or plasma treatment to align well with the highest 
occupied molecular orbital (HOMO) level of the donor 
material, thus promoting efficient hole extraction and 
reducing energy barriers. For example, acid-treated GO 
or dopant-modified MoS₂ can enhance interfacial energy-
level alignment with commonly used donors like PTB7 
or PBDB-T [229]. Moreover, 2D HTLs can improve 
morphological compatibility, leading to better contact with 
the active layer and reduced interfacial recombination.

Beyond electronic benefits, these 2D layers also offer 
physical protection to the underlying electrode (e.g., ITO), 
reduce interfacial roughness and act as barriers against 
moisture and oxygen, enhancing device lifetime. For 
instance, MXene-based HTLs have demonstrated improved 
hole extraction, lowered series resistance and enhanced 
operational stability in flexible OSCs [109].

4.3 � 2D Materials‑based Dye‑Sensitized Solar Cells 
(DSSCs)

4.3.1 � 2D Materials‑Based Counter Electrode (CE) 
for Enhanced Efficiency and Stability

DSSCs are emerging as promising photovoltaic technology 
due to cheap fabrication processes and sustainable energy 
sources with minimal environmental impact. These cells 
are composed of several key components working in tan-
dem to convert sunlight into electricity. A photosensitizer, 
often dye, absorbs solar energy and injects electrons into a 
semiconductor that are then transported through the semi-
conductor to an external circuit. An electrolyte, a liquid or 
gel-like substance, contains redox species that regenerate 
the oxidized photosensitizer, and a counter electrode (CE) 
facilitates the return of electrons to the cell which catalyzes 
the reduction of the electrolyte. The entire assembly is sup-
ported by conductive glass to support the various layers of 
the DSSC. The schematic diagram showcasing a detailed 
cross section of a DSSC is shown in Fig. 10a. The per-
formance of DSSCs is intrinsically linked to the material 
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Fig. 10   2D materials-based CE for enhanced efficiency and stability. a 3D schematic diagram of cross section of a DSSC with electrolyte and 
counter electrodes, adapted with permission of Nature Springer [238]. b J–V characteristics of four different Ti3C2 MXene CEs and Pt as CE. 
The highest Jsc for HF-etched Ti3C2 MXene CE is due to improved electrocatalytic activity for triiodide reduction and optimized pore structure 
with HF etching process creates a larger interfacial area and facilitates efficient mass transport of redox species. c Tafel polarization on symmet-
rical cells composed of identical pairs of the four Ti3C2 MXene and Pt counter electrodes in the electrolyte under dark conditions and exchange 
current density calculated from the intersection point of the anodic and cathodic Tafel regions, b, c adapted with permission of ELSEVIER 
[230]. d CV performed on the MoS2/graphene, graphene, Pt and MoS2 CE at a scan rate of 10 mV s−1 revealed an enhanced cathodic current 
density for the MoS2/graphene CE due to improved charge transfer kinetics and increased cathodic current. e CV for the MoS2/graphene com-
posite at various scan rates. The cathodic and anodic peak currents shift systematically, as the scan rate increases and move toward more nega-
tive and positive potentials, respectively. f J–V characteristics of DSSC with Pt and MoS2/graphene CE of varying thicknesses. At higher scan 
rates, the double-layer charging current becomes more significant that influences the measured peak potentials, d–f adapted with permission of 
ELSEVIER [36]
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properties and molar extinction coefficient of the dye, which 
shows the material’s ability to absorb light in the visible and 
infrared spectrum for efficient generation of photoinduced 
charge carriers within the photoanode.

In another study, Zhao et al. presented the synthesis of 
2D-Ti3C2 MXene materials with varying surface termina-
tions, particle sizes and sheet qualities through the selective 
etching of intermediate Al atoms from Ti3AlC2 for high-
performance CE [230]. 2D-Ti3C2 MXene were explored as 
an alternative to conventional platinum (Pt) CE for triiodide 
reduction DSSCs. While Pt is an excellent catalyst for trii-
odide reduction in DSSCs because of its high stability and 
electrocatalytic, but high cost and scarcity limit its market 
competitiveness. Moreover, to achieve optimal performance, 
a relatively high loading of Pt is required which further 
increases the cost and potentially affects the device efficiency 
due to light blockage. Triiodide reduction occurs at the CE 
of a DSSC and involves the conversion of triiodide ions ( I−

3
 ) 

into iodide ions ( I− ) and crucial for regenerating the redox 
mediator in the electrolyte, which is essential for the continu-
ous operation of the DSSCs. An efficient catalyst at the CE is 
required to facilitate this reaction and minimize energy losses. 
The etchant significantly influences the chemical properties of 
2D-Ti3C2 MXenes that affects their catalytic activity toward 
triiodide reduction and PCE of DSSCs using these MXene-
based CE varies with NH4HF2, LiF + HCl, HF + HCl and HF 
from 6.05%, 6.38%, 6.06%, to 7.15%, respectively. J–V char-
acteristics with four different Ti3C2 MXene and Pt as CE are 
shown in Fig. 10b. The highest Jsc observed for HF-etched 
Ti3C2 MXene CE is due to enhanced electrocatalytic activ-
ity toward triiodide reduction and optimized pore structure, 
resulting from the HF etching process providing an expanded 
interfacial area and facilitating rapid mass transport of redox 
species and minimizing the electrode–electrolyte charge trans-
fer resistance for improved electron transfer kinetics [231]. 
The increased surface area and reduced charge transfer resist-
ance contribute to the superior performance of the HF-etched 
MXene counter electrode. Charge transfer kinetics, electro-
chemical impedance spectroscopy (EIS), interfacial properties 
of the electrolyte/electrode interface and Tafel polarization 
were investigated on symmetrical cells using identical pairs 
of the four Ti3C2 MXene and Pt counter electrodes in the 
electrolyte under dark conditions. The exchange J-V from the 
intersection point of the anodic and cathodic Tafel regions 
is shown in Fig. 10c, which shows the reaction reversibility 

and magnitude of charge transfer kinetics associated with the 
triiodide reduction process as shown in Eq. (2):

Tafel polarization evaluates the kinetics of an electro-
chemical reaction by measuring the relation between over-
potential that shows electrode potential deviation from its 
equilibrium value and current density which measures the 
charge transfer resistance at the CE. EIS measures the inter-
facial properties of the electrochemical system that involves 
applying a small amplitude sinusoidal perturbation to the 
system and measuring the current response. It measures the 
resistance related to the electron transfer process occurring 
at the interface between the electrode/electrolyte and dif-
fusion of ions within the electrolyte [232, 233]. In another 
study, Yue et al. presented a composite film composed of 
molybdenum disulfide (MoS2) and graphene flakes as a 
platinum-free CE for DSSCs [36]. The enhancement in elec-
trocatalytic activity was observed when highly conductive 
graphene flakes were incorporated into the MoS2 film. The 
enhanced catalytic activity potentially due to multiple effects 
includes (a) Increased active surface area: the graphene 
2D structure provides the large surface area for deposition 
of MoS2 nanoparticles and MoS2 edge sites that are highly 
active for electrocatalytic reaction increased surface area 
due to graphene, leading to higher number of active sites. 
(b) Improved charge transfer: graphene high conductiv-
ity efficiently transports electrons from MoS2 to external 
circuit accelerate the reaction kinetics and help to suppress 
charge recombination leading to higher overall efficiency. (c) 
Enhanced mass transport: the composite material exhibits 
the porous structure that promotes the diffusion of electro-
lyte ions to the electrode surface and increased mass trans-
port enhances the rate of the electrocatalytic reaction. (d) 
Electronic interaction: the interaction between graphene 
and MoS2 potentially modifies the electronic structure of 
both materials leading to improved catalytic properties. (e) 
Stabilization of active sites: graphene helps to stabilize 
the active sites on MoS2, preventing degradation during the 
reaction [234]. Cyclic voltammetry (CV) curves obtained for 
MoS2/graphene, graphene, Pt and MoS2 CE at a scan rate 
of 10 mV s−1 are shown in Fig. 10d. CV analysis revealed 
an enhanced cathodic current density for the MoS2/gra-
phene CE in comparison to graphene, Pt and MoS2. The 
higher cathodic current density in MoS2/graphene is due 
to improved charge transfer kinetics and increased cathodic 

(2)I−
3
+ 2e− → 3I−
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Table 5   Performance of 2D materials-based CE for DSSCs

Material (CE) FF (%) Jsc (mA cm−2) Voc (V) PCE (%) References

2Co0.85Se/MoSe2/MoO3 67.1 13.8 0.768 7.10 [239]
Pt reference 69 14 0.75 7.2 [240]
NiSe 64 14.54 0.783 7.23 [241]
NiSe2 68 14.3 0.75 7.3 [240]
TaSe2 (solvothermal reaction) 64 15.81 0.73 7.32 [242]
MoSe2/graphene 60.41 17.12 0.71 7.34 [243]
NbSe2 (nanosheets) 63 15.04 0.77 7.34 [244]
FeSe2 (sphere-shaped) 69.8 14.6 0.724 7.38 [245]
CoSe2 (hydrothermal, 180 63.9 15.44 0.75 7.4 [246]
Pt reference 58 17.77 0.725 7.47 [247]
WSe2 (solvothermal reaction) 66 15.5 0.73 7.48 [242]
FeSe2 (nanosheets, under 60 17.49 0.718 7.53 [247]
MoSe2/PEDOT: PSS 67 15.97 0.7 7.58 [248]
FeSe (front irradiation) 61 17.1 0.733 7.64 [249]
FeSe2 microparticles (MPs) 66 15.63 0.745 7.68 [250]
Co9S8 (spin casting) 64 16.2 0.741 7.7 [251]
NbSe2 (nanosheets) 62 16.85 0.74 7.73 [252]
NbSe2/C 65 15.58 0.77 7.8 [244]
Pt reference 65 16.38 0.74 7.81 [248]
Pt reference 62.4 16.88 0.743 7.83 [246]
CoSe2/C–NR 67 15.98 0.73 7.83 [253]
Ni0.85Se (front irradiation) 63.6 16.67 0.74 7.85 [249]
Pt reference 70.2 15.13 0.741 7.87 [245]
Pt reference 69 15.88 0.72 7.9 [244]
Pt reference 67 16.84 0.7 7.91 [242]
Co3Se4 67 14.96 0.793 7.95 [241]
FeSe2 (3D power-like) 72.1 14.93 0.744 8 [245]
FeSe2 nanorods (NRs) 68 15.79 0.748 8.03 [250]
Pt reference 72.1 15.26 0.731 8.04 [254]
CoSe2 (hydrothermal, 140) 64.4 16.65 0.75 8.04 [246]
Pt reference 63 16.11 0.794 8.06 [255]
Pt reference 67 16.5 0.736 8.1 [251]
MoSe2/Mo (in situ selenization) 67 15.07 0.805 8.13 [255]
Pt reference 69 15.87 0.75 8.2 [250]
Pt@Ti reference 68 16.31 0.74 8.21 [248]
Pt reference 67 16.43 0.74 8.25 [253]
Co0.85Se (front irradiation) 66.8 16.74 0.742 8.3 [249]
Pt reference 69 15.33 0.791 8.3 [241]
Ni0.85Se 72 15.63 0.739 8.32 [256]
CoSe2 (hydrothermal, 160) 66.2 17.04 0.743 8.38 [246]
FeSe2 nanosheets (NSs) 70 16.14 0.744 8.39 [250]
CoSe2/C–NG 67 17.51 0.73 8.41 [253]
NiCo2S4 (spin casting) 66 17.4 0.743 8.5 [251]
MoSe2/PEDOT:PSS@Ti 69 16.41 0.75 8.51 [248]
Ni0.67Co0.33Se 69 15.89 0.784 8.59 [241]
Pt reference 73 16.03 0.738 8.64 [256]
Pt reference 68.3 17.19 0.74 8.68 [257]
MoS2/Mo (in situ sulfurization) 70.6 16.95 0.726 8.69 [257]
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current shows the rapid transfer of electrons from the elec-
trolyte to the counter electrode surface, reducing the charge 
combination losses. The accelerated electron transfer rate 
can lead to a faster reduction of redox species in the electro-
lyte and improve the overall cell efficiency. Moreover, the 
lamellar structure of the MoS2/graphene composite may pro-
vide a favorable environment for the adsorption and reduc-
tion of redox species which lower the activation energy for 
the reaction, increase surface area and the synergistic effects 
between MoS₂ and graphene leads to a higher density of 
active sites for the electrocatalytic process [235]. CV of 
MoS2/graphene composite at different scan rates is shown in 
Fig. 10e. As the scan rate increases, the anodic and cathodic 
peak current densities exhibited a systematic, linear shift 
toward more negative and positive potentials, respectively. 
Due to increase in scan rate, the current flowing through the 
electrolyte increases which causes the voltage drop across 
the electrolyte, also known as Ohmic drop and distort the 
measured potential [36, 236]. The cathodic peak will shift 
toward more negative potential, while the anodic peak will 
shift toward more positive potential due to this Ohmic drop. 
The formation and relaxation of the electrical double layer 
at the electrode–electrolyte interface can also contribute to 
the peak shifts. At higher scan rates the double-layer charg-
ing current becomes more significant which can affect the 
measured peak potential. J–V characteristics of DSSC with 
MoS2/graphene and Pt CE of varying thickness are shown 
in Fig. 10f. MoS2/graphene composite film thickness was 
regulated by the application of adhesive plaster layers that 
exerts a substantial influence on the photoelectrochemical 

performance parameters of DSSCs utilizing MoS2/graphene 
CE including JSC, VOC and fill factor (FF). The primary rea-
son for increase VOC and JSC with thicker MoS2/graphene 
CE in DSSCs is a large catalytic surface area and properties 
toward the reduction of triiodide ( I−

3
 ) ions regenerate the 

process of redox mediator in DSSCs. A thicker CE provide 
a larger surface area for catalytic reactions that lead to more 
efficient regeneration of the redox mediator and provide 
more pathways for electrons to travel from the photoanode 
to the external circuit and reduce resistance leads to higher 
Jsc. A thicker CE can also potentially act as a barrier, reduc-
ing the recombination of holes and electrons at the interface 
between photoanode and the electrolyte which contribute to 
a higher Voc [237]. Table 5 summarizes the performance of 
2D material-based counter electrodes (CE) used in DSSCs.

4.3.2 � 2D Materials‑Based CE for Improved 
Electrocatalytic Activity

TMDCs have shown great potential for advanced PV 
devices because of exceptional electronics properties and 
comprises layers of transition metals bonded to chalcogen 
atoms are bound by weak vdW forces and exhibit high 
carrier mobility that reduces energy losses due to carrier 
recombination and scattering. In another study, Manal 
et al. proposed a novel CE for DSSCs utilizing crystalline 
tungsten diselenide (WSe2) doped with zinc (Zn) 
impurities. The CE is crucial in catalyzing the reduction 
of the oxidized redox mediator, typically iodide (I3

−) 
to iodide (I−) for enhanced efficiency [31]. WSe2 high 

Table 5   (continued)

Material (CE) FF (%) Jsc (mA cm−2) Voc (V) PCE (%) References

NiSe2 (hydrothermal reaction) 74.3 15.94 0.734 8.69 [254]
NiCo2S4/NiS (spin casting) 67 17.7 0.744 8.8 [251]
Ni0.5Co0.5Se 69 16.42 0.783 8.8 [241]
CoSe2/C–NCW 67 18.03 0.73 8.92 [253]
MoSe2/Mo (in situ sulfurization) 72.2 16.71 0.746 9.0 [257]
Ni0.33Co0.67Se 67 17.29 0.789 9.01 [241]
Ru0.33Se (front irradiation) 68.1 18.93 0.715 9.22 [249]
Co0.85Se 75 16.98 0.738 9.4 [256]
C–NCW/CoSe2 on carbon cloth 71 18.16 0.76 9.87 [253]
Gr/ MoSe2 (N2-doped) 70.07 19.73 0.724 10.01 [243]
C–NCW/CoSe2 71 18.86 0.78 10.46 [253]
Pt reference 73.22 19.93 0.723 10.55 [243]
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Fig. 11   2D materials-based CE for improved electrocatalytic activity. a XRD spectra for WSe2:Zn9, WSe2:Zn6, WSe2:Zn3 and WSe2:Zn0 confirmed the formation 
of pure hexagonal WSe2 phase in prepared electrodes. b FESEM images of (i) WSe2:Zn0 (ii) WSe2:Zn3 (iii) WSe2:Zn6 and (IV) WSe2:Zn9 CE shows the electrodes 
layer composition with nanoflakes of WSe2 to enhance surface area for electrochemical reaction. c CV curves of different CE exhibit the anodic and cathodic peaks 
where WSe2:Zn6 CE shows elevated current density due to enhanced catalytic activity and presence of active sites facilitates electron transfer process, (a-c) adapted 
with permission of ELSEVIER [31]. d SEM images of MoNiP2/MoP nanoparticles with varying sizes. e XPS spectra of MoP/MoNiP2@Ti3C2-80% with the pres-
ence of Ti, C, Mo, O, Ni and P elements. f Tafel curve for different CE assesses the catalytic ability to reduce the I3

− and MoP/MoNiP2@Ti3C2-80% material pro-
vides active sites for the reduction of I3

− for enhancement in catalytic efficiency because the intercalation of MoP/MoNiP2 into Ti3C2 Mxene creates more open and 
porous structure for facilitation of I3.− diffusion into electrode surface, d–f adapted with permission of ELSEVIER [260]
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conductivity and catalytic activity toward the I3
−/I− is 

a promising material for CE and Zn doping has shown 
in enhancement of electrochemical and electrocatalytic 
properties. Zn doping increases the electrical conductivity 
of WSe2 leads to more efficient transfer of electron 
between the CE and electrolyte. It helps in faster reaction 
kinetics and lower overpotential due to the creation of 
active sites on the WSe2 surface that promote the reduction 
of I3

− to I− with reduce charge recombination at the CE/
electrolyte interface which is major loss mechanism in 
DSSCs. The crystalline structure and properties of the 
fabricated electrodes for WSe2:Zn9, WSe2:Zn6, WSe2:Zn3 
and WSe2:Zn0 were characterized using X-ray diffraction 
(XRD) as shown in Fig.  11a. The observed peaks at 
13.49°, 31.83°, 47.23°, 38.21°, 56.41° and 69.02° 
correspond to the (002), (100), (105), (103), (008) and 
(203) crystal planes of hexagonal WSe2 belonging to the 
P63/mmc space group and align with the reference card 
number of 00-038-1388 that confirms the formation of 
prepared electrodes in pure hexagonal WSe2 phase [258]. 
While no additional phases were detected in the WSe2:Zn6, 
WSe2:Zn3 and WSe2:Zn0 samples that indicate the Zn 
doping did not introduce any significant impurities or 
secondary phases. WSe2:Zn9 sample exhibited two more 
peaks at 27.42° and 45.44° and the appearance of these 
peaks corresponds to the cubic ZnSe phase, suggesting 
that at higher Zn doping levels some of the WSe2 may 
undergo a phase transformation to ZnSe due to the 
increased concentration of Zn atoms, which can disrupt the 
WSe2 crystal structure and promote the formation of ZnSe. 
The surface morphology of the fabricated WSe2:Zn9, 
WSe2:Zn6, WSe2:Zn3 and WSe2:Zn0 electrodes examined 
using FESEM is shown in Fig. 11b. The FESEM image 
shows the electrode layers are composed of nanoflakes 
of WSe2 that enhance the surface area available for 
electrochemical reaction and improve performance. The 
presence of pores and crevices within the nanoflake 
structure facilitates the diffusion of electrolyte species and 
reduce mass transfer limitation contribute to faster electron 
regeneration at the CE/electrolyte interface. CE provides 
electrons to the electrolyte species and facilitates efficient 
regeneration and diffusion of N719 dyes. The structural 
properties facilitate both the rate of elecon regeneration 
in the electrolyte and the total current generated by the 
cell. The electrochemical and electrocatalytic properties 
of various fabricated CE evaluated using CV analysis are 

shown in Fig. 11c. The CV curves exhibit two distinct 
anodic (oxidation) and cathodic (reduction) peaks that 
correspond to redox reactions as mentioned in Eqs. (3) 
and (4), which interconvert the I3

– and I– species.

The higher J–V at this cathodic peak shows enhanced 
catalytic activity within the CE. WSe2:Zn6 CV shows 
the elevated current density for the cathodic peak which 
suggests a more rapid rate of I3

– species regeneration. 
The higher current density in WSe2:Zn6 is because of 
enhanced catalytic activity because the material possesses 
superior catalytic properties for this reaction and its surface 
structure, electronic properties and presence of specific 
active sites potentially facilitate the transfer of electrons 
process [259]. The large surface area of the catalyst also 
provides additional sites for the reaction to occur, and 
the  addition of Zn might influence the morphology of 
the WSe2 which leads to higher density. The WSe2:Zn6 
catalyst might also require a lower overpotential to initiate 
the reduction reaction compared to other materials where 
more of applied potential contributes to the reaction. In 
another study He et al. demonstrated CE based on MoP/
MoNiP2@Ti3C2 composite with an efficiency of 10.01%. 
Transition metal phosphides (TMPs) have great potential 
as a promising research area for novel catalytic materials 
because of their structural similarities with transition metal 
nitrides [260]. The TMPs surface properties can be modified 
to enhance their catalytic activity by the addition of dopants 
or the creation of defects that improve the adsorption and 
desorption of species. A MoNiP2/MoP hybrid material was 
synthesized and intercalated into Ti3C2 MXene to create a 
"pillared effect". Intercalation causes the layer to expand 
and molecules of MoP/MoNiP2 act as pillars that prop up 
the Ti3C2 layers which increase the surface area of material 
that help in improve catalytic activity. SEM images of 
MoNiP2/MoP confirmed the presence of nanoparticles with 
varying sizes as shown in Fig. 11d. Due to pillared effect, 
the increased surface area provides more active sites for 
catalytic reaction and improves the efficiency of the catalyst. 
The SEM images show a range of nanoparticle sizes that 
indicate the heterogeneous nature of the material which 
influences the material catalytic and electrical conductivity. 

(3)2I
2
+ 2e
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−
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The layered structure observed in the SEM images is due 
to Mxene materials that arises from the intercalation of 
atoms or molecules between the layers of the material. The 
multiple layers suggest that the Ti3C2 MXene has a well-
defined layered structure. XPS analysis of MoP/MoNiP2@
Ti3C2-80% with the presence of Ti, C, Mo, Ni, O and P 
elements is shown in Fig. 11e that confirmed the successful 
synthesis of the composite [261]. Tafel polarization curves 
assess the kinetics of electrochemical reaction with material 
catalytic ability to reduce I3

– and plot the logarithm of 
the current density against the overpotential that is the 
difference between the equilibrium potential and applied 
potential of the reaction. The slope of the region is related 
to the transfer coefficient, which is a measure of symmetry 
for electrochemical reaction and at higher overpotential the 
current density reaches a plateau that indicates the reaction 
is limited by mass transfer. Tafel plots for different CE are 
shown in Fig. 11f where the composition of MoP/MoNiP2@
Ti3C2-80% material potentially provides more active 
sites for the reduction of I3

– that helps in enhancement of 
catalytic efficiency. The intercalation of MoP/MoNiP2 into 
Ti3C2 MXene creates more open and porous structure that 
facilitate the diffusion of I3

– ions to the electrode surface. 
The combination of MoP/MoNiP2 and Ti3C2 may improve 
the electron transfer kinetics and allows for faster reduction 
of I3

– and contribute to a steeper Tafel curve [260, 262].

5 � Challenges and Limitations

This review highlights recent advancements in solar 
photovoltaics utilizing 2D materials. We discussed the 
2D materials as promising candidates for next-generation 
photovoltaics applications and alternatives to fossil fuels. 
However, there are some challenges associated with 2D 
materials as well solar photovoltaic technologies that need to 
be addressed for improved performance, stability, efficiency 
and durability [263]. We have discussed these challenges and 
prospects as follows:

5.1 � Challenges with 2D Materials in Photovoltaics

2D materials due to their high carrier mobility, conductivity 
and optical transparency make them suitable candidates 
for next-generation photovoltaics. These materials have 
successfully been integrated as electrodes, HTL, ETL and 

active layer components in solar technology for improved 
light absorption and high efficiency. These materials 
can absorb light in visible and near-infrared regions and 
improved charge carrier extraction with high carrier mobility 
facilitates efficient carrier extraction from the active layer 
and reduces recombination losses [264, 265]. The optical 
properties of these materials can be tailored by controlling 
their thickness, composition and defect density which allows 
for optimization of specific applications [266].

Despite their promising properties, 2D materials face 
several challenges for their practical application in solar 
cells:

(a) Limited light absorption: Due to their thin structure, 
these materials have limited light absorption efficiency, 
especially in thicker regions of solar spectrum [39, 267].

(b) Defect susceptibility: The sharp edges and surfaces 
of 2D materials are more susceptible to defects, and these 
defects act as recombination centers and reduce overall cell 
efficiencies [268, 269].

(c) Scalability: The large-scale production of 2D 
materials remains a challenge that limits their commercial 
viability [270, 271].

To overcome these challenges, researchers are exploring 
hybrid structures for enhanced light absorption, defect engi-
neering to minimize defect density and surface chemistry 
modifications for performance optimization. However, for 
real-world photovoltaic deployment, a deeper understanding 
of the fabrication and integration processes is essential.

5.2 � Challenges in Large‑Scale Preparation 
and Integration

The commercial use of 2D material photovoltaics depends 
not only on their inherent optoelectronic benefits but also 
on whether it is possible to produce them on a wafer scale, 
control defects during exfoliation and transfer them with-
out damaging them. Therefore, the scalability landscape is 
now dominated by three technical constraints: liquid-phase 
exfoliation (LPE), chemical vapor deposition (CVD) and 
post-growth transfer/lamination [272].

(a) Chemical Vapor Deposition (CVD) Limitations and 
Uniformity

CVD remains the only technique currently capable of pro-
ducing homogeneous monolayers of MoS2, WS2 and gra-
phene at centimeter to wafer-scale dimensions. However, 
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conventional high-temperature (> 700 °C) growth often 
results in multi-nucleation sites, grain boundaries and thick-
ness non-uniformities, which translate into shunt pathways 
in finished solar cells. Recent advances have addressed 
some of these issues: halogen-assisted metal–organic CVD 
(MOCVD) with in situ scavengers suppresses parasitic oxide 
formation [273], low-pressure and plasma-enhanced CVD 
processes enable growth at temperatures below 450  °C 
[274], and remote epitaxy or seed-free growth techniques 
have demonstrated single-crystal MoS2 across 8-inch wafers 
with less than 3% thickness variation [272].

Despite these significant improvements, further optimiza-
tion of precursor flux, in situ passivation and thermal budget 
control remain essential to achieve defect-free junctions, 
especially for integration onto flexible polymer substrates.

(b) Defect Control in Liquid-Phase Exfoliation (LPE)
Although severe sonication and cavitation produce 

basal-plane vacancies, edge dangling bonds and 
solvent contamination that reduce carrier lifetime and 
photoluminescence, LPE offers the least expensive, ton-
scale path to printable 2D inks [275]. More than 60% of 
these flaws can be repaired while maintaining flake yield 
by using controlled-shear or shear-mixing LPE, followed 
by surfactant exchange and mild thermal annealing 
(200–300 °C) [276]. Ionic-liquid co-solvents and machine 
learning-guided solvent selection have recently reduced 
the occurrence of Stone–Wales defects while maintaining 
90% of the optical response in comparison to pristine flakes 
[277]. These techniques are making it possible to create 
conductive, low-recombination 2D dispersions for large-area 
solar module ink-jet printing and slot-die coating.

(c) Transfer and lamination compatibility
Most CVD films need to be incorporated into device 

stacks after being separated from their growing substrates. 
Wet chemical lifts that use polymer supports, like PMMA, 
leave behind wrinkles, residues and trapped bubbles that 
lower mobility and decrease Fermi levels [278]. Nowadays, 
residue-free MoS2 are produced via polymer-free dry-trans-
fer techniques, such as selenium-mediated sacrificial layers, 
and are completely compatible with back-end-of-line tem-
peratures (< 300 °C) [279]. Continuous lamination speeds of 
around 30 m min−1 on flexible PET or Cu-foil webs have 
been attained using roll-to-roll (R2R) electrostatic pick-and-
place and laser-assisted release techniques [280]. Although 
alignment accuracy and contamination control are still active 

research topics, these advancements collectively suggest high-
throughput assembly lines for 2D-based solar films.

5.3 � Challenges in Perovskite, Organic and DSSCs

Perovskite materials serve as an active layer in PSCs, 
offering excellent light absorption and tunable bandgaps. 
However, efficient charge carrier transport remains a critical 
challenge for achieving high stability and efficiency.

To address the challenges of charge carrier transport in 
PSC, researchers have primarily focused on two key strat-
egies. (a) Interface Engineering: involves the optimiza-
tion of the interfaces between the charge transport layers 
and the perovskite layer which is crucial for efficient charge 
collection and extraction [281, 282]. This involves the (i) 
Energy-level alignment: to ensure optimal energy-level off-
sets between the perovskite, ETL and HTL to facilitate effi-
cient charge transfer, (ii) Interface passivation: to minimize 
the interfacial defects and trap states that can act as recom-
bination centers and reduce charge carrier losses and (iii) 
Interfacial charge extraction: that includes the designing 
of interfacial materials with high charge carrier mobility and 
extraction capabilities to promote efficient charge collection 
[283]. (b) Perovskite Composition and Morphology Engi-
neering: it involves the modifications of perovskite com-
position and microstructure that can significantly improve 
the charge carrier transport properties. The key approaches 
include (i) Dimensionality control: tuning the dimension-
ality of the perovskite structure (2D, 3D, or quasi-2D) can 
optimize the charge carrier diffusion length and mobility, 
(ii) Crystal quality improvement: it involves enhancing 
the crystal quality of perovskite film through optimized 
synthesis condition and post-treatment processes to reduce 
defect density and (iii) Morphology control: controlling the 
perovskite film morphology, i.e., orientation, grain, size and 
coverage, facilitates efficient carrier transport and reduces 
charge recombination [284, 285].

Organic solar cells (OSCs) have attracted significant atten-
tion due to their potential for flexible, low-cost and lightweight 
solar energy solutions. There are also some challenges associ-
ated that limit their efficiency and widespread adoption. One 
of the major challenges in OSCs is the recombination of pho-
togenerated electrons and holes that reduces cell performance. 
These cells have lower electron mobility that hinders the effi-
cient transport of electrons from the active layer to cathode. 
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The interface barrier between the active layer and the ETL 
can create an energy barrier that hinders electrons injection 
and reduces cell efficiency. These challenges can be addressed 
through the following strategies; (a) donor–acceptor blends 
with complementary properties. To minimize recombination 
losses, morphology of active layer could be optimized using 
donor–accepter composite, and incorporating an interfacial 
layer to reduce charge trapping can help in achieving both the 
high performance and long-term stability of devices [286, 287]. 
(b) Reduce work function. Lowering the work function of 
ETL can facilitate the electron injection from the active layer, 
and improving the interfacial properties between the ETL and 
active layer potentially helps to reduce the interface barrier and 
enhance electron collection. This involves (i) Doping. Elec-
tron-rich dopants such as alkali metals or organic molecules 
can increase the electron density in the ETL, and co-doping 
of different dopants potentially leads to synergistic effects that 
optimize the work function for better performance [288]. (ii) 
Surface treatments and interface modification. Chemical 
or physical treatments of the ETL surface can alter its elec-
tronic properties and inserting a thin interfacial layer between 
the ETL and active layer can modify the electronic properties 
at the interface and lead to a reduction in work function. (iii) 
Nano-structuring. Engineering the morphology of the ETL 
at the nanoscale can influence its electronic properties. Porous 
and hierarchical structures can enhance electron transport and 
reduce the effective work function [289].

On the other hand, DSSCs face several challenges that 
hinder their widespread commercialization. One of the 
primary issues is (a) long-term stability of the dye and 
electrolyte, which significantly reduces the cell efficiency 
and lifespan due to degradation. While DSSCs have shown 
impressive efficiencies under ideal conditions, achieving 
comparable performance in real-world environments 
remains a challenge due to multiple factors such as humidity, 
temperature and light intensity, which affect the cell output 
[290, 291]. (b) Electrolyte leakage is another problem 
leading to degradation of the cell and potential safety 
hazards. Solid-state electrolytes offer a potential pathway 
to address the leakage issues, but these solid materials have 
lower efficiency and compromise cell performance [292]. 
The development of (c) cost-effective and efficient counter 
electrode (CE) is also a critical challenge for use on a 
commercial scale as an alternative to Pt. By addressing these 
challenges and implementing effective strategies, we can 
improve the efficiency and stability of solar photovoltaics 

and make them more competitive with traditional silicon-
based solar cells for enhanced efficiency and stability [293].

6 � Conclusion

This review presents a comprehensive summary of the 
recent progress in photovoltaic technologies utilizing two-
dimensional (2D) materials. The versatile roles of two-
dimensional (2D) materials as hole transport layers (HTLs), 
electron transport layers (ETLs) and counter electrodes in 
perovskite solar cells (PSCs), organic solar cells (OSCs) 
and dye-sensitized solar cells (DSSCs) are emphasized. 
Their exceptional electronic, optical and structural 
properties enable enhanced charge transport, energy-level 
alignment, defect passivation and chemical stability are 
key factors for improving solar cell efficiency. In PSCs, 
2D materials contribute to better perovskite crystallization, 
defect reduction and efficient charge extraction. In OSCs, 
2D materials facilitate reduced recombination losses and 
improved interface engineering by tuning work functions and 
interfacial barriers. For DSSCs, 2D materials demonstrate 
promising electrocatalytic performance as cost-effective 
counter electrodes, contributing to improved stability and 
device performance. Despite these advancements, several 
challenges remain, including limited light absorption in 
some 2D materials, sensitivity to defects and difficulties 
in large-scale fabrication. Addressing these issues 
through interface engineering, doping strategies, surface 
modifications and scalable synthesis techniques is critical. 
Continued interdisciplinary research will be essential to 
fully realize the potential of 2D materials in next-generation, 
high-efficiency and stable photovoltaic technologies.

Acknowledgements  This work was supported by the IITP(Institute 
of Information & Communications Technology Planning & 
Evaluation)-ITRC(Information Technology Research Center) grant 
funded by the Korea government(Ministry of Science and ICT)
(IITP-2025-RS-2024-00437191, and RS-2025-02303505). In addi-
tion, this research was partly supported by the Korea Basic Science 
Institute (National Research Facilities and Equipment Center) grant 
funded by the Ministry of Education. (No. 2022R1A6C101A774). 
The authors extend their appreciation to the Deanship of Research 
and Graduate Studies at King Khalid University, Saudi Arabia, 
through Large Research Project under grant number RGP-2/527/46.

Author Contributions  This project was supervised by GD, with 
the support of ZW, AV and KA and also led the overall project, pro-
viding critical guidance on data collection and manuscript content. 



Nano-Micro Lett.           (2026) 18:32 	 Page 41 of 53     32 

MWZ and SN collaborated closely with the supervisors to shape 
the final narrative, conduct critical literature analysis and contribute 
to manuscript drafting and revisions. All authors actively partici-
pated in the literature review, data synthesis and editing process, 
engaging in discussions and peer review to enhance the overall 
quality of the paper.

Funding  Open access funding provided by Lulea University of 
Technology.

Declarations 

Conflict of interest  The authors declare no conflict of interest. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 C.D. Daudu, A. Adefemi, O.O. Adekoya, C.E. Okoli, O.B. 
Ayorinde et al., Lng and climate change: evaluating its car-
bon footprint in comparison to other fossil fuels. Eng. Sci. 
Technol. J. 5(2), 412–426 (2024). https://​doi.​org/​10.​51594/​
estj.​v5i2.​803

	 2.	 R. Murphy, What is undermining climate change mitiga-
tion? How fossil-fuelled practices challenge low-carbon 
transitions. Energy Res. Soc. Sci. 108, 103390 (2024). 
https://​doi.​org/​10.​1016/j.​erss.​2023.​103390

	 3.	 E.A. Etukudoh, A. Fabuyide, K.I. Ibekwe, S. Sonko, V.I. 
Ilojianya, Electrical engineering in renewable energy sys-
tems: a review of design and integration challenges. Eng. 
Sci. Technol. J. 5(1), 231–244 (2024). https://​doi.​org/​10.​
51594/​estj.​v5i1.​746

	 4.	 Q. Hassan, S. Algburi, A.Z. Sameen, T.J. Al-Musawi, A.K. 
Al-Jiboory et al., A comprehensive review of international 
renewable energy growth. Energy Built Environ. (2024). 
https://​doi.​org/​10.​1016/j.​enbenv.​2023.​12.​002

	 5.	 D.M. Chapin, C.S. Fuller, G.L. Pearson, A new silicon 
p-n junction photocell for converting solar radiation into 

electrical power. J. Appl. Phys. 25(5), 676–677 (1954). 
https://​doi.​org/​10.​1063/1.​17217​11

	 6.	 B.Y.H. Liu, R.C. Jordan, The interrelationship and charac-
teristic distribution of direct, diffuse and total solar radia-
tion. Sol. Energy 4(3), 1–19 (1960). https://​doi.​org/​10.​
1016/​0038-​092X(60)​90062-1

	 7.	 W. Liu, Y. Liu, Z. Yang, C. Xu, X. Li et al., Flexible solar 
cells based on foldable silicon wafers with blunted edges. 
Nature 617(7962), 717–723 (2023). https://​doi.​org/​10.​
1038/​s41586-​023-​05921-z

	 8.	 W. Chai, W. Zhu, H. Xi, D. Chen, H. Dong et al., Bur-
ied interface regulation with TbCl3 for highly-efficient 
all-inorganic perovskite/silicon tandem solar cells. Nano-
Micro Lett. 17(1), 244 (2025). https://​doi.​org/​10.​1007/​
s40820-​025-​01763-8

	 9.	 S. Yoo, B. Domercq, B. Kippelen, Efficient thin-film organic 
solar cells based on pentacene/C60 heterojunctions. Appl. 
Phys. Lett. 85(22), 5427–5429 (2004). https://​doi.​org/​10.​
1063/1.​18297​77

	 10.	 J. Gong, J. Liang, K. Sumathy, Review on dye-sensitized 
solar cells (DSSCs): Fundamental concepts and novel mate-
rials. Renew. Sustain. Energy Rev. 16(8), 5848–5860 (2012). 
https://​doi.​org/​10.​1016/j.​rser.​2012.​04.​044

	 11.	 N. Tétreault, M. Grätzel, Novel nanostructures for next gen-
eration dye-sensitized solar cells. Energy Environ. Sci. 5(9), 
8506 (2012). https://​doi.​org/​10.​1039/​c2ee0​3242b

	 12.	 X. Li, S. Aftab, S. Hussain, F. Kabir, A.M.A. Henaish et al., 
Dimensional diversity (0D, 1D, 2D, and 3D) in perovskite 
solar cells: exploring the potential of mixed-dimensional inte-
grations. J. Mater. Chem. A 12(8), 4421–4440 (2024). https://​
doi.​org/​10.​1039/​d3ta0​6953b

	 13.	 G. Dastgeer, S. Nisar, M.W. Zulfiqar, J. Eom, M. Imran et al., 
A review on recent progress and challenges in high-efficiency 
perovskite solar cells. Nano Energy 132, 110401 (2024). 
https://​doi.​org/​10.​1016/j.​nanoen.​2024.​110401

	 14.	 J. Keller, K. Kiselman, O. Donzel-Gargand, N.M. Mar-
tin, M. Babucci et al., High-concentration silver alloying 
and steep back-contact gallium grading enabling copper 
indium gallium selenide solar cell with 23.6% efficiency. 
Nat. Energy 9(4), 467–478 (2024). https://​doi.​org/​10.​1038/​
s41560-​024-​01472-3

	 15.	 M. Schmid, M. Ketharan, J. Lucaßen, I. Kardosh, Sequen-
tially PVD-grown indium and gallium selenides under com-
positional and layer thickness variation: preparation, struc-
tural and optical characterization. Adv. Mater. Interfaces 
11(15), 2301086 (2024). https://​doi.​org/​10.​1002/​admi.​20230​
1086

	 16.	 M. Hao, S. Ding, S. Gaznaghi, H. Cheng, L. Wang, Perovskite 
quantum dot solar cells: current status and future outlook. 
ACS Energy Lett. 9(1), 308–322 (2024). https://​doi.​org/​10.​
1021/​acsen​ergyl​ett.​3c019​83

	 17.	 Y. Wei, C. Ding, G. Shi, H. Bi, Y. Li et al., Stronger coupling 
of quantum dots in hole transport layer through intermediate 
ligand exchange to enhance the efficiency of PbS quantum 
dot solar cells. Small Meth. 8(12), 2400015 (2024). https://​
doi.​org/​10.​1002/​smtd.​20240​0015

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.51594/estj.v5i2.803
https://doi.org/10.51594/estj.v5i2.803
https://doi.org/10.1016/j.erss.2023.103390
https://doi.org/10.51594/estj.v5i1.746
https://doi.org/10.51594/estj.v5i1.746
https://doi.org/10.1016/j.enbenv.2023.12.002
https://doi.org/10.1063/1.1721711
https://doi.org/10.1016/0038-092X(60)90062-1
https://doi.org/10.1016/0038-092X(60)90062-1
https://doi.org/10.1038/s41586-023-05921-z
https://doi.org/10.1038/s41586-023-05921-z
https://doi.org/10.1007/s40820-025-01763-8
https://doi.org/10.1007/s40820-025-01763-8
https://doi.org/10.1063/1.1829777
https://doi.org/10.1063/1.1829777
https://doi.org/10.1016/j.rser.2012.04.044
https://doi.org/10.1039/c2ee03242b
https://doi.org/10.1039/d3ta06953b
https://doi.org/10.1039/d3ta06953b
https://doi.org/10.1016/j.nanoen.2024.110401
https://doi.org/10.1038/s41560-024-01472-3
https://doi.org/10.1038/s41560-024-01472-3
https://doi.org/10.1002/admi.202301086
https://doi.org/10.1002/admi.202301086
https://doi.org/10.1021/acsenergylett.3c01983
https://doi.org/10.1021/acsenergylett.3c01983
https://doi.org/10.1002/smtd.202400015
https://doi.org/10.1002/smtd.202400015


	 Nano-Micro Lett.           (2026) 18:32    32   Page 42 of 53

https://doi.org/10.1007/s40820-025-01869-z© The authors

	 18.	 H. Asghar, T. Riaz, H.A. Mannan, S.M. Khan, O.M. Butt, 
Rheology and modeling insights into dye-sensitized solar 
cells (DSSCs) material: Bridging the gap to solar energy 
advancements. Renew. Sustain. Energy Rev. 193, 114298 
(2024). https://​doi.​org/​10.​1016/j.​rser.​2024.​114298

	 19.	 P.S. Saud, A. Bist, A.A. Kim, A. Yousef, A. Abutaleb et al., 
Dye-sensitized solar cells: Fundamentals, recent progress, 
and Optoelectrical properties improvement strategies. Opt. 
Mater. 150, 115242 (2024). https://​doi.​org/​10.​1016/j.​optmat.​
2024.​115242

	 20.	 J. Yi, G. Zhang, H. Yu, H. Yan, Advantages, challenges and 
molecular design of different material types used in organic 
solar cells. Nat. Rev. Mater. 9(1), 46–62 (2024). https://​doi.​
org/​10.​1038/​s41578-​023-​00618-1

	 21.	 H. Tang, Y. Bai, H. Zhao, X. Qin, Z. Hu et al., Interface engi-
neering for highly efficient organic solar cells. Adv. Mater. 
36(16), 2212236 (2024). https://​doi.​org/​10.​1002/​adma.​20221​
2236

	 22.	 G. Dastgeer, S. Nisar, A. Rasheed, K. Akbar, V.D. Chavan 
et al., Atomically engineered, high-speed non-volatile flash 
memory device exhibiting multibit data storage operations. 
Nano Energy 119, 109106 (2024). https://​doi.​org/​10.​1016/j.​
nanoen.​2023.​109106

	 23.	 G. Dastgeer, S. Nisar, Z.M. Shahzad, A. Rasheed, D.-K. Kim 
et al., Low-power negative-differential-resistance device for 
sensing the selective protein via supporter molecule engineer-
ing. Adv. Sci. 10(1), 2204779 (2023). https://​doi.​org/​10.​1002/​
advs.​20220​4779

	 24.	 S. Nisar, B. Basha, G. Dastgeer, Z.M. Shahzad, H. Kim et al., 
A novel biosensing approach: improving SnS2 FET sensitiv-
ity with a tailored supporter molecule and custom substrate. 
Adv. Sci. 10(33), 2303654 (2023). https://​doi.​org/​10.​1002/​
advs.​20230​3654

	 25.	 A.G. Ricciardulli, P.W.M. Blom, Solution-processable 2D 
materials applied in light-emitting diodes and solar cells. 
Adv. Mater. Technol. 5(8), 1900972 (2020). https://​doi.​org/​
10.​1002/​admt.​20190​0972

	 26.	 F. Wang, S. Bai, W. Tress, A. Hagfeldt, F. Gao, Defects 
engineering for high-performance perovskite solar cells. 
NPJ Flex. Electron. 2, 22 (2018). https://​doi.​org/​10.​1038/​
s41528-​018-​0035-z

	 27.	 Z. Ni, L. Zhao, Z. Shi, A. Singh, J. Wiktor et al., Identifica-
tion and suppression of point defects in bromide perovskite 
single crystals enabling gamma-ray spectroscopy. Adv. Mater. 
36(35), 2406193 (2024). https://​doi.​org/​10.​1002/​adma.​20240​
6193

	 28.	 X. Liao, M. Liu, H. Pei, P. Zhu, X. Xia et al., Regulating crys-
tallinity mismatch between donor and acceptor to improve 
exciton/charge transport in efficient organic solar cells. 
Angew. Chem. Int. Ed. 63(11), e202318595 (2024). https://​
doi.​org/​10.​1002/​anie.​20231​8595

	 29.	 Z. Wang, Y. Guo, X. Liu, W. Shu, G. Han et al., The role of 
interfacial donor-acceptor percolation in efficient and stable 
all-polymer solar cells. Nat. Commun. 15(1), 1212 (2024). 
https://​doi.​org/​10.​1038/​s41467-​024-​45455-0

	 30.	 M. Shoaib, S. Siddique, R. Nazar, A. Ishaq, A. Abrar et al., 
Novel 2D heterostructure composites of V2C MXene/TiO2 
and graphene/TiO2 for platinum replacement in dye-sensi-
tized solar cells. Diam. Relat. Mater. 148, 111498 (2024). 
https://​doi.​org/​10.​1016/j.​diamo​nd.​2024.​111498

	 31.	 M.A. Abbood, E.A.M. Saleh, A. Kumar, P. Rodrigues, S. 
Askar et al., Enhancing dye-sensitized solar cell performance 
by employing an innovative WSe2: Zn counter electrode for 
improved electrocatalytic activity. Mater. Sci. Semicond. 
Process. 171, 108015 (2024). https://​doi.​org/​10.​1016/j.​mssp.​
2023.​108015

	 32.	 H. Zai, P. Yang, J. Su, R. Yin, R. Fan et al., Wafer-scale mon-
olayer MoS2 film integration for stable, efficient perovskite 
solar cells. Science 387(6730), 186–192 (2025). https://​doi.​
org/​10.​1126/​scien​ce.​ado23​51

	 33.	 Z. Qin, Y. Chen, X. Wang, X. Liu, Y. Miao et al., Incorpora-
tion of two-dimensional WSe2 into MAPbI3 perovskite for 
efficient and stable photovoltaics. J. Phys. Chem. Lett. 12(29), 
6883–6888 (2021). https://​doi.​org/​10.​1021/​acs.​jpcle​tt.​1c020​
12

	 34.	 E. Aydin, J.K. El-Demellawi, E. Yarali, F. Aljamaan, S. San-
soni et al., Scaled deposition of Ti3C2Tx MXene on complex 
surfaces: application assessment as rear electrodes for sili-
con heterojunction solar cells. ACS Nano 16(2), 2419–2428 
(2022). https://​doi.​org/​10.​1021/​acsna​no.​1c088​71

	 35.	 S. Lin, S. Liu, Z. Yang, Y. Li, T.W. Ng et al., Solution-pro-
cessable ultrathin black phosphorus as an effective electron 
transport layer in organic photovoltaics. Adv. Funct. Mater. 
26(6), 864–871 (2016). https://​doi.​org/​10.​1002/​adfm.​20150​
3273

	 36.	 G. Yue, J.-Y. Lin, S.-Y. Tai, Y. Xiao, J. Wu, A catalytic com-
posite film of MoS2/graphene flake as a counter electrode 
for Pt-free dye-sensitized solar cells. Electrochim. Acta 85, 
162–168 (2012). https://​doi.​org/​10.​1016/j.​elect​acta.​2012.​08.​
040

	 37.	 Y. Li, B. Huang, X. Zhang, J. Ding, Y. Zhang et al., Lifetime 
over 10000 hours for organic solar cells with Ir/IrO(x) elec-
tron-transporting layer. Nat. Commun. 14(1), 1241 (2023). 
https://​doi.​org/​10.​1038/​s41467-​023-​36937-8

	 38.	 https://​www.​Nrel.​Gov/​pv/​cell-​effic​iency
	 39.	 S. Yu, X. Wu, Y. Wang, X. Guo, L. Tong, 2D materials 

for optical modulation: challenges and opportunities. Adv. 
Mater. 29(14), 1606128 (2017). https://​doi.​org/​10.​1002/​
adma.​20160​6128

	 40.	 G. Dastgeer, Z.M. Shahzad, H. Chae, Y.H. Kim, B.M. Ko 
et al., Bipolar junction transistor exhibiting excellent output 
characteristics with a prompt response against the selective 
protein. Adv. Funct. Mater. 32(38), 2204781 (2022). https://​
doi.​org/​10.​1002/​adfm.​20220​4781

	 41.	 L. Duan, D. Walter, N. Chang, J. Bullock, D. Kang et al., 
Stability challenges for the commercialization of perovs-
kite–silicon tandem solar cells. Nat. Rev. Mater. 8(4), 261–
281 (2023). https://​doi.​org/​10.​1038/​s41578-​022-​00521-1

	 42.	 Q. Wang, Y. Qin, M. Li, L. Ye, Y. Geng, Molecular engi-
neering and morphology control of polythiophene: non-
fullerene acceptor blends for high-performance solar cells. 

https://doi.org/10.1016/j.rser.2024.114298
https://doi.org/10.1016/j.optmat.2024.115242
https://doi.org/10.1016/j.optmat.2024.115242
https://doi.org/10.1038/s41578-023-00618-1
https://doi.org/10.1038/s41578-023-00618-1
https://doi.org/10.1002/adma.202212236
https://doi.org/10.1002/adma.202212236
https://doi.org/10.1016/j.nanoen.2023.109106
https://doi.org/10.1016/j.nanoen.2023.109106
https://doi.org/10.1002/advs.202204779
https://doi.org/10.1002/advs.202204779
https://doi.org/10.1002/advs.202303654
https://doi.org/10.1002/advs.202303654
https://doi.org/10.1002/admt.201900972
https://doi.org/10.1002/admt.201900972
https://doi.org/10.1038/s41528-018-0035-z
https://doi.org/10.1038/s41528-018-0035-z
https://doi.org/10.1002/adma.202406193
https://doi.org/10.1002/adma.202406193
https://doi.org/10.1002/anie.202318595
https://doi.org/10.1002/anie.202318595
https://doi.org/10.1038/s41467-024-45455-0
https://doi.org/10.1016/j.diamond.2024.111498
https://doi.org/10.1016/j.mssp.2023.108015
https://doi.org/10.1016/j.mssp.2023.108015
https://doi.org/10.1126/science.ado2351
https://doi.org/10.1126/science.ado2351
https://doi.org/10.1021/acs.jpclett.1c02012
https://doi.org/10.1021/acs.jpclett.1c02012
https://doi.org/10.1021/acsnano.1c08871
https://doi.org/10.1002/adfm.201503273
https://doi.org/10.1002/adfm.201503273
https://doi.org/10.1016/j.electacta.2012.08.040
https://doi.org/10.1016/j.electacta.2012.08.040
https://doi.org/10.1038/s41467-023-36937-8
https://www.Nrel.Gov/pv/cell-efficiency
https://doi.org/10.1002/adma.201606128
https://doi.org/10.1002/adma.201606128
https://doi.org/10.1002/adfm.202204781
https://doi.org/10.1002/adfm.202204781
https://doi.org/10.1038/s41578-022-00521-1


Nano-Micro Lett.           (2026) 18:32 	 Page 43 of 53     32 

Adv. Energy Mater. 10(45), 2002572 (2020). https://​doi.​
org/​10.​1002/​aenm.​20200​2572

	 43.	 S. Mahalingam, A. Manap, A. Omar, F.W. Low, N.F. Afandi 
et al., Functionalized graphene quantum dots for dye-sen-
sitized solar cell: Key challenges, recent developments and 
future prospects. Renew. Sustain. Energy Rev. 144, 110999 
(2021). https://​doi.​org/​10.​1016/j.​rser.​2021.​110999

	 44.	 H. Sung, N. Ahn, M.S. Jang, J.-K. Lee, H. Yoon et al., 
Transparent conductive oxide-free graphene-based per-
ovskite solar cells with over 17% efficiency. Adv. Energy 
Mater. 6(3), 1501873 (2016). https://​doi.​org/​10.​1002/​aenm.​
20150​1873

	 45.	 X. Zhao, L. Tao, H. Li, W. Huang, P. Sun et al., Efficient pla-
nar perovskite solar cells with improved fill factor via inter-
face engineering with graphene. Nano Lett. 18(4), 2442–2449 
(2018). https://​doi.​org/​10.​1021/​acs.​nanol​ett.​8b000​25

	 46.	 H. Park, S. Chang, X. Zhou, J. Kong, T. Palacios et al., Flex-
ible graphene electrode-based organic photovoltaics with 
record-high efficiency. Nano Lett. 14(9), 5148–5154 (2014). 
https://​doi.​org/​10.​1021/​nl501​981f

	 47.	 C. Cavallo, F. Di Pascasio, A. Latini, M. Bonomo, D. Dini, 
Nanostructured semiconductor materials for dye-sensitized 
solar cells. J. Nanomater. 2017, 5323164 (2017). https://​doi.​
org/​10.​1155/​2017/​53231​64

	 48.	 Y. Areerob, W.-C. Oh, C. Hamontree, T. Nachaithong, S. 
Nijpanich et al., A novel of WS2–MoCuO3 supported with 
graphene quantum dot as counter electrode for dye-sensitized 
solar cells application. Sci. Rep. 13, 7762 (2023). https://​doi.​
org/​10.​1038/​s41598-​023-​34637-3

	 49.	 S. Pescetelli, A. Agresti, G. Viskadouros, S. Razza, K. 
Rogdakis et al., Integration of two-dimensional materials-
based perovskite solar panels into a stand-alone solar farm. 
Nat. Energy 7(7), 597–607 (2022). https://​doi.​org/​10.​1038/​
s41560-​022-​01035-4

	 50.	 C. Zhang, C. Gong, Y. Nie, K.-A. Min, C. Liang et al., Sys-
tematic study of electronic structure and band alignment of 
monolayer transition metal dichalcogenides in Van der Waals 
heterostructures. 2D Mater. 4(1), 015026 (2017). https://​doi.​
org/​10.​1088/​2053-​1583/4/​1/​015026

	 51.	 https://​sdgs.​Un.​Org/​goals
	 52.	 K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. 

Zhang et al., Electric field effect in atomically thin carbon 
films. Science 306(5696), 666–669 (2004). https://​doi.​org/​
10.​1126/​scien​ce.​11028​96

	 53.	 A. Castellanos-Gomez, Why all the fuss about 2D semicon-
ductors? Nat. Photonics 10(4), 202–204 (2016). https://​doi.​
org/​10.​1038/​nphot​on.​2016.​53

	 54.	 M. Alzaid, Recent progress in the role of two-dimensional 
materials as an efficient charge transport layer in perovskite 
solar cells. Int. J. Energy Res. 45(9), 12598–12613 (2021). 
https://​doi.​org/​10.​1002/​er.​6672

	 55.	 G. Schusteritsch, M. Uhrin, C.J. Pickard, Single-layered Hit-
torf’s phosphorus: a wide-bandgap high mobility 2D mate-
rial. Nano Lett. 16(5), 2975–2980 (2016). https://​doi.​org/​10.​
1021/​acs.​nanol​ett.​5b050​68

	 56.	 X. Zhao, S. Liu, H. Zhang, S.-Y. Chang, W. Huang et al., 20% 
efficient perovskite solar cells with 2D electron transporting 
layer. Adv. Funct. Mater. 29(4), 1805168 (2019). https://​doi.​
org/​10.​1002/​adfm.​20180​5168

	 57.	 W. Yang, B. Ding, Z. Lin, J. Sun, Y. Meng et al., Visualizing 
interfacial energy offset and defects in efficient 2D/3D het-
erojunction perovskite solar cells and modules. Adv. Mater. 
35(35), 2302071 (2023). https://​doi.​org/​10.​1002/​adma.​20230​
2071

	 58.	 T. Arfin, S. Athar, Graphene for advanced organic photo-
voltaics, in Nanomaterials: Biomedical, Environmental, and 
Engineering Applications, 93–103 (2018). https://​doi.​org/​10.​
1002/​97811​19370​383.​ch3

	 59.	 N.N. Rosli, M.A. Ibrahim, N. Ahmad Ludin, M.A. Mat 
Teridi, K. Sopian, A review of graphene based transparent 
conducting films for use in solar photovoltaic applications. 
Renew. Sustain. Energy Rev. 99, 83–99 (2019). https://​doi.​
org/​10.​1016/j.​rser.​2018.​09.​011

	 60.	 Z. Jiang, Y. Zhang, H.L. Stormer, P. Kim, Quantum hall states 
near the charge-neutral Dirac point in graphene. Phys. Rev. 
Lett. 99(10), 106802 (2007). https://​doi.​org/​10.​1103/​physr​
evlett.​99.​106802

	 61.	 A.V. Kolobov, J. Tominaga, Two-Dimensional Transition-
Metal Dichalcogenides (Springer, Berlin, 2016). https://​doi.​
org/​10.​1007/​978-3-​319-​31450-1

	 62.	 D. Voiry, A. Mohite, M. Chhowalla, Phase engineering of 
transition metal dichalcogenides. Chem. Soc. Rev. 44(9), 
2702–2712 (2015). https://​doi.​org/​10.​1039/​c5cs0​0151j

	 63.	 S. Manzeli, D. Ovchinnikov, D. Pasquier, O.V. Yazyev, A. 
Kis, 2D transition metal dichalcogenides. Nat. Rev. Mater. 
2(8), 17033 (2017). https://​doi.​org/​10.​1038/​natre​vmats.​2017.​
33

	 64.	 W. Choi, N. Choudhary, G.H. Han, J. Park, D. Akinwande 
et al., Recent development of two-dimensional transition 
metal dichalcogenides and their applications. Mater. Today 
20(3), 116–130 (2017). https://​doi.​org/​10.​1016/j.​mattod.​
2016.​10.​002

	 65.	 G. Wang, C. Robert, A. Suslu, B. Chen, S. Yang et al., Spin-
orbit engineering in transition metal dichalcogenide alloy 
monolayers. Nat. Commun. 6, 10110 (2015). https://​doi.​org/​
10.​1038/​ncomm​s10110

	 66.	 K. Zollner, P.E.F. Junior, J. Fabian, Strain-tunable orbital, 
spin-orbit, and optical properties of monolayer transition-
metal dichalcogenides. Phys. Rev. B 100(19), 195126 (2019). 
https://​doi.​org/​10.​1103/​physr​evb.​100.​195126

	 67.	 Y. Ye, J. Xiao, H. Wang, Z. Ye, H. Zhu et al., Electrical gener-
ation and control of the valley carriers in a monolayer transi-
tion metal dichalcogenide. Nat. Nanotechnol. 11(7), 598–602 
(2016). https://​doi.​org/​10.​1038/​nnano.​2016.​49

	 68.	 S. Zhao, X. Li, B. Dong, H. Wang, H. Wang et al., Valley 
manipulation in monolayer transition metal dichalcogenides 
and their hybrid systems: status and challenges. Rep. Prog. 
Phys. 84(2), 026401 (2021). https://​doi.​org/​10.​1088/​1361-​
6633/​abdb98

	 69.	 Y. Tatsumi, K. Ghalamkari, R. Saito, Laser energy 
dependence of valley polarization in transition-metal 

https://doi.org/10.1002/aenm.202002572
https://doi.org/10.1002/aenm.202002572
https://doi.org/10.1016/j.rser.2021.110999
https://doi.org/10.1002/aenm.201501873
https://doi.org/10.1002/aenm.201501873
https://doi.org/10.1021/acs.nanolett.8b00025
https://doi.org/10.1021/nl501981f
https://doi.org/10.1155/2017/5323164
https://doi.org/10.1155/2017/5323164
https://doi.org/10.1038/s41598-023-34637-3
https://doi.org/10.1038/s41598-023-34637-3
https://doi.org/10.1038/s41560-022-01035-4
https://doi.org/10.1038/s41560-022-01035-4
https://doi.org/10.1088/2053-1583/4/1/015026
https://doi.org/10.1088/2053-1583/4/1/015026
https://sdgs.Un.Org/goals
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nphoton.2016.53
https://doi.org/10.1038/nphoton.2016.53
https://doi.org/10.1002/er.6672
https://doi.org/10.1021/acs.nanolett.5b05068
https://doi.org/10.1021/acs.nanolett.5b05068
https://doi.org/10.1002/adfm.201805168
https://doi.org/10.1002/adfm.201805168
https://doi.org/10.1002/adma.202302071
https://doi.org/10.1002/adma.202302071
https://doi.org/10.1002/9781119370383.ch3
https://doi.org/10.1002/9781119370383.ch3
https://doi.org/10.1016/j.rser.2018.09.011
https://doi.org/10.1016/j.rser.2018.09.011
https://doi.org/10.1103/physrevlett.99.106802
https://doi.org/10.1103/physrevlett.99.106802
https://doi.org/10.1007/978-3-319-31450-1
https://doi.org/10.1007/978-3-319-31450-1
https://doi.org/10.1039/c5cs00151j
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1016/j.mattod.2016.10.002
https://doi.org/10.1016/j.mattod.2016.10.002
https://doi.org/10.1038/ncomms10110
https://doi.org/10.1038/ncomms10110
https://doi.org/10.1103/physrevb.100.195126
https://doi.org/10.1038/nnano.2016.49
https://doi.org/10.1088/1361-6633/abdb98
https://doi.org/10.1088/1361-6633/abdb98


	 Nano-Micro Lett.           (2026) 18:32    32   Page 44 of 53

https://doi.org/10.1007/s40820-025-01869-z© The authors

dichalcogenides. Phys. Rev. B 94(23), 235408 (2016). https://​
doi.​org/​10.​1103/​physr​evb.​94.​235408

	 70.	 G. Long, D. Maryenko, J. Shen, S. Xu, J. Hou et al., Achiev-
ing ultrahigh carrier mobility in two-dimensional hole gas 
of black phosphorus. Nano Lett. 16(12), 7768–7773 (2016). 
https://​doi.​org/​10.​1021/​acs.​nanol​ett.​6b039​51

	 71.	 X. Liu, C.R. Ryder, S.A. Wells, M.C. Hersam, Resolving the 
in-plane anisotropic properties of black phosphorus. Small 
Meth. 1(6), 1700143 (2017). https://​doi.​org/​10.​1002/​smtd.​
20170​0143

	 72.	 Z. Luo, J. Maassen, Y. Deng, Y. Du, R.P. Garrelts et al., Ani-
sotropic in-plane thermal conductivity observed in few-layer 
black phosphorus. Nat. Commun. 6, 8572 (2015). https://​doi.​
org/​10.​1038/​ncomm​s9572

	 73.	 S. Lee, F. Yang, J. Suh, S. Yang, Y. Lee et al., Anisotropic in-
plane thermal conductivity of black phosphorus nanoribbons 
at temperatures higher than 100 K. Nat. Commun. 6, 8573 
(2015). https://​doi.​org/​10.​1038/​ncomm​s9573

	 74.	 J. Guan, D. Liu, Z. Zhu, D. Tománek, Two-dimensional phos-
phorus carbide: competition between sp2 and sp3 bonding. 
Nano Lett. 16(5), 3247–3252 (2016). https://​doi.​org/​10.​1021/​
acs.​nanol​ett.​6b007​67

	 75.	 W. Xu, Y.-P. Shao, J.-L. Wang, J.-D. Zheng, W.-Y. Tong et al., 
Origin of metallic ferroelectricity in group-V monolayer 
black phosphorus. Phys. Rev. B 109(3), 035421 (2024). 
https://​doi.​org/​10.​1103/​physr​evb.​109.​035421

	 76.	 L. Vaquero-Garzon, R. Frisenda, A. Castellanos-Gomez, Ani-
sotropic buckling of few-layer black phosphorus. Nanoscale 
11(25), 12080–12086 (2019). https://​doi.​org/​10.​1039/​c9nr0​
3009c

	 77.	 R. Gusmão, Z. Sofer, M. Pumera, Black phosphorus redis-
covered: from bulk material to monolayers. Angew. Chem. 
Int. Ed. 56(28), 8052–8072 (2017). https://​doi.​org/​10.​1002/​
anie.​20161​0512

	 78.	 Y. Chen, C. Chen, R. Kealhofer, H. Liu, Z. Yuan et al., Black 
arsenic: a layered semiconductor with extreme in-plane ani-
sotropy. Adv. Mater. 30(30), e1800754 (2018). https://​doi.​
org/​10.​1002/​adma.​20180​0754

	 79.	 D. Akinwande, N. Petrone, J. Hone, Two-dimensional flexible 
nanoelectronics. Nat. Commun. 5, 5678 (2014). https://​doi.​
org/​10.​1038/​ncomm​s6678

	 80.	 N.R. Pradhan, D. Rhodes, S. Memaran, J.M. Poumirol, 
D. Smirnov et al., Hall and field-effect mobilities in few 
layered p-WSe₂ field-effect transistors. Sci. Rep. 5, 8979 
(2015). https://​doi.​org/​10.​1038/​srep0​8979

	 81.	 M. Tosun, S. Chuang, H. Fang, A.B. Sachid, M. Hettick 
et al., High-gain inverters based on WSe2 complementary 
field-effect transistors. ACS Nano 8(5), 4948–4953 (2014). 
https://​doi.​org/​10.​1021/​nn500​9929

	 82.	 C.G. Hawkins, L. Whittaker-Brooks, Controlling sulfur 
vacancies in TiS2–x cathode insertion hosts via the conver-
sion of TiS3 nanobelts for energy-storage applications. ACS 
Appl. Nano Mater. 1(2), 851–859 (2018). https://​doi.​org/​
10.​1021/​acsanm.​7b002​66

	 83.	 C. Wan, X. Gu, F. Dang, T. Itoh, Y. Wang et al., Flexible 
n-type thermoelectric materials by organic intercalation of 
layered transition metal dichalcogenide TiS2. Nat. Mater. 
14(6), 622–627 (2015). https://​doi.​org/​10.​1038/​nmat4​251

	 84.	 Y. Huang, E. Sutter, J.T. Sadowski, M. Cotlet, O.L.A. Monti 
et al., Tin disulfide: an emerging layered metal dichalcoge-
nide semiconductor: materials properties and device char-
acteristics. ACS Nano 8(10), 10743–10755 (2014). https://​
doi.​org/​10.​1021/​nn504​481r

	 85.	 J. Yu, C.-Y. Xu, Y. Li, F. Zhou, X.-S. Chen et al., Ternary 
SnS2-xSex alloys nanosheets and nanosheet assemblies with 
tunable chemical compositions and band gaps for photode-
tector applications. Sci. Rep. 5, 17109 (2015). https://​doi.​
org/​10.​1038/​srep1​7109

	 86.	 H. Peelaers, C.G. Van de Walle, Effects of strain on band 
structure and effective masses in MoS2. Phys. Rev. B 
86(24), 241401 (2012). https://​doi.​org/​10.​1103/​physr​evb.​
86.​241401

	 87.	 A.K. Geim, K.S. Novoselov, The rise of graphene. Nat. 
Mater. 6(3), 183–191 (2007). https://​doi.​org/​10.​1038/​nmat1​
849

	 88.	 C. Lee, X. Wei, J.W. Kysar, J. Hone, Measurement of the elas-
tic properties and intrinsic strength of monolayer graphene. 
Science 321(5887), 385–388 (2008). https://​doi.​org/​10.​1126/​
scien​ce.​11579​96

	 89.	 X. Zhang, X. Zhao, D. Wu, Y. Jing, Z. Zhou, High and ani-
sotropic carrier mobility in experimentally possible Ti2CO2 
(MXene) monolayers and nanoribbons. Nanoscale 7(38), 
16020–16025 (2015). https://​doi.​org/​10.​1039/​C5NR0​4717J

	 90.	 X. Liu, J. Hu, C. Yue, N. Della Fera, Y. Ling et al., High per-
formance field-effect transistor based on multilayer tungsten 
disulfide. ACS Nano 8(10), 10396–10402 (2014). https://​doi.​
org/​10.​1021/​nn505​253p

	 91.	 Z. Guo, J. Zhou, L. Zhu, Z. Sun, MXene: a promising photo-
catalyst for water splitting. J. Mater. Chem. A 4(29), 11446–
11452 (2016). https://​doi.​org/​10.​1039/​c6ta0​4414j

	 92.	 C. Grazianetti, E. Cinquanta, A. Molle, Two-dimensional sili-
con: the advent of silicene. 2D Mater. 3(1), 012001 (2016). 
https://​doi.​org/​10.​1088/​2053-​1583/3/​1/​012001

	 93.	 F. Bechstedt, P. Gori, O. Pulci, Beyond graphene: clean, 
hydrogenated and halogenated silicene, germanene, stanene, 
and plumbene. Prog. Surf. Sci. 96(3), 100615 (2021). https://​
doi.​org/​10.​1016/j.​progs​urf.​2021.​100615

	 94.	 S. Chowdhury, A. Bandyopadhyay, N. Dhar, D. Jana, Optical 
and magnetic properties of free-standing silicene, germanene 
and T-graphene system. Phys. Sci. Rev. 2(5), 20165102 
(2017). https://​doi.​org/​10.​1515/​psr-​2016-​5102

	 95.	 F.-F. Zhu, W.-J. Chen, Y. Xu, C.-L. Gao, D.-D. Guan et al., 
Epitaxial growth of two-dimensional stanene. Nat. Mater. 
14(10), 1020–1025 (2015). https://​doi.​org/​10.​1038/​nmat4​384

	 96.	 M.E. Dávila, L. Xian, S. Cahangirov, A. Rubio, G. Le Lay, 
Germanene: a novel two-dimensional germanium allotrope 
akin to graphene and silicene. New J. Phys. 16(9), 095002 
(2014). https://​doi.​org/​10.​1088/​1367-​2630/​16/9/​095002

https://doi.org/10.1103/physrevb.94.235408
https://doi.org/10.1103/physrevb.94.235408
https://doi.org/10.1021/acs.nanolett.6b03951
https://doi.org/10.1002/smtd.201700143
https://doi.org/10.1002/smtd.201700143
https://doi.org/10.1038/ncomms9572
https://doi.org/10.1038/ncomms9572
https://doi.org/10.1038/ncomms9573
https://doi.org/10.1021/acs.nanolett.6b00767
https://doi.org/10.1021/acs.nanolett.6b00767
https://doi.org/10.1103/physrevb.109.035421
https://doi.org/10.1039/c9nr03009c
https://doi.org/10.1039/c9nr03009c
https://doi.org/10.1002/anie.201610512
https://doi.org/10.1002/anie.201610512
https://doi.org/10.1002/adma.201800754
https://doi.org/10.1002/adma.201800754
https://doi.org/10.1038/ncomms6678
https://doi.org/10.1038/ncomms6678
https://doi.org/10.1038/srep08979
https://doi.org/10.1021/nn5009929
https://doi.org/10.1021/acsanm.7b00266
https://doi.org/10.1021/acsanm.7b00266
https://doi.org/10.1038/nmat4251
https://doi.org/10.1021/nn504481r
https://doi.org/10.1021/nn504481r
https://doi.org/10.1038/srep17109
https://doi.org/10.1038/srep17109
https://doi.org/10.1103/physrevb.86.241401
https://doi.org/10.1103/physrevb.86.241401
https://doi.org/10.1038/nmat1849
https://doi.org/10.1038/nmat1849
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1039/C5NR04717J
https://doi.org/10.1021/nn505253p
https://doi.org/10.1021/nn505253p
https://doi.org/10.1039/c6ta04414j
https://doi.org/10.1088/2053-1583/3/1/012001
https://doi.org/10.1016/j.progsurf.2021.100615
https://doi.org/10.1016/j.progsurf.2021.100615
https://doi.org/10.1515/psr-2016-5102
https://doi.org/10.1038/nmat4384
https://doi.org/10.1088/1367-2630/16/9/095002


Nano-Micro Lett.           (2026) 18:32 	 Page 45 of 53     32 

	 97.	 L. Tao, E. Cinquanta, D. Chiappe, C. Grazianetti, M. Fanci-
ulli et al., Silicene field-effect transistors operating at room 
temperature. Nat. Nanotechnol. 10(3), 227–231 (2015). 
https://​doi.​org/​10.​1038/​nnano.​2014.​325

	 98.	 T. Low, A.S. Rodin, A. Carvalho, Y. Jiang, H. Wang et al., 
Tunable optical properties of multilayer black phosphorus 
thin films. Phys. Rev. B 90(7), 075434 (2014). https://​doi.​
org/​10.​1103/​physr​evb.​90.​075434

	 99.	 A.K. Geim, I.V. Grigorieva, Van der Waals heterostructures. 
Nature 499(7459), 419–425 (2013). https://​doi.​org/​10.​1038/​
natur​e12385

	100.	 P.K. Kanti, D.K. Jayan, J. Swapnalin, P. Banerjee, P. Para-
masivam et al., A critical review on MXene as promising 
photovoltaic materials. Sol. Energy Mater. Sol. Cells 277, 
113147 (2024). https://​doi.​org/​10.​1016/j.​solmat.​2024.​113147

	101.	 C. Ma, M.-G. Ma, C. Si, X.-X. Ji, P. Wan, Flexible MXene-
based composites for wearable devices. Adv. Funct. Mater. 
31(22), 2009524 (2021). https://​doi.​org/​10.​1002/​adfm.​20200​
9524

	102.	 M.A. Saeed, A. Shahzad, K. Rasool, F. Mateen, J.-M. Oh 
et al., 2D MXene: a potential candidate for photovoltaic cells? 
a critical review. Adv. Sci. 9(10), e2104743 (2022). https://​
doi.​org/​10.​1002/​advs.​20210​4743

	103.	 S. Palei, G. Murali, C.-H. Kim, I. In, S.-Y. Lee et al., A review 
on interface engineering of MXenes for perovskite solar cells. 
Nano-Micro Lett. 15(1), 123 (2023). https://​doi.​org/​10.​1007/​
s40820-​023-​01083-9

	104.	 S. Qamar, K. Fatima, N. Ullah, Z. Akhter, A. Waseem et al., 
Recent progress in use of MXene in perovskite solar cells: for 
interfacial modification, work-function tuning and additive 
engineering. Nanoscale 14(36), 13018–13039 (2022). https://​
doi.​org/​10.​1039/​D2NR0​2799B

	105.	 X.X. Liu, Z. Zhang, J. Jiang, C. Tian, X. Wang et al., Chlo-
rine-terminated MXene quantum dots for improving crystal-
linity and moisture stability in high-performance perovskite 
solar cells. Chem. Eng. J. 432, 134382 (2022). https://​doi.​org/​
10.​1016/j.​cej.​2021.​134382

	106.	 Y. Yang, H. Lu, S. Feng, L. Yang, H. Dong et al., Modulation 
of perovskite crystallization processes towards highly effi-
cient and stable perovskite solar cells with MXene quantum 
dot-modified SnO2. Energy Environ. Sci. 14(6), 3447–3454 
(2021). https://​doi.​org/​10.​1039/​d1ee0​0056j

	107.	 L. Yin, Y. Li, X. Yao, Y. Wang, L. Jia et al., MXenes for solar 
cells. Nano-Micro Lett. 13(1), 78 (2021). https://​doi.​org/​10.​
1007/​s40820-​021-​00604-8

	108.	 U.K. Aryal, H. Pazniak, T. Kumari, M. Weber, F.O.L. 
Johansson et al., 2D MXene-based electron transport layers 
for nonhalogenated solvent-processed stable organic solar 
cells. ACS Appl. Energy Mater. 6(9), 4549–4558 (2023). 
https://​doi.​org/​10.​1021/​acsaem.​2c037​89

	109.	 B. Deng, H. Lian, B. Xue, R. Song, S. Chen et al., Nio-
bium-carbide MXene modified hybrid hole transport layer 
enabling high-performance organic solar cells over 19%. 
Small 19(23), 2207505 (2023). https://​doi.​org/​10.​1002/​
smll.​20220​7505

	110.	 Y. Zhang, B. Yu, Y. Sun, J. Zhang, Z. Su et  al., An 
MBene modulating the buried SnO2/perovskite interface 
in perovskite solar cells. Angew. Chem. Int. Ed. 136(27), 
e202404385 (2024). https://​doi.​org/​10.​1002/​ange.​20240​
4385

	111.	 Y. Yang, R. Chen, J. Wu, Z. Dai, C. Luo et al., Bilateral chem-
ical linking at NiOx buried interface enables efficient and 
stable inverted perovskite solar cells and modules. Angew. 
Chem. Int. Ed. 63(36), e202409689 (2024). https://​doi.​org/​
10.​1002/​anie.​20240​9689

	112.	 X. Shen, X. Lin, Y. Peng, Y. Zhang, F. Long et al., Two-
dimensional materials for highly efficient and stable perovs-
kite solar cells. Nano-Micro Lett. 16(1), 201 (2024). https://​
doi.​org/​10.​1007/​s40820-​024-​01417-1

	113.	 C. Altinkaya, D. Iida, K. Ohkawa, Enhancing the efficiency 
of InGaN-based micro-LEDs using indium tin oxide p-elec-
trodes. Opt. Express 32(13), 23245–23256 (2024). https://​
doi.​org/​10.​1364/​OE.​522961

	114.	 A. Minenkov, S. Hollweger, J. Duchoslav, O. Erdene-Ochir, 
M. Weise et al., Monitoring the electrochemical failure of 
indium tin oxide electrodes via operando ellipsometry com-
plemented by electron microscopy and spectroscopy. ACS 
Appl. Mater. Interfaces 16(7), 9517–9531 (2024). https://​doi.​
org/​10.​1021/​acsami.​3c179​23

	115.	 Y. Wang, G. Wang, Y. Xing, M.A. Adil, W. Ali Memon 
et al., Top and bottom electrode optimization enabled high-
performance flexible and semi-transparent organic solar cells. 
Mater. Chem. Front. 5(11), 4310–4316 (2021). https://​doi.​
org/​10.​1039/​D1QM0​0151E

	116.	 T. Ma, H. Wang, Z. Wu, Y. Zhao, C. Chen et al., Hole trans-
port layer-free low-bandgap perovskite solar cells for efficient 
all-perovskite tandems. Adv. Mater. 36(3), e2308240 (2024). 
https://​doi.​org/​10.​1002/​adma.​20230​8240

	117.	 X. Li, W. Wang, K. Wei, J. Deng, P. Huang et al., Conju-
gated phosphonic acids enable robust hole transport layers 
for efficient and intrinsically stable perovskite solar cells. 
Adv. Mater. 36(14), 2308969 (2024). https://​doi.​org/​10.​1002/​
adma.​20230​8969

	118.	 Y. Zhang, C. Zhou, L. Lin, F. Pei, M. Xiao et al., Gelation 
of hole transport layer to improve the stability of perovskite 
solar cells. Nano-Micro Lett. 15(1), 175 (2023). https://​doi.​
org/​10.​1007/​s40820-​023-​01145-y

	119.	 J. Tan, H. Li, Y. Sun, G. Li, Y. Zhao et al., A ZnO&GeSe 
composite electron transport layer for organic solar cells. J. 
Mater. Chem. A 12(3), 1530–1542 (2024). https://​doi.​org/​10.​
1039/​d3ta0​5900f

	120.	 Q. Jiang, X. Zhang, J. You, SnO2: a wonderful electron 
transport layer for perovskite solar cells. Small (2018). 
https://​doi.​org/​10.​1002/​smll.​20180​1154

	121.	 S. Foo, M. Thambidurai, P. Senthil Kumar, R. Yuvakku-
mar, Y. Huang et al., Recent review on electron transport 
layers in perovskite solar cells. Int. J. Energy Res. 46(15), 
21441–21451 (2022). https://​doi.​org/​10.​1002/​er.​7958

	122.	 Y. Jin, Y. Sun, K. Wang, Y. Chen, Z. Liang et al., Long-
term stable silver nanowire transparent composite as 
bottom electrode for perovskite solar cells. Nano Res. 

https://doi.org/10.1038/nnano.2014.325
https://doi.org/10.1103/physrevb.90.075434
https://doi.org/10.1103/physrevb.90.075434
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1016/j.solmat.2024.113147
https://doi.org/10.1002/adfm.202009524
https://doi.org/10.1002/adfm.202009524
https://doi.org/10.1002/advs.202104743
https://doi.org/10.1002/advs.202104743
https://doi.org/10.1007/s40820-023-01083-9
https://doi.org/10.1007/s40820-023-01083-9
https://doi.org/10.1039/D2NR02799B
https://doi.org/10.1039/D2NR02799B
https://doi.org/10.1016/j.cej.2021.134382
https://doi.org/10.1016/j.cej.2021.134382
https://doi.org/10.1039/d1ee00056j
https://doi.org/10.1007/s40820-021-00604-8
https://doi.org/10.1007/s40820-021-00604-8
https://doi.org/10.1021/acsaem.2c03789
https://doi.org/10.1002/smll.202207505
https://doi.org/10.1002/smll.202207505
https://doi.org/10.1002/ange.202404385
https://doi.org/10.1002/ange.202404385
https://doi.org/10.1002/anie.202409689
https://doi.org/10.1002/anie.202409689
https://doi.org/10.1007/s40820-024-01417-1
https://doi.org/10.1007/s40820-024-01417-1
https://doi.org/10.1364/OE.522961
https://doi.org/10.1364/OE.522961
https://doi.org/10.1021/acsami.3c17923
https://doi.org/10.1021/acsami.3c17923
https://doi.org/10.1039/D1QM00151E
https://doi.org/10.1039/D1QM00151E
https://doi.org/10.1002/adma.202308240
https://doi.org/10.1002/adma.202308969
https://doi.org/10.1002/adma.202308969
https://doi.org/10.1007/s40820-023-01145-y
https://doi.org/10.1007/s40820-023-01145-y
https://doi.org/10.1039/d3ta05900f
https://doi.org/10.1039/d3ta05900f
https://doi.org/10.1002/smll.201801154
https://doi.org/10.1002/er.7958


	 Nano-Micro Lett.           (2026) 18:32    32   Page 46 of 53

https://doi.org/10.1007/s40820-025-01869-z© The authors

11(4), 1998–2011 (2018). https://​doi.​org/​10.​1007/​
s12274-​017-​1816-8

	123.	 P. Li, Z. Wu, H. Hu, Y. Zhang, T. Xiao et al., Efficient 
flexible perovskite solar cells using low-cost Cu top and 
bottom electrodes. ACS Appl. Mater. Interfaces 12(23), 
26050–26059 (2020). https://​doi.​org/​10.​1021/​acsami.​0c064​
61

	124.	 J. Zhou, S. Li, X. Lv, X. Li, Y. Li et al., Ultra-low-cost 
all-air processed carbon-based perovskite solar cells from 
bottom electrode to counter electrode. J. Power. Sources 
478, 228764 (2020). https://​doi.​org/​10.​1016/j.​jpows​our.​
2020.​228764

	125.	 S.-H. Turren-Cruz, A. Hagfeldt, M. Saliba, Methylammo-
nium-free, high-performance, and stable perovskite solar 
cells on a planar architecture. Science 362(6413), 449–453 
(2018). https://​doi.​org/​10.​1126/​scien​ce.​aat35​83

	126.	 D. Koushik, W.J.H. Verhees, Y. Kuang, S. Veenstra, D. Zhang 
et al., High-efficiency humidity-stable planar perovskite solar 
cells based on atomic layer architecture. Energy Environ. Sci. 
10(1), 91–100 (2017). https://​doi.​org/​10.​1039/​c6ee0​2687g

	127.	 A.J. Heeger, 25th anniversary article: Bulk heterojunction 
solar cells: understanding the mechanism of operation. Adv. 
Mater. 26(1), 10–27 (2014). https://​doi.​org/​10.​1002/​adma.​
20130​4373

	128.	 G. Dennler, M.C. Scharber, C.J. Brabec, Polymer-fullerene 
bulk-heterojunction solar cells. Adv. Mater. 21(13), 1323–
1338 (2009). https://​doi.​org/​10.​1002/​adma.​20080​1283

	129.	 A.M. Díez-Pascual, J.A. Luceño Sánchez, R. Peña Capilla, 
P. García Díaz, Recent developments in graphene/polymer 
nanocomposites for application in polymer solar cells. Poly-
mers 10(2), 217 (2018). https://​doi.​org/​10.​3390/​polym​10020​
217

	130.	 B. Boro, B. Gogoi, B.M. Rajbongshi, A. Ramchiary, Nano-
structured TiO2/ZnO nanocomposite for dye-sensitized solar 
cells application: a review. Renew. Sustain. Energy Rev. 81, 
2264–2270 (2018). https://​doi.​org/​10.​1016/j.​rser.​2017.​06.​035

	131.	 G. Tessema Mola, X.G. Mbuyise, S.O. Oseni, W.M. Dlamini, 
P. Tonui et al., Nanocomposite for solar energy application. 
Nano Hybrids Compos. 20, 90–107 (2018). https://​doi.​org/​
10.​4028/​www.​scien​tific.​net/​nhc.​20.​90

	132.	 F. Fu, T. Feurer, T.P. Weiss, S. Pisoni, E. Avancini et al., 
High-efficiency inverted semi-transparent planar perovskite 
solar cells in substrate configuration. Nat. Energy 2, 16190 
(2017). https://​doi.​org/​10.​1038/​nener​gy.​2016.​190

	133.	 C.-H. Chiang, C.-G. Wu, Bulk heterojunction perovskite–
PCBM solar cells with high fill factor. Nat. Photonics 10(3), 
196–200 (2016). https://​doi.​org/​10.​1038/​nphot​on.​2016.3

	134.	 P.S. Chandrasekhar, A. Dubey, Q. Qiao, High efficiency 
perovskite solar cells using nitrogen-doped graphene/ZnO 
nanorod composite as an electron transport layer. Sol. Energy 
197, 78–83 (2020). https://​doi.​org/​10.​1016/j.​solen​er.​2019.​12.​
062

	135.	 N.J. Jeon, J.H. Noh, W.S. Yang, Y.C. Kim, S. Ryu et al., 
Compositional engineering of perovskite materials for high-
performance solar cells. Nature 517(7535), 476–480 (2015). 
https://​doi.​org/​10.​1038/​natur​e14133

	136.	 G.E. Eperon, T. Leijtens, K.A. Bush, R. Prasanna, T. Green 
et  al., Perovskite-perovskite tandem photovoltaics with 
optimized band gaps. Science 354(6314), 861–865 (2016). 
https://​doi.​org/​10.​1126/​scien​ce.​aaf97​17

	137.	 F. Wang, T. Wang, Y. Sun, X. Liang, G. Yang et al., Two-
step perovskite solar cells with > 25% efficiency: unveiling 
the hidden bottom surface of perovskite layer. Adv. Mater. 
36(31), e2401476 (2024). https://​doi.​org/​10.​1002/​adma.​
20240​1476

	138.	 G. Tang, P. You, Q. Tai, A. Yang, J. Cao et al., Solution-phase 
epitaxial growth of perovskite films on 2D material flakes for 
high-performance solar cells. Adv. Mater. 31(24), 1807689 
(2019). https://​doi.​org/​10.​1002/​adma.​20180​7689

	139.	 T. Wang, F. Zheng, G. Tang, J. Cao, P. You et al., 2D WSe2 
flakes for synergistic modulation of grain growth and charge 
transfer in tin-based perovskite solar cells. Adv. Sci. 8(11), 
2004315 (2021). https://​doi.​org/​10.​1002/​advs.​20200​4315

	140.	 L. Liu, Y. Ma, Y. Wang, Q. Ma, Z. Wang et  al., Hole-
transport management enables 23%-efficient and stable 
inverted perovskite solar cells with 84% fill factor. Nano-
Micro Lett. 15(1), 117 (2023). https://​doi.​org/​10.​1007/​
s40820-​023-​01088-4

	141.	 S. Zhang, R. Guo, H. Zeng, Y. Zhao, X. Liu et al., Improved 
performance and stability of perovskite solar modules 
by interface modulating with graphene oxide crosslinked 
CsPbBr3 quantum dots. Energy Environ. Sci. 15(1), 244–253 
(2022). https://​doi.​org/​10.​1039/​d1ee0​1778k

	142.	 J.H. Heo, F. Zhang, J.K. Park, H. Joon Lee, D.S. Lee et al., 
Surface engineering with oxidized Ti3C2Tx MXene enables 
efficient and stable p-i-n-structured CsPbI3 perovskite solar 
cells. Joule 6(7), 1672–1688 (2022). https://​doi.​org/​10.​1016/j.​
joule.​2022.​05.​013

	143.	 Y. Choi, D. Koo, G. Jeong, U. Kim, H. Kim et al., A verti-
cally oriented two-dimensional Ruddlesden-Popper phase 
perovskite passivation layer for efficient and stable inverted 
perovskite solar cells. Energy Environ. Sci. 15(8), 3369–3378 
(2022). https://​doi.​org/​10.​1039/​d2ee0​0759b

	144.	 T. Liu, Y. Liu, M. Chen, X. Guo, S. Tang et al., Fluorinated 
black phosphorene nanosheets with robust ambient stabil-
ity for efficient and stable perovskite solar cells. Adv. Funct. 
Mater. 32(1), 2106779 (2022). https://​doi.​org/​10.​1002/​adfm.​
20210​6779

	145.	 J. Tong, Q. Jiang, A.J. Ferguson, A.F. Palmstrom, X. Wang 
et al., Carrier control in Sn–Pb perovskites via 2D cation 
engineering for all-perovskite tandem solar cells with 
improved efficiency and stability. Nat. Energy 7(7), 642–651 
(2022). https://​doi.​org/​10.​1038/​s41560-​022-​01046-1

	146.	 Y. Zhang, N.-G. Park, Quasi-two-dimensional perovskite 
solar cells with efficiency exceeding 22%. ACS Energy Lett. 
7(2), 757–765 (2022). https://​doi.​org/​10.​1021/​acsen​ergyl​ett.​
1c026​45

	147.	 C. Wu, W. Fang, Q. Cheng, J. Wan, R. Wen et al., MXene-
regulated perovskite vertical growth for high-performance 
solar cells. Angew. Chem. Int. Ed. 134(43), e202210970 
(2022). https://​doi.​org/​10.​1002/​ange.​20221​0970

https://doi.org/10.1007/s12274-017-1816-8
https://doi.org/10.1007/s12274-017-1816-8
https://doi.org/10.1021/acsami.0c06461
https://doi.org/10.1021/acsami.0c06461
https://doi.org/10.1016/j.jpowsour.2020.228764
https://doi.org/10.1016/j.jpowsour.2020.228764
https://doi.org/10.1126/science.aat3583
https://doi.org/10.1039/c6ee02687g
https://doi.org/10.1002/adma.201304373
https://doi.org/10.1002/adma.201304373
https://doi.org/10.1002/adma.200801283
https://doi.org/10.3390/polym10020217
https://doi.org/10.3390/polym10020217
https://doi.org/10.1016/j.rser.2017.06.035
https://doi.org/10.4028/www.scientific.net/nhc.20.90
https://doi.org/10.4028/www.scientific.net/nhc.20.90
https://doi.org/10.1038/nenergy.2016.190
https://doi.org/10.1038/nphoton.2016.3
https://doi.org/10.1016/j.solener.2019.12.062
https://doi.org/10.1016/j.solener.2019.12.062
https://doi.org/10.1038/nature14133
https://doi.org/10.1126/science.aaf9717
https://doi.org/10.1002/adma.202401476
https://doi.org/10.1002/adma.202401476
https://doi.org/10.1002/adma.201807689
https://doi.org/10.1002/advs.202004315
https://doi.org/10.1007/s40820-023-01088-4
https://doi.org/10.1007/s40820-023-01088-4
https://doi.org/10.1039/d1ee01778k
https://doi.org/10.1016/j.joule.2022.05.013
https://doi.org/10.1016/j.joule.2022.05.013
https://doi.org/10.1039/d2ee00759b
https://doi.org/10.1002/adfm.202106779
https://doi.org/10.1002/adfm.202106779
https://doi.org/10.1038/s41560-022-01046-1
https://doi.org/10.1021/acsenergylett.1c02645
https://doi.org/10.1021/acsenergylett.1c02645
https://doi.org/10.1002/ange.202210970


Nano-Micro Lett.           (2026) 18:32 	 Page 47 of 53     32 

	148.	 S. Liu, J. Lyu, D. Zhou, X. Zhuang, Z. Shi et al., Dual modi-
fication engineering via lanthanide-based halide quantum 
dots and black phosphorus enabled efficient perovskite solar 
cells with high open-voltage of 1.235 V. Adv. Funct. Mater. 
32(19), 2112647 (2022). https://​doi.​org/​10.​1002/​adfm.​20211​
2647

	149.	 H. Chen, S. Teale, B. Chen, Y. Hou, L. Grater et al., Quan-
tum-size-tuned heterostructures enable efficient and stable 
inverted perovskite solar cells. Nat. Photon. 16(5), 352–358 
(2022). https://​doi.​org/​10.​1038/​s41566-​022-​00985-1

	150.	 Y. Zhang, L. Xu, J. Sun, Y. Wu, Z. Kan et al., 24.11% high 
performance perovskite solar cells by dual interfacial carrier 
mobility enhancement and charge-carrier transport balance. 
Adv. Energy Mater. 12(37), 2201269 (2022). https://​doi.​org/​
10.​1002/​aenm.​20220​1269

	151.	 R. Azmi, E. Ugur, A. Seitkhan, F. Aljamaan, A.S. Subbiah 
et al., Damp heat-stable perovskite solar cells with tailored-
dimensionality 2D/3D heterojunctions. Science 376(6588), 
73–77 (2022). https://​doi.​org/​10.​1126/​scien​ce.​abm57​84

	152.	 T. Zhou, Z. Xu, R. Wang, X. Dong, Q. Fu et al., Crystal 
growth regulation of 2D/3D perovskite films for solar cells 
with both high efficiency and stability. Adv. Mater. 34(17), 
2200705 (2022). https://​doi.​org/​10.​1002/​adma.​20220​0705

	153.	 D. Zhao, D. Gao, X. Wu, B. Li, S. Zhang et al., Efficient and 
stable 3D/2D perovskite solar cells through vertical hetero-
structures with (BA)(4) AgBiBr(8) nanosheets. Adv. Mater. 
34(39), e2204661 (2022). https://​doi.​org/​10.​1002/​adma.​
20220​4661

	154.	 H. Sui, B. He, J. Ti, S. Sun, W. Jiao et al., Sulfur vacancy 
defects healing of WS2 quantum dots boosted hole extraction 
for all-inorganic perovskite solar cells. Chem. Eng. J. 455, 
140728 (2023). https://​doi.​org/​10.​1016/j.​cej.​2022.​140728

	155.	 X. Yao, Z. Qi, P. Yang, J. Li, W. Yang, Two-Dimensional 
Ti3C2Tx-Patched-GO heterojunctionas charge booster and 
defect passivator for Stable, Carbon-Based inorganic per-
ovskite solar cell. Chem. Eng. J. 470, 144315 (2023). https://​
doi.​org/​10.​1016/j.​cej.​2023.​144315

	156.	 Y. Zhang, M. Chen, T. He, H. Chen, Z. Zhang et  al., 
Highly efficient and stable FA-based quasi-2D ruddles-
den-popper perovskite solar cells by the incorporation of 
β-fluorophenylethanamine cations. Adv. Mater. 35(17), 
e2210836 (2023). https://​doi.​org/​10.​1002/​adma.​20221​0836

	157.	 Q. Fu, M. Chen, Q. Li, H. Liu, R. Wang et al., Selenophene-
based 2D ruddlesden-popper perovskite solar cells with 
an efficiency exceeding 19%. J. Am. Chem. Soc. 145(39), 
21687–21695 (2023). https://​doi.​org/​10.​1021/​jacs.​3c086​04

	158.	 N.H. Hemasiri, M. Ashraf, S. Kazim, R. Graf, R. Berger 
et al., Interface tweaking of perovskite solar cells with car-
bon nitride-based 2D materials. Nano Energy 109, 108326 
(2023). https://​doi.​org/​10.​1016/j.​nanoen.​2023.​108326

	159.	 B. Han, Y. Wang, C. Liu, K. Sun, M. Yang et al., Rational 
design of ferroelectric 2D perovskite for improving the effi-
ciency of flexible perovskite solar cells over 23 %. Angew. 
Chem. Int. Ed. 62(8), 2217526 (2023). https://​doi.​org/​10.​
1002/​anie.​20221​7526

	160.	 G. Li, Y. Hu, M. Li, Y. Tang, Z. Zhang et al., Managing excess 
lead iodide with functionalized oxo-graphene nanosheets for 
stable perovskite solar cells. Angew. Chem. Int. Ed. 62(39), 
e202307395 (2023). https://​doi.​org/​10.​1002/​anie.​20230​7395

	161.	 J. He, G. Hu, Y. Jiang, S. Zeng, G. Niu et al., Dual-inter-
face engineering in perovskite solar cells with 2D carbides. 
Angew. Chem. Int. Ed. 62(41), e202311865 (2023). https://​
doi.​org/​10.​1002/​anie.​20231​1865

	162.	 T. Yang, C. Ma, W. Cai, S. Wang, Y. Wu et al., Amidino-
based Dion-Jacobson 2D perovskite for efficient and sta-
ble 2D/3D heterostructure perovskite solar cells. Joule 7(3), 
574–586 (2023). https://​doi.​org/​10.​1016/j.​joule.​2023.​02.​003

	163.	 K. Li, X. Gan, R. Zheng, H. Zhang, M. Xiang et al., Com-
parative analysis of thiophene-based interlayer cations for 
enhanced performance in 2D ruddlesden–popper perovskite 
solar cells. ACS Appl. Mater. Interfaces 16(6), 7161–7170 
(2024). https://​doi.​org/​10.​1021/​acsami.​3c166​40

	164.	 V. Shweta, K. Singh, A. Kumar, Performance evaluation 
of 2D MoS2-based solar cells and realization of transpar-
ent ultra-thin devices. Model. Simul. Mater. Sci. Eng. 32(3), 
035005 (2024). https://​doi.​org/​10.​1088/​1361-​651x/​ad237d

	165.	 T. Zhou, Q. Li, L. Zhou, Fluorinated quasi 2D perovskite 
solar cells with improved stability and over 19% efficiency. 
Adv. Energy Mater. 14(22), 2400050 (2024). https://​doi.​org/​
10.​1002/​aenm.​20240​0050

	166.	 A. Mahjoory, K. Karimi, R. Teimouri, M. Kolahdouz, R. 
Mohammadpour, Performance enhancement of a planar per-
ovskite solar cell with a PCE of 1929% utilizing MoS22D 
material as a hole transport layer: a computational study. J. 
Nanopart. Res. 26(3), 46 (2024). https://​doi.​org/​10.​1007/​
s11051-​024-​05933-4

	167.	 T. Bie, R. Li, X. Gao, L. Yang, P. Ma et al., Halogen-function-
alized hole transport materials with strong passivation effects 
for stable and highly efficient quasi-2D perovskite solar cells. 
ACS Nano 18(34), 23615–23624 (2024). https://​doi.​org/​10.​
1021/​acsna​no.​4c080​18

	168.	 X. Zang, S. Xiong, S. Jiang, D. Li, H. Wu et al., Passivat-
ing dipole layer bridged 3D/2D perovskite heterojunction 
for highly efficient and stable p-i-n solar cells. Adv. Mater. 
36(13), e2309991 (2024). https://​doi.​org/​10.​1002/​adma.​
20230​9991

	169.	 W. Shen, A. Azmy, G. Li, A. Mishra, Z. Syrgiannis et al., A 
crystalline 2D fullerene-based metal halide semiconductor 
for efficient and stable ideal-bandgap perovskite solar cells. 
Adv. Energy Mater. 14(23), 2400582 (2024). https://​doi.​org/​
10.​1002/​aenm.​20240​0582

	170.	 S. Gohri, J. Madan, D.P. Samajdar, S. Bhattarai, M.K.A. 
Mohammed et al., Achieving 24.6% efficiency in 2D per-
ovskite solar cells: Bandgap tuning and MXene contact opti-
mization in (BDA)(MA)n−1PbnI3n+1 structures. Chem. Phys. 
Lett. 845, 141291 (2024). https://​doi.​org/​10.​1016/j.​cplett.​
2024.​141291

	171.	 N. Alharbi, M.M. Alotaibi, L.K. Obeas, I.I. Marhoon, M. 
Zorah et al., Boosting efficiency and long-lifespan in per-
ovskite solar cells via 2D-MXene/Janus MoSSe integration. 

https://doi.org/10.1002/adfm.202112647
https://doi.org/10.1002/adfm.202112647
https://doi.org/10.1038/s41566-022-00985-1
https://doi.org/10.1002/aenm.202201269
https://doi.org/10.1002/aenm.202201269
https://doi.org/10.1126/science.abm5784
https://doi.org/10.1002/adma.202200705
https://doi.org/10.1002/adma.202204661
https://doi.org/10.1002/adma.202204661
https://doi.org/10.1016/j.cej.2022.140728
https://doi.org/10.1016/j.cej.2023.144315
https://doi.org/10.1016/j.cej.2023.144315
https://doi.org/10.1002/adma.202210836
https://doi.org/10.1021/jacs.3c08604
https://doi.org/10.1016/j.nanoen.2023.108326
https://doi.org/10.1002/anie.202217526
https://doi.org/10.1002/anie.202217526
https://doi.org/10.1002/anie.202307395
https://doi.org/10.1002/anie.202311865
https://doi.org/10.1002/anie.202311865
https://doi.org/10.1016/j.joule.2023.02.003
https://doi.org/10.1021/acsami.3c16640
https://doi.org/10.1088/1361-651x/ad237d
https://doi.org/10.1002/aenm.202400050
https://doi.org/10.1002/aenm.202400050
https://doi.org/10.1007/s11051-024-05933-4
https://doi.org/10.1007/s11051-024-05933-4
https://doi.org/10.1021/acsnano.4c08018
https://doi.org/10.1021/acsnano.4c08018
https://doi.org/10.1002/adma.202309991
https://doi.org/10.1002/adma.202309991
https://doi.org/10.1002/aenm.202400582
https://doi.org/10.1002/aenm.202400582
https://doi.org/10.1016/j.cplett.2024.141291
https://doi.org/10.1016/j.cplett.2024.141291


	 Nano-Micro Lett.           (2026) 18:32    32   Page 48 of 53

https://doi.org/10.1007/s40820-025-01869-z© The authors

J. Alloys Compd. 1013, 178501 (2025). https://​doi.​org/​10.​
1016/j.​jallc​om.​2025.​178501

	172.	 X. Yang, X. Zhao, L. Zhao, S. Wang, Enhanced the effi-
ciency of carbon based perovskite solar cells via g-C3N4 as 
functional additives. J. Photochem. Photobiol. A Chem. 461, 
116145 (2025). https://​doi.​org/​10.​1016/j.​jphot​ochem.​2024.​
116145

	173.	 X. Wei, Y. Sun, Y. Zhang, B. Yu, H. Yu, A X-bit optimized 
2D solid solution Ti3CNTx MXene as the electron transport 
layer toward high-performance perovskite solar cells. Nano 
Energy 133, 110513 (2025). https://​doi.​org/​10.​1016/j.​nanoen.​
2024.​110513

	174.	 X. Dong, H. Zhang, J. Li, L. Yang, Y. Ma et al., Semicon-
ductor spacer with donor-acceptor structure drives 2D rud-
dlesden–popper perovskite solar cells beyond 20% efficiency. 
Angew. Chem. Int. Ed. 64(22), e202501210 (2025). https://​
doi.​org/​10.​1002/​anie.​20250​1210

	175.	 C. Hanmandlu, S. Banerjee, A. Kumar, Z. Alam Ansari, R. 
Kumar et al., Ion mitigation and strain regulation with 2D 
Semi-Metals for MA-Based perovskite materials in highly 
efficient solar cells. Chem. Eng. J. 504, 158070 (2025). 
https://​doi.​org/​10.​1016/j.​cej.​2024.​158070

	176.	 Y. Zhang, B. Yu, X. Wei, H. Yu, Using post-treatment addi-
tives for crystal modulation and interface passivation enables 
the fabrication of efficient and stable perovskite solar cells in 
air. Adv. Energy Mater. 15(7), 2402990 (2025). https://​doi.​
org/​10.​1002/​aenm.​20240​2990

	177.	 J.-S. Yeo, R. Kang, S. Lee, Y.-J. Jeon, N. Myoung et al., 
Highly efficient and stable planar perovskite solar cells with 
reduced graphene oxide nanosheets as electrode interlayer. 
Nano Energy 12, 96–104 (2015). https://​doi.​org/​10.​1016/j.​
nanoen.​2014.​12.​022

	178.	 M.V. Khenkin, E.A. Katz, A. Abate, G. Bardizza, J.J. Berry 
et  al., Consensus statement for stability assessment and 
reporting for perovskite photovoltaics based on ISOS pro-
cedures. Nat. Energy 5(1), 35–49 (2020). https://​doi.​org/​10.​
1038/​s41560-​019-​0529-5

	179.	 J. Yoon, H. Sung, G. Lee, W. Cho, N. Ahn et al., Superflex-
ible, high-efficiency perovskite solar cells utilizing graphene 
electrodes: towards future foldable power sources. Energy 
Environ. Sci. 10(1), 337–345 (2017). https://​doi.​org/​10.​1039/​
c6ee0​2650h

	180.	 Z. Zhou, J. Lv, C. Tan, L. Yang, Z. Wang, Emerging frontiers 
of 2D transition metal dichalcogenides in photovoltaics solar 
cell. Adv. Funct. Mater. 34(29), 2316175 (2024). https://​doi.​
org/​10.​1002/​adfm.​20231​6175

	181.	 L. Najafi, B. Taheri, B. Martín-García, S. Bellani, D. Di 
Girolamo et al., MoS2 quantum dot/graphene hybrids for 
advanced interface engineering of a CH3NH3PbI3 perovskite 
solar cell with an efficiency of over 20%. ACS Nano 12(11), 
10736–10754 (2018). https://​doi.​org/​10.​1021/​acsna​no.​8b055​
14

	182.	 C. Gong, C. Zhang, Q. Zhuang, H. Li, H. Yang et al., Stabiliz-
ing buried interface via synergistic effect of fluorine and sul-
fonyl functional groups toward efficient and stable perovskite 

solar cells. Nano-Micro Lett. 15(1), 17 (2022). https://​doi.​
org/​10.​1007/​s40820-​022-​00992-5

	183.	 P. Zeng, W. Wang, D. Han, J. Zhang, Z. Yu et al., MoS2/
WSe2 vdW heterostructures decorated with PbS quantum dots 
for the development of high-performance photovoltaic and 
broadband photodiodes. ACS Nano 16(6), 9329–9338 (2022). 
https://​doi.​org/​10.​1021/​acsna​no.​2c020​12

	184.	 L. Bai, L. Sun, Y. Wang, Z. Liu, Q. Gao et al., Solution-
processed black phosphorus/PCBM hybrid heterojunctions 
for solar cells. J. Mater. Chem. A 5(18), 8280–8286 (2017). 
https://​doi.​org/​10.​1039/​c6ta0​8140a

	185.	 S. Memaran, N.R. Pradhan, Z. Lu, D. Rhodes, J. Ludwig 
et al., Pronounced photovoltaic response from multilayered 
transition-metal dichalcogenides PN-junctions. Nano Lett. 
15(11), 7532–7538 (2015). https://​doi.​org/​10.​1021/​acs.​nanol​
ett.​5b032​65

	186.	 S. Aryal, A.B. Puthirath, B. Jones, A.S.R. Bati, B. Chen et al., 
Solution-processed tungsten diselenide as an inorganic hole 
transport material for moisture-stable perovskite solar cells 
in the n-i-p architecture. Sol. Energy Mater. Sol. Cells 282, 
113313 (2025). https://​doi.​org/​10.​1016/j.​solmat.​2024.​113313

	187.	 M. Batmunkh, K. Vimalanathan, C. Wu, A.S.R. Bati, L. Yu 
et al., Efficient production of phosphorene nanosheets via 
shear stress mediated exfoliation for low-temperature perovs-
kite solar cells. Small Meth. 3(5), 1800521 (2019). https://​
doi.​org/​10.​1002/​smtd.​20180​0521

	188.	 P. Ding, D. Yang, S. Yang, Z. Ge, Stability of organic solar 
cells: toward commercial applications. Chem. Soc. Rev. 
53(5), 2350–2387 (2024). https://​doi.​org/​10.​1039/​d3cs0​
0492a

	189.	 Y. Lin, B. Adilbekova, Y. Firdaus, E. Yengel, H. Faber et al., 
17% efficient organic solar cells based on liquid exfoliated 
WS(2) as a replacement for PEDOT: PSS. Adv. Mater. 
31(46), e1902965 (2019). https://​doi.​org/​10.​1002/​adma.​
20190​2965

	190.	 J.-M. Yun, Y.-J. Noh, J.-S. Yeo, Y.-J. Go, S.-I. Na et al., Effi-
cient work-function engineering of solution-processed MoS2 
thin-films for novel hole and electron transport layers leading 
to high-performance polymer solar cells. J. Mater. Chem. C 
1(24), 3777 (2013). https://​doi.​org/​10.​1039/​c3tc3​0504j

	191.	 S. Xu, Y. Zhang, Y. Sun, P. Cheng, Z. Yao et al., An unprec-
edented efficiency with approaching 21% enabled by addi-
tive-assisted layer-by-layer processing in organic solar cells. 
Nano-Micro Lett. 17(1), 37 (2024). https://​doi.​org/​10.​1007/​
s40820-​024-​01529-8

	192.	 P. Qin, G. Fang, W. Ke, F. Cheng, Q. Zheng et al., In situ 
growth of double-layer MoO3/MoS2 film from MoS2 for hole-
transport layers in organic solar cell. J. Mater. Chem. A 2(8), 
2742 (2014). https://​doi.​org/​10.​1039/​c3ta1​3579a

	193.	 D.H. Shin, C.W. Jang, J.S. Ko, S.-H. Choi, Enhancement of 
efficiency and stability in organic solar cells by employing 
MoS2 transport layer, graphene electrode, and graphene quan-
tum dots-added active layer. Appl. Surf. Sci. 538, 148155 
(2021). https://​doi.​org/​10.​1016/j.​apsusc.​2020.​148155

	194.	 X. Hu, L. Chen, L. Tan, Y. Zhang, L. Hu et al., Versatile 
MoS2 nanosheets in ITO-free and semi-transparent polymer 

https://doi.org/10.1016/j.jallcom.2025.178501
https://doi.org/10.1016/j.jallcom.2025.178501
https://doi.org/10.1016/j.jphotochem.2024.116145
https://doi.org/10.1016/j.jphotochem.2024.116145
https://doi.org/10.1016/j.nanoen.2024.110513
https://doi.org/10.1016/j.nanoen.2024.110513
https://doi.org/10.1002/anie.202501210
https://doi.org/10.1002/anie.202501210
https://doi.org/10.1016/j.cej.2024.158070
https://doi.org/10.1002/aenm.202402990
https://doi.org/10.1002/aenm.202402990
https://doi.org/10.1016/j.nanoen.2014.12.022
https://doi.org/10.1016/j.nanoen.2014.12.022
https://doi.org/10.1038/s41560-019-0529-5
https://doi.org/10.1038/s41560-019-0529-5
https://doi.org/10.1039/c6ee02650h
https://doi.org/10.1039/c6ee02650h
https://doi.org/10.1002/adfm.202316175
https://doi.org/10.1002/adfm.202316175
https://doi.org/10.1021/acsnano.8b05514
https://doi.org/10.1021/acsnano.8b05514
https://doi.org/10.1007/s40820-022-00992-5
https://doi.org/10.1007/s40820-022-00992-5
https://doi.org/10.1021/acsnano.2c02012
https://doi.org/10.1039/c6ta08140a
https://doi.org/10.1021/acs.nanolett.5b03265
https://doi.org/10.1021/acs.nanolett.5b03265
https://doi.org/10.1016/j.solmat.2024.113313
https://doi.org/10.1002/smtd.201800521
https://doi.org/10.1002/smtd.201800521
https://doi.org/10.1039/d3cs00492a
https://doi.org/10.1039/d3cs00492a
https://doi.org/10.1002/adma.201902965
https://doi.org/10.1002/adma.201902965
https://doi.org/10.1039/c3tc30504j
https://doi.org/10.1007/s40820-024-01529-8
https://doi.org/10.1007/s40820-024-01529-8
https://doi.org/10.1039/c3ta13579a
https://doi.org/10.1016/j.apsusc.2020.148155


Nano-Micro Lett.           (2026) 18:32 	 Page 49 of 53     32 

power-generating glass. Sci. Rep. 5, 12161 (2015). https://​
doi.​org/​10.​1038/​srep1​2161

	195.	 K.S. Lee, Y.J. Park, J. Shim, C.-H. Lee, G.-H. Lim et al., 
Effective charge separation of inverted polymer solar cells 
using versatile MoS2 nanosheets as an electron transport 
layer. J. Mater. Chem. A 7(25), 15356–15363 (2019). https://​
doi.​org/​10.​1039/​c9ta0​3989a

	196.	 X. Yang, W. Liu, M. Xiong, Y. Zhang, T. Liang et al., Au 
nanoparticles on ultrathin MoS2 sheets for plasmonic organic 
solar cells. J. Mater. Chem. A 2(36), 14798–14806 (2014). 
https://​doi.​org/​10.​1039/​c4ta0​3178d

	197.	 W. Liu, X. Yang, Y. Zhang, M. Xu, H. Chen, Ultra-stable 
two-dimensional MoS2 solution for highly efficient organic 
solar cells. RSC Adv. 4(62), 32744–32748 (2014). https://​doi.​
org/​10.​1039/​c4ra0​4116j

	198.	 I.P. Murray, S.J. Lou, L.J. Cote, S. Loser, C.J. Kadleck et al., 
Graphene oxide interlayers for robust, high-efficiency organic 
photovoltaics. J. Phys. Chem. Lett. 2(24), 3006–3012 (2011). 
https://​doi.​org/​10.​1021/​jz201​493d

	199.	 X. Gu, W. Cui, H. Li, Z. Wu, Z. Zeng et al., A solution-
processed hole extraction layer made from ultrathin MoS2 
nanosheets for efficient organic solar cells. Adv. Energy 
Mater. 3(10), 1262–1268 (2013). https://​doi.​org/​10.​1002/​
aenm2​01300​549

	200.	 X. Gu, W. Cui, T. Song, C. Liu, X. Shi et al., Solution-pro-
cessed 2D niobium diselenide nanosheets as efficient hole-
transport layers in organic solar cells. Chemsuschem 7(2), 
416–420 (2014). https://​doi.​org/​10.​1002/​cssc.​20130​0615

	201.	 A.V. Kesavan, A.D. Rao, P.C. Ramamurthy, Optical and elec-
tronic property tailoring by MoS2-polymer hybrid solar cell. 
Org. Electron. 48, 138–146 (2017). https://​doi.​org/​10.​1016/j.​
orgel.​2017.​05.​027

	202.	 X. Cheng, J. Long, R. Wu, L. Huang, L. Tan et al., Fluori-
nated reduced graphene oxide as an efficient hole-transport 
layer for efficient and stable polymer solar cells. ACS Omega 
2(5), 2010–2016 (2017). https://​doi.​org/​10.​1021/​acsom​ega.​
7b004​08

	203.	 Z. Wang, Z. Wang, Z. Wang, M. Zhao, Y. Zhou et al., Novel 
2D material from AMQS-based defect engineering for effi-
cient and stable organic solar cells. 2D Mater. 6(4), 045017 
(2019). https://​doi.​org/​10.​1088/​2053-​1583/​ab277d

	204.	 Z. Yu, W. Feng, W. Lu, B. Li, H. Yao et al., MXenes with 
tunable work functions and their application as electron- and 
hole-transport materials in non-fullerene organic solar cells. 
J. Mater. Chem. A 7(18), 11160–11169 (2019). https://​doi.​
org/​10.​1039/​c9ta0​1195a

	205.	 Y. Liu, Q. Tao, Y. Jin, X. Liu, H. Sun et al., Mo1.33C MXene-
assisted PEDOT: PSS hole transport layer for high-perfor-
mance bulk-heterojunction polymer solar cells. ACS Appl. 
Electron. Mater. 2(1), 163–169 (2020). https://​doi.​org/​10.​
1021/​acsae​lm.​9b006​68

	206.	 W. Yang, Z. Ye, T. Liang, J. Ye, H. Chen, Facilitate charge 
transfer at donor/acceptor interface in bulk heterojunction 
organic photovoltaics by two-dimensional nanoflakes. Sol. 
Energy Mater. Sol. Cells 190, 75–82 (2019). https://​doi.​org/​
10.​1016/j.​solmat.​2018.​10.​003

	207.	 G. Kakavelakis, A.E. Del Rio Castillo, V. Pellegrini, A. 
Ansaldo, P. Tzourmpakis et al., Size-tuning of WSe2 flakes 
for high efficiency inverted organic solar cells. ACS Nano 
11(4), 3517–3531 (2017). https://​doi.​org/​10.​1021/​acsna​no.​
7b003​23

	208.	 D. Zheng, W. Huang, P. Fan, Y. Zheng, J. Huang et al., 
Preparation of reduced graphene oxide: ZnO hybrid cath-
ode interlayer using in situ thermal reduction/annealing for 
interconnecting nanostructure and its effect on organic solar 
cell. ACS Appl. Mater. Interfaces 9(5), 4898–4907 (2017). 
https://​doi.​org/​10.​1021/​acsami.​6b154​11

	209.	 C. Hou, H. Yu, C. Huang, Solution-processable Ti3C2Tx 
nanosheets as an efficient hole transport layer for high-per-
formance and stable polymer solar cells. J. Mater. Chem. C 
7(37), 11549–11558 (2019). https://​doi.​org/​10.​1039/​c9tc0​
3415c

	210.	 J. Wang, H. Yu, C. Hou, J. Zhang, Solution-processable 
PEDOT: PSS: α-In2Se3 with enhanced conductivity as a 
hole transport layer for high-performance polymer solar 
cells. ACS Appl. Mater. Interfaces 12(23), 26543–26554 
(2020). https://​doi.​org/​10.​1021/​acsami.​0c024​89

	211.	 W. Yang, L. Ye, F. Yao, C. Jin, H. Ade et al., Black phos-
phorus nanoflakes as morphology modifier for efficient 
fullerene-free organic solar cells with high fill-factor and 
better morphological stability. Nano Res. 12(4), 777–783 
(2019). https://​doi.​org/​10.​1007/​s12274-​019-​2288-9

	212.	 C. Huang, H. Yu, Enhanced carrier mobility and power 
conversion efficiency of organic solar cells by adding 2D 
Bi2OS2. 2D Mater. 7(2), 025023 (2020). https://​doi.​org/​10.​
1088/​2053-​1583/​ab6e3d

	213.	 C. Hou, H. Yu, Modifying the nanostructures of PEDOT: 
PSS/Ti3C2TX composite hole transport layers for highly 
efficient polymer solar cells. J. Mater. Chem. C 8(12), 
4169–4180 (2020). https://​doi.​org/​10.​1039/​d0tc0​0075b

	214.	 F. Pan, C. Sun, Y. Li, D. Tang, Y. Zou et al., Solution-pro-
cessable n-doped graphene-containing cathode interfacial 
materials for high-performance organic solar cells. Energy 
Environ. Sci. 12(11), 3400–3411 (2019). https://​doi.​org/​10.​
1039/​C9EE0​2433F

	215.	 Y. Lin, B. Adilbekova, Y. Firdaus, E. Yengel, H. Faber 
et  al., 17% efficient organic solar cells based on liquid 
exfoliated WS2 as a replacement for PEDOT: PSS. Adv. 
Mater. 31(46), 1902965 (2019). https://​doi.​org/​10.​1002/​
adma.​20190​2965

	216.	 H. Li, B. Yu, H. Yu, An efficient and stable inverted struc-
ture organic solar cell using ZnO modified by 2D ZrSe2 as a 
composite electron transport layer. Adv. Funct. Mater. 34(37), 
2402128 (2024). https://​doi.​org/​10.​1002/​adfm.​20240​2128

	217.	 M. Günther, S. Lotfi, S.S. Rivas, D. Blätte, J.P. Hofmann 
et al., The neglected influence of zinc oxide light-soaking 
on stability measurements of inverted organic solar cells. 
Adv. Funct. Mater. 33(13), 2209768 (2023). https://​doi.​org/​
10.​1002/​adfm.​20220​9768

	218.	 O. Dulub, U. Diebold, G. Kresse, Novel stabilization mecha-
nism on polar surfaces: ZnO(0001)-Zn. Phys. Rev. Lett. 90, 
016102 (2003). https://​doi.​org/​10.​1103/​physr​evlett.​90.​016102

https://doi.org/10.1038/srep12161
https://doi.org/10.1038/srep12161
https://doi.org/10.1039/c9ta03989a
https://doi.org/10.1039/c9ta03989a
https://doi.org/10.1039/c4ta03178d
https://doi.org/10.1039/c4ra04116j
https://doi.org/10.1039/c4ra04116j
https://doi.org/10.1021/jz201493d
https://doi.org/10.1002/aenm201300549
https://doi.org/10.1002/aenm201300549
https://doi.org/10.1002/cssc.201300615
https://doi.org/10.1016/j.orgel.2017.05.027
https://doi.org/10.1016/j.orgel.2017.05.027
https://doi.org/10.1021/acsomega.7b00408
https://doi.org/10.1021/acsomega.7b00408
https://doi.org/10.1088/2053-1583/ab277d
https://doi.org/10.1039/c9ta01195a
https://doi.org/10.1039/c9ta01195a
https://doi.org/10.1021/acsaelm.9b00668
https://doi.org/10.1021/acsaelm.9b00668
https://doi.org/10.1016/j.solmat.2018.10.003
https://doi.org/10.1016/j.solmat.2018.10.003
https://doi.org/10.1021/acsnano.7b00323
https://doi.org/10.1021/acsnano.7b00323
https://doi.org/10.1021/acsami.6b15411
https://doi.org/10.1039/c9tc03415c
https://doi.org/10.1039/c9tc03415c
https://doi.org/10.1021/acsami.0c02489
https://doi.org/10.1007/s12274-019-2288-9
https://doi.org/10.1088/2053-1583/ab6e3d
https://doi.org/10.1088/2053-1583/ab6e3d
https://doi.org/10.1039/d0tc00075b
https://doi.org/10.1039/C9EE02433F
https://doi.org/10.1039/C9EE02433F
https://doi.org/10.1002/adma.201902965
https://doi.org/10.1002/adma.201902965
https://doi.org/10.1002/adfm.202402128
https://doi.org/10.1002/adfm.202209768
https://doi.org/10.1002/adfm.202209768
https://doi.org/10.1103/physrevlett.90.016102


	 Nano-Micro Lett.           (2026) 18:32    32   Page 50 of 53

https://doi.org/10.1007/s40820-025-01869-z© The authors

	219.	 H. Xu, L. Dong, X.Q. Shi, M.A. Van Hove, W.K. Ho et al., 
Stabilizing forces acting on ZnO polar surfaces: STM, 
LEED, and DFT. Phys. Rev. B 89(23), 235403 (2014). 
https://​doi.​org/​10.​1103/​physr​evb.​89.​235403

	220.	 C. Huang, J. Tian, S. Yang, Y. Zhao, H. Yu, Amino acid 
modified Ti3C2Tx as electron transport layers for high-per-
formance organic solar cells. Nano Energy 115, 108691 
(2023). https://​doi.​org/​10.​1016/j.​nanoen.​2023.​108691

	221.	 D. Garcia Romero, L. Di Mario, F. Yan, C.M. Ibarra-Bar-
reno, S. Mutalik et al., Understanding the surface chemis-
try of SnO2 nanoparticles for high performance and stable 
organic solar cells. Adv. Funct. Mater. 34(6), 2307958 
(2024). https://​doi.​org/​10.​1002/​adfm.​20230​7958

	222.	 Y. Yan, Y. Zhang, Y. Zhao, F. Ding, Y. Lei et al., Review 
on TiO2 nanostructured photoanode and novel dyes for 
dye-sensitized solar cells application. J. Mater. Sci. 
60(11), 4975–5005 (2025). https://​doi.​org/​10.​1007/​
s10853-​025-​10734-8

	223.	 S.D.B. George, K. Nagarajan, A.A. Ali, S. Madamala, D. 
Subramanian et al., Morphology-optimized ZnSnO3 nanopen-
tagons as efficient electron transport layers for high-efficient 
perovskite solar cells. J. Solid State Chem. 347, 125322 
(2025). https://​doi.​org/​10.​1016/j.​jssc.​2025.​125322

	224.	 W. Zhao, P. Guo, J. Wu, D. Lin, N. Jia et al., TiO2 electron 
transport layer with p-n homojunctions for efficient and stable 
perovskite solar cells. Nano-Micro Lett. 16(1), 191 (2024). 
https://​doi.​org/​10.​1007/​s40820-​024-​01407-3

	225.	 Y. Hong, S. Zhang, H. Shen, X. Tian, B. Zhang et al., Batho-
cuproine, an old dog, new tricks for boosting the performance 
of perovskite solar cells. Mater. Today Energy 42, 101554 
(2024). https://​doi.​org/​10.​1016/j.​mtener.​2024.​101554

	226.	 J.P. Akash, Tiwari, Recent advancements in perylene diimide 
as an electron acceptor in organic solar cells. J. Mater. Chem. 
C 12(3), 838–853 (2024). https://​doi.​org/​10.​1039/​d3tc0​4054b

	227.	 Y. Guo, X. Ma, H. Song, J. Chen, W. Zhang et al., 19.5%-effi-
ciency organic solar cells with high thickness tolerance and 
exceptional device stability enabled by TEMPO-function-
alized perylene diimide as a cathode interface layer. Adv. 
Funct. Mater. 35(9), 2416356 (2025). https://​doi.​org/​10.​1002/​
adfm.​20241​6356

	228.	 J. Yao, S. Lu, Y. Meng, F. Zhou, D. Chen et al., Electronic 
regulation by constructing RGO/MoCQD/CF double inter-
face to enhance performance in solar cells. Appl. Surf. Sci. 
679, 161247 (2025). https://​doi.​org/​10.​1016/j.​apsusc.​2024.​
161247

	229.	 L.-Y. Chen, T. Sun, T.-J. Zhang, Y. Xie, J.-M. Zhang, Mod-
ulating the band alignment, carrier mobility and optical 
absorption of graphene/MoS2 heterostructure via synergis-
tic effects of doping and strain. Surf. Interfaces 46, 104024 
(2024). https://​doi.​org/​10.​1016/j.​surfin.​2024.​104024

	230.	 F. Nie, H. Zhao, S. Liu, Y. Li, H. Zhang et al., Laminated 
2D-Ti3C2-MXenes as high-performance counter electrode 
for triiodide reduction in dye-sensitized solar cells. Diam. 
Relat. Mater. 141, 110586 (2024). https://​doi.​org/​10.​1016/j.​
diamo​nd.​2023.​110586

	231.	 M. Zhang, J. Zai, J. Liu, M. Chen, Z. Wang et al., A hierarchi-
cal CoFeS2/reduced graphene oxide composite for highly effi-
cient counter electrodes in dye-sensitized solar cells. Dalton 
Trans. 46(29), 9511–9516 (2017). https://​doi.​org/​10.​1039/​
C7DT0​1511A

	232.	 N. Kanjana, S. Pimsopa, W. Maiaugree, P. Laokul, I. Chaiya 
et al., Novel micro-ceramic bottom ash mixed PEDOT: PSS/
PVP for a low-cost Pt-free counter electrode in a dye sensi-
tized solar cell. J. Electrochem. Soc. 169(8), 083503 (2022). 
https://​doi.​org/​10.​1149/​1945-​7111/​ac86fa

	233.	 N. Kanjana, W. Maiaugree, T. Lunnoo, P. Laokul, I. Chaiya 
et al., One-step hydrothermal synthesis and electrocatalytic 
properties of MoS2/activated carbon composite derived from 
shallots. J. Appl. Electrochem. 53(12), 2311–2320 (2023). 
https://​doi.​org/​10.​1007/​s10800-​023-​01921-z

	234.	 H. Sun, Y. Luo, Y. Zhang, D. Li, Z. Yu et al., In situ prepara-
tion of a flexible polyaniline/carbon composite counter elec-
trode and its application in dye-sensitized solar cells. J. Phys. 
Chem. C 114(26), 11673–11679 (2010). https://​doi.​org/​10.​
1021/​jp103​0015

	235.	 T.-C. Wei, C.-C. Wan, Y.-Y. Wang, C.-M. Chen, H.-S. Shiu, 
Immobilization of poly(N-vinyl-2-pyrrolidone)-capped plati-
num nanoclusters on indium–tin oxide glass and its applica-
tion in dye-sensitized solar cells. J. Phys. Chem. C 111(12), 
4847–4853 (2007). https://​doi.​org/​10.​1021/​jp067​501c

	236.	 M. Wu, X. Lin, T. Wang, J. Qiu, T. Ma, Low-cost dye-sensi-
tized solar cell based on nine kinds of carbon counter elec-
trodes. Energy Environ. Sci. 4(6), 2308 (2011). https://​doi.​
org/​10.​1039/​c1ee0​1059j

	237.	 T.N. Murakami, S. Ito, Q. Wang, M.K. Nazeeruddin, T. 
Bessho et  al., Highly efficient dye-sensitized solar cells 
based on carbon black counter electrodes. J. Electrochem. 
Soc. 153(12), A2255 (2006). https://​doi.​org/​10.​1149/1.​23580​
87

	238.	 W. Ghann, H. Kang, T. Sheikh, S. Yadav, T. Chavez-Gil et al., 
Fabrication, optimization and characterization of natural dye 
sensitized solar cell. Sci. Rep. 7, 41470 (2017). https://​doi.​
org/​10.​1038/​srep4​1470

	239.	 J. Dong, J. Wu, J. Jia, L. Hu, S. Dai, Cobalt/molybdenum 
ternary hybrid with hierarchical architecture used as high 
efficient counter electrode for dye-sensitized solar cells. Sol. 
Energy 122, 326–333 (2015). https://​doi.​org/​10.​1016/j.​solen​
er.​2015.​09.​011

	240.	 J. Ae, C. Mi, B. Ho, Metal selenide films as the counter elec-
trode in dye-sensitized solar cell. Mater. Lett. 123, 51–54 
(2014). https://​doi.​org/​10.​1016/j.​matlet.​2014.​02.​080

	241.	 X. Qian, H. Li, L. Shao, X. Jiang, L. Hou, Morphology-tuned 
synthesis of nickel cobalt selenides as highly efficient Pt-free 
counter electrode catalysts for dye-sensitized solar cells. ACS 
Appl. Mater. Interfaces 8(43), 29486–29495 (2016). https://​
doi.​org/​10.​1021/​acsami.​6b099​66

	242.	 J. Guo, S. Liang, Y. Shi, C. Hao, X. Wang et al., Transition 
metal selenides as efficient counter-electrode materials for 
dye-sensitized solar cells. Phys. Chem. Chem. Phys. 17(43), 
28985–28992 (2015). https://​doi.​org/​10.​1039/​c5cp0​4862a

https://doi.org/10.1103/physrevb.89.235403
https://doi.org/10.1016/j.nanoen.2023.108691
https://doi.org/10.1002/adfm.202307958
https://doi.org/10.1007/s10853-025-10734-8
https://doi.org/10.1007/s10853-025-10734-8
https://doi.org/10.1016/j.jssc.2025.125322
https://doi.org/10.1007/s40820-024-01407-3
https://doi.org/10.1016/j.mtener.2024.101554
https://doi.org/10.1039/d3tc04054b
https://doi.org/10.1002/adfm.202416356
https://doi.org/10.1002/adfm.202416356
https://doi.org/10.1016/j.apsusc.2024.161247
https://doi.org/10.1016/j.apsusc.2024.161247
https://doi.org/10.1016/j.surfin.2024.104024
https://doi.org/10.1016/j.diamond.2023.110586
https://doi.org/10.1016/j.diamond.2023.110586
https://doi.org/10.1039/C7DT01511A
https://doi.org/10.1039/C7DT01511A
https://doi.org/10.1149/1945-7111/ac86fa
https://doi.org/10.1007/s10800-023-01921-z
https://doi.org/10.1021/jp1030015
https://doi.org/10.1021/jp1030015
https://doi.org/10.1021/jp067501c
https://doi.org/10.1039/c1ee01059j
https://doi.org/10.1039/c1ee01059j
https://doi.org/10.1149/1.2358087
https://doi.org/10.1149/1.2358087
https://doi.org/10.1038/srep41470
https://doi.org/10.1038/srep41470
https://doi.org/10.1016/j.solener.2015.09.011
https://doi.org/10.1016/j.solener.2015.09.011
https://doi.org/10.1016/j.matlet.2014.02.080
https://doi.org/10.1021/acsami.6b09966
https://doi.org/10.1021/acsami.6b09966
https://doi.org/10.1039/c5cp04862a


Nano-Micro Lett.           (2026) 18:32 	 Page 51 of 53     32 

	243.	 E. Bi, H. Chen, X. Yang, F. Ye, M. Yin et al., Fullerene-
structured MoSe2 hollow spheres anchored on highly nitro-
gen-doped graphene as a conductive catalyst for photovoltaic 
applications. Sci. Rep. 5, 13214 (2015). https://​doi.​org/​10.​
1038/​srep1​3214

	244.	 J. Guo, Y. Shi, C. Zhu, L. Wang, N. Wang et al., Cost-effec-
tive and morphology-controllable niobium diselenides for 
highly efficient counter electrodes of dye-sensitized solar 
cells. J. Mater. Chem. A 1(38), 11874 (2013). https://​doi.​
org/​10.​1039/​c3ta1​2349a

	245.	 W. Wang, X. Pan, W. Liu, B. Zhang, H. Chen et al., FeSe2 
films with controllable morphologies as efficient counter 
electrodes for dye-sensitized solar cells. Chem. Commun. 
50(20), 2618–2620 (2014). https://​doi.​org/​10.​1039/​C3CC4​
9175G

	246.	 J. Dong, J. Wu, J. Jia, S. Wu, P. Zhou et al., Cobalt selenide 
nanorods used as a high efficient counter electrode for dye-
sensitized solar cells. Electrochim. Acta 168, 69–75 (2015). 
https://​doi.​org/​10.​1016/j.​elect​acta.​2015.​03.​226

	247.	 S. Huang, Q. He, W. Chen, Q. Qiao, J. Zai et al., Ultrathin 
FeSe2 nanosheets: controlled synthesis and application as a 
heterogeneous catalyst in dye-sensitized solar cells. Chem. 
21(10), 4085–4091 (2015). https://​doi.​org/​10.​1002/​chem.​
20140​6124

	248.	 Y.-J. Huang, M.-S. Fan, C.-T. Li, C.-P. Lee, T.-Y. Chen 
et al., MoSe2 nanosheet/poly(3, 4-ethylenedioxythiophene): 
poly(styrenesulfonate) composite film as a Pt-free counter 
electrode for dye-sensitized solar cells. Electrochim. Acta 
211, 794–803 (2016). https://​doi.​org/​10.​1016/j.​elect​acta.​
2016.​06.​086

	249.	 Y. Duan, Q. Tang, J. Liu, B. He, L. Yu, Transparent metal 
selenide alloy counter electrodes for high-efficiency bifacial 
dye-sensitized solar cells. Angew. Chem. Int. Ed. 53(52), 
14569–14574 (2014). https://​doi.​org/​10.​1002/​anie.​20140​
9422

	250.	 S. Huang, Q. He, W. Chen, J. Zai, Q. Qiao et al., 3D hierar-
chical FeSe2 microspheres: Controlled synthesis and applica-
tions in dye-sensitized solar cells. Nano Energy 15, 205–215 
(2015). https://​doi.​org/​10.​1016/j.​nanoen.​2015.​04.​027

	251.	 J. Huo, J. Wu, M. Zheng, Y. Tu, Z. Lan, Flower-like nickel 
cobalt sulfide microspheres modified with nickel sulfide 
as Pt-free counter electrode for dye-sensitized solar cells. 
J. Power. Sources 304, 266–272 (2016). https://​doi.​org/​10.​
1016/j.​jpows​our.​2015.​11.​062

	252.	 M.A. Ibrahem, W.-C. Huang, T.-W. Lan, K.M. Boopathi, 
Y.-C. Hsiao et al., Controlled mechanical cleavage of bulk 
niobium diselenide to nanoscaled sheet, rod, and particle 
structures for Pt-free dye-sensitized solar cells. J. Mater. 
Chem. A 2(29), 11382–11390 (2014). https://​doi.​org/​10.​
1039/​c4ta0​1881h

	253.	 I.-T. Chiu, C.-T. Li, C.-P. Lee, P.-Y. Chen, Y.-H. Tseng et al., 
Nanoclimbing-wall-like CoSe2/carbon composite film for the 
counter electrode of a highly efficient dye-sensitized solar 
cell: a study on the morphology control. Nano Energy 22, 
594–606 (2016). https://​doi.​org/​10.​1016/j.​nanoen.​2016.​02.​
060

	254.	 F. Gong, X. Xu, Z. Li, G. Zhou, Z.-S. Wang, NiSe2 as an 
efficient electrocatalyst for a Pt-free counter electrode of dye-
sensitized solar cells. Chem. Commun. 49(14), 1437–1439 
(2013). https://​doi.​org/​10.​1039/​C2CC3​8621F

	255.	 H. Chen, Y. Xie, H. Cui, W. Zhao, X. Zhu et al., In situ 
growth of a MoSe2/Mo counter electrode for high efficiency 
dye-sensitized solar cells. Chem. Commun. 50(34), 4475–
4477 (2014). https://​doi.​org/​10.​1039/​c3cc4​9600g

	256.	 F. Gong, H. Wang, X. Xu, G. Zhou, Z.-S. Wang, In situ 
growth of Co(0.85)Se and Ni(0.85)Se on conductive sub-
strates as high-performance counter electrodes for dye-sen-
sitized solar cells. J. Am. Chem. Soc. 134(26), 10953–10958 
(2012). https://​doi.​org/​10.​1021/​ja303​034w

	257.	 L.T.L. Lee, J. He, B. Wang, Y. Ma, K.Y. Wong et al., Few-
layer MoSe₂ possessing high catalytic activity towards iodide/
tri-iodide redox shuttles. Sci. Rep. 4, 4063 (2014). https://​doi.​
org/​10.​1038/​srep0​4063

	258.	 M. Ahmadi, S.J. Anaghizi, M. Asemi, M. Ghanaatshoar, 
Plasma-treated room temperature synthesized CuCrO2/Au/
CuCrO2 on Polyethylene terephthalate: Towards a high-per-
formance flexible p-type transparent conductor. Thin Solid 
Films 723, 138582 (2021). https://​doi.​org/​10.​1016/j.​tsf.​2021.​
138582

	259.	 R.H. Althomali, E.A.M. Saleh, R.S. Bhat, S. Askar, I. Sapaev 
et al., Novel ZnCO2O4/WO3 nanocomposite as the counter 
electrode for dye-sensitized solar cells (DSSCS): study of 
electrocatalytic activity and charge transfer properties. Opt. 
Mater. 143, 114248 (2023). https://​doi.​org/​10.​1016/j.​optmat.​
2023.​114248

	260.	 Y. He, G. Yue, J. Huo, C. Dong, G. Xie et al., A dye-sensi-
tized solar cells with an efficiency of 10.01% based on the 
MoP/MoNiP2@Ti3C2 composite counter electrode. Mater. 
Today Sustain. 22, 100329 (2023). https://​doi.​org/​10.​1016/j.​
mtsust.​2023.​100329

	261.	 K. Zhao, X. Zhang, M. Wang, W. Zhang, X. Li et al., Electro-
spun carbon nanofibers decorated with Pt-Ni2P nanoparticles 
as high efficiency counter electrode for dye-sensitized solar 
cells. J. Alloys Compd. 786, 50–55 (2019). https://​doi.​org/​
10.​1016/j.​jallc​om.​2019.​01.​295

	262.	 W. Wang, Q. Cui, D. Sun, Q. Yang, J. Xu et al., Enhanced 
electrocatalytic performance in dye-sensitized solar cell via 
coupling CoSe2@N-doped carbon and carbon nanotubes. J. 
Mater. Chem. C 9(22), 7046–7056 (2021). https://​doi.​org/​10.​
1039/​D1TC0​1205C

	263.	 L. Shen, K. Sun, F. Xi, Z. Jiang, S. Li et al., Conversion of 
photovoltaic waste silicon into amorphous silicon nanow-
ire anodes. Energy Environ. Sci. 18(9), 4348–4361 (2025). 
https://​doi.​org/​10.​1039/​d5ee0​0020c

	264.	 A. Liu, X. Zhang, Z. Liu, Y. Li, X. Peng et al., The road-
map of 2D materials and devices toward chips. Nano-
Micro Lett. 16(1), 119 (2024). https://​doi.​org/​10.​1007/​
s40820-​023-​01273-5

	265.	 F. Nie, H. Fang, J. Wang, L. Zhao, C. Jia et al., An adap-
tive solid-state synapse with bi-directional relaxation for 
multimodal recognition and spatio-temporal learning. Adv. 

https://doi.org/10.1038/srep13214
https://doi.org/10.1038/srep13214
https://doi.org/10.1039/c3ta12349a
https://doi.org/10.1039/c3ta12349a
https://doi.org/10.1039/C3CC49175G
https://doi.org/10.1039/C3CC49175G
https://doi.org/10.1016/j.electacta.2015.03.226
https://doi.org/10.1002/chem.201406124
https://doi.org/10.1002/chem.201406124
https://doi.org/10.1016/j.electacta.2016.06.086
https://doi.org/10.1016/j.electacta.2016.06.086
https://doi.org/10.1002/anie.201409422
https://doi.org/10.1002/anie.201409422
https://doi.org/10.1016/j.nanoen.2015.04.027
https://doi.org/10.1016/j.jpowsour.2015.11.062
https://doi.org/10.1016/j.jpowsour.2015.11.062
https://doi.org/10.1039/c4ta01881h
https://doi.org/10.1039/c4ta01881h
https://doi.org/10.1016/j.nanoen.2016.02.060
https://doi.org/10.1016/j.nanoen.2016.02.060
https://doi.org/10.1039/C2CC38621F
https://doi.org/10.1039/c3cc49600g
https://doi.org/10.1021/ja303034w
https://doi.org/10.1038/srep04063
https://doi.org/10.1038/srep04063
https://doi.org/10.1016/j.tsf.2021.138582
https://doi.org/10.1016/j.tsf.2021.138582
https://doi.org/10.1016/j.optmat.2023.114248
https://doi.org/10.1016/j.optmat.2023.114248
https://doi.org/10.1016/j.mtsust.2023.100329
https://doi.org/10.1016/j.mtsust.2023.100329
https://doi.org/10.1016/j.jallcom.2019.01.295
https://doi.org/10.1016/j.jallcom.2019.01.295
https://doi.org/10.1039/D1TC01205C
https://doi.org/10.1039/D1TC01205C
https://doi.org/10.1039/d5ee00020c
https://doi.org/10.1007/s40820-023-01273-5
https://doi.org/10.1007/s40820-023-01273-5


	 Nano-Micro Lett.           (2026) 18:32    32   Page 52 of 53

https://doi.org/10.1007/s40820-025-01869-z© The authors

Mater. 37(17), 2412006 (2025). https://​doi.​org/​10.​1002/​
adma.​20241​2006

	266.	 X. Tian, R. Xun, T. Chang, J. Yu, Distribution function of 
thermal ripples in h-BN, graphene and MoS2. Phys. Lett. 
A 550, 130597 (2025). https://​doi.​org/​10.​1016/j.​physl​eta.​
2025.​130597

	267.	 Q. Meng, Y. He, S. Li, S. Hussain, J. Lu et al., Adaptive 
two-step power prediction and improved perturbation 
method for accelerated MPPT with reduced oscillations in 
photovoltaic systems. Energy Rep. 13, 5328–5338 (2025). 
https://​doi.​org/​10.​1016/j.​egyr.​2025.​04.​055

	268.	 Z. Liu, S.Y. Tee, G. Guan, M.-Y. Han, Atomically substitu-
tional engineering of transition metal dichalcogenide layers 
for enhancing tailored properties and superior applications. 
Nano-Micro Lett. 16(1), 95 (2024). https://​doi.​org/​10.​1007/​
s40820-​023-​01315-y

	269.	 Y. Jia, G. Chen, L. Zhao, Defect detection of photovoltaic 
modules based on improved VarifocalNet. Sci. Rep. 14, 
15170 (2024). https://​doi.​org/​10.​1038/​s41598-​024-​66234-3

	270.	 Z. Lin, A. McCreary, N. Briggs, S. Subramanian, K. Zhang 
et al., 2D materials advances: from large scale synthesis 
and controlled heterostructures to improved characteriza-
tion techniques, defects and applications. 2D Mater. 3(4), 
042001 (2016). https://​doi.​org/​10.​1088/​2053-​1583/3/​4/​
042001

	271.	 D. Rhodes, S.H. Chae, R. Ribeiro-Palau, J. Hone, Disor-
der in van der Waals heterostructures of 2D materials. Nat. 
Mater. 18(6), 541–549 (2019). https://​doi.​org/​10.​1038/​
s41563-​019-​0366-8

	272.	 Z. Ye, C. Tan, X. Huang, Y. Ouyang, L. Yang et al., Emerg-
ing MoS2 wafer-scale technique for integrated circuits. 
Nano-Micro Lett. 15(1), 38 (2023). https://​doi.​org/​10.​1007/​
s40820-​022-​01010-4

	273.	 A.-F. Wang, H.-P. Ma, Q.-M. Huang, L. Gu, Y. Shen et al., 
Band alignment, thermal transport property, and electrical 
performance of high-quality β-Ga2O3/AlN Schottky bar-
rier diode grown via MOCVD. ACS Appl. Mater. Interfaces 
17(18), 27517–27529 (2025). https://​doi.​org/​10.​1021/​acsami.​
5c042​03

	274.	 F. Tabarkhoon, M. Bazmi, N.A. Welchert, T.T. Tsotsis, M. 
Gupta, One-pot fabrication of silicon carbide thin films via 
plasma-enhanced chemical vapor deposition (PECVD) fol-
lowed by in situ pyrolysis. Ind. Eng. Chem. Res. 64(11), 
5973–5981 (2025). https://​doi.​org/​10.​1021/​acs.​iecr.​4c037​86

	275.	 Y. Bai, Y. Xu, L. Sun, Z. Ward, H. Wang et al., Two-dimen-
sional nanosheets by liquid metal exfoliation. Adv. Mater. 
37(8), 2416375 (2025). https://​doi.​org/​10.​1002/​adma.​20241​
6375

	276.	 M. Ojrzyńska, J. Jamroz, M. Maciałowicz, K. Wilczyński, 
A. Daniszewska et al., Quality and thickness control of gra-
phene nanoplatelets during large-scale production using liq-
uid phase exfoliation. Mater. Today Commun. 42, 111543 
(2025). https://​doi.​org/​10.​1016/j.​mtcomm.​2025.​111543

	277.	 S. Eom, M. Park, B. Koo, C.-E. Yang, J. Kang et al., Sup-
pressing organic cation reactivity in locally concentrated 
ionic liquid electrolytes for lithium metal batteries. Energy 

Storage Mater. 74, 103966 (2025). https://​doi.​org/​10.​1016/j.​
ensm.​2024.​103966

	278.	 F. Meierhofer, C. Orlob, L. Krieg, G.W. Harm, J. Zhu et al., 
Lateral microstructuring of oCVD PEDOT nanolayers fab-
ricated by EDOT/SbCl5 chemistry and photoresist-based 
lift-off. ACS Appl. Polym. Mater. 7(11), 6874–6886 (2025). 
https://​doi.​org/​10.​1021/​acsapm.​5c004​92

	279.	 A. Quellmalz, X. Wang, S. Sawallich, B. Uzlu, M. Otto et al., 
Large-area integration of two-dimensional materials and their 
heterostructures by wafer bonding. Nat. Commun. 12, 917 
(2021). https://​doi.​org/​10.​1038/​s41467-​021-​21136-0

	280.	 Z. Li, Y. Luo, X. Xie, J. Yang, H. Zhuang et al., High-resolu-
tion copper micropatterning on flexible substrates via laser-
assisted surface activation. J. Mater. Process. Technol. 341, 
118901 (2025). https://​doi.​org/​10.​1016/j.​jmatp​rotec.​2025.​
118901

	281.	 H. Zhou, Q. Chen, G. Li, S. Luo, T.-B. Song et al., Interface 
engineering of highly efficient perovskite solar cells. Science 
345(6196), 542–546 (2014). https://​doi.​org/​10.​1126/​scien​ce.​
12540​50

	282.	 J. Chen, N.-G. Park, Materials and methods for interface engi-
neering toward stable and efficient perovskite solar cells. ACS 
Energy Lett. 5(8), 2742–2786 (2020). https://​doi.​org/​10.​1021/​
acsen​ergyl​ett.​0c012​40

	283.	 C. Li, X. Chen, Z. Zhang, X. Wu, T. Yu et al., Charge-selec-
tive 2D heterointerface-driven multifunctional floating gate 
memory for in situ sensing-memory-computing. Nano Lett. 
24(47), 15025–15034 (2024). https://​doi.​org/​10.​1021/​acs.​
nanol​ett.​4c038​28

	284.	 C. Huang, N. Fu, F. Liu, L. Jiang, X. Hao et al., Highly 
efficient perovskite solar cells with precursor composition-
dependent morphology. Sol. Energy Mater. Sol. Cells 145, 
231–237 (2016). https://​doi.​org/​10.​1016/j.​solmat.​2015.​10.​032

	285.	 X. Li, H. Yu, Z. Liu, J. Huang, X. Ma et al., Progress and 
challenges toward effective flexible perovskite solar cells. 
Nano-Micro Lett. 15(1), 206 (2023). https://​doi.​org/​10.​1007/​
s40820-​023-​01165-8

	286.	 H. Zhuo, X. Li, S. Qin, J. Zhang, Y. Gong et al., Effect of 
molecular conformation on intermolecular interactions and 
photovoltaic performances of giant molecule acceptors. Adv. 
Funct. Mater. 34(51), 2410092 (2024). https://​doi.​org/​10.​
1002/​adfm.​20241​0092

	287.	 Y.-C. Tseng, Q. Fan, C.-Y. Tsai, J.-F. Chang, M.-H. Yu et al., 
Compatibilizer effects of strategically designed donor–accep-
tor block copolymers to enhance the performance, stability, 
and mechanical durability of inverted organic solar cells. 
Adv. Funct. Mater. 34(49), 2408993 (2024). https://​doi.​org/​
10.​1002/​adfm.​20240​8993

	288.	 Y. Yang, B. Xu, J. Hou, Reducing depletion region width at 
electrode interface via a hole-transport layer for over 18% 
efficiency in organic solar cells. Small 20(13), 2306668 
(2024). https://​doi.​org/​10.​1002/​smll.​20230​6668

	289.	 W. Song, Z. Chen, C. Lin, P. Zhang, D. Sun et al., An in situ 
crosslinked matrix enables efficient and mechanically robust 
organic solar cells with frozen nano-morphology and superior 

https://doi.org/10.1002/adma.202412006
https://doi.org/10.1002/adma.202412006
https://doi.org/10.1016/j.physleta.2025.130597
https://doi.org/10.1016/j.physleta.2025.130597
https://doi.org/10.1016/j.egyr.2025.04.055
https://doi.org/10.1007/s40820-023-01315-y
https://doi.org/10.1007/s40820-023-01315-y
https://doi.org/10.1038/s41598-024-66234-3
https://doi.org/10.1088/2053-1583/3/4/042001
https://doi.org/10.1088/2053-1583/3/4/042001
https://doi.org/10.1038/s41563-019-0366-8
https://doi.org/10.1038/s41563-019-0366-8
https://doi.org/10.1007/s40820-022-01010-4
https://doi.org/10.1007/s40820-022-01010-4
https://doi.org/10.1021/acsami.5c04203
https://doi.org/10.1021/acsami.5c04203
https://doi.org/10.1021/acs.iecr.4c03786
https://doi.org/10.1002/adma.202416375
https://doi.org/10.1002/adma.202416375
https://doi.org/10.1016/j.mtcomm.2025.111543
https://doi.org/10.1016/j.ensm.2024.103966
https://doi.org/10.1016/j.ensm.2024.103966
https://doi.org/10.1021/acsapm.5c00492
https://doi.org/10.1038/s41467-021-21136-0
https://doi.org/10.1016/j.jmatprotec.2025.118901
https://doi.org/10.1016/j.jmatprotec.2025.118901
https://doi.org/10.1126/science.1254050
https://doi.org/10.1126/science.1254050
https://doi.org/10.1021/acsenergylett.0c01240
https://doi.org/10.1021/acsenergylett.0c01240
https://doi.org/10.1021/acs.nanolett.4c03828
https://doi.org/10.1021/acs.nanolett.4c03828
https://doi.org/10.1016/j.solmat.2015.10.032
https://doi.org/10.1007/s40820-023-01165-8
https://doi.org/10.1007/s40820-023-01165-8
https://doi.org/10.1002/adfm.202410092
https://doi.org/10.1002/adfm.202410092
https://doi.org/10.1002/adfm.202408993
https://doi.org/10.1002/adfm.202408993
https://doi.org/10.1002/smll.202306668


Nano-Micro Lett.           (2026) 18:32 	 Page 53 of 53     32 

deformability. Energy Environ. Sci. 17(19), 7318–7329 
(2024). https://​doi.​org/​10.​1039/​d4ee0​2724h

	290.	 M. Kandhasamy, G. Shanmugam, B.K. Duvaragan, S. 
Kamaraj, Unleashing the potential of Cu1+/2+ blended quasi-
solid-state electrolytes for long-term stability of dye-sensi-
tized solar cells. Sol. Energy 277, 112733 (2024). https://​doi.​
org/​10.​1016/j.​solen​er.​2024.​112733

	291.	 S. Khazraei, B.F. Mikladal, J. Etula, I. Varjos, J. Hannu, Dry 
deposited single-walled carbon nanotubes co-assisted with 
copper redox mediator-based electrolytes for photo-stability 
of dye-sensitized solar cells. Electrochim. Acta 488, 144221 
(2024). https://​doi.​org/​10.​1016/j.​elect​acta.​2024.​144221

	292.	 N. Kusumawati, P. Setiarso, S. Muslim, Q.A. Hafidha, S.A. 
Cahyani et al., Optimization thickness of photoanode layer 
and membrane as electrolyte trapping medium for improve-
ment dye-sensitized solar cell performance. Sci. Technol. 
Indones 9(1), 7–16 (2024). https://​doi.​org/​10.​26554/​sti.​
2024.9.​1.7-​16

	293.	 S. Tharuman, T.-W. Chen, S.-M. Chen, E. Tamilalagan, W.A. 
Al-onazi et al., Efficient dye-sensitized solar cell with afford-
able alternative to platinum free counter electrode. Colloids 
Surf. A Physicochem. Eng. Aspects 705, 135736 (2025). 
https://​doi.​org/​10.​1016/j.​colsu​rfa.​2024.​135736

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1039/d4ee02724h
https://doi.org/10.1016/j.solener.2024.112733
https://doi.org/10.1016/j.solener.2024.112733
https://doi.org/10.1016/j.electacta.2024.144221
https://doi.org/10.26554/sti.2024.9.1.7-16
https://doi.org/10.26554/sti.2024.9.1.7-16
https://doi.org/10.1016/j.colsurfa.2024.135736

	Emerging Role of 2D Materials in Photovoltaics: Efficiency Enhancement and Future Perspectives
	Highlights
	Abstract 
	1 Introduction
	1.1 Emerging Trends in 2D Material Use in Photovoltaics
	1.2 Challenges and Future Directions
	1.3 Study Gaps and Objectives

	2 Rise of 2D Materials
	2.1 Graphene
	2.2 Transition Metal Dichalcogenides (TMDCs)
	2.3 Black Phosphorous (BP) and Black Arsenic
	2.4 World of Elemental 2D Materials Extends beyond TMDCs, BP and Graphene
	2.5 MXenes as an Emerging Material for Photovoltaic Applications

	3 2D Materials Integration in Solar Cell
	3.1 Top Electrode
	3.2 Hole Transport Layer (HTL)
	3.3 Active Layer
	3.4 Electron Transport Layer (ETL)
	3.5 Bottom Electrode

	4 Role of 2D Materials in Photovoltaics
	4.1 Role of 2D Materials in Perovskite Solar Cells (PSCs)
	4.1.1 Optimizing Defect Passivation and Crystallization Control in PSCs via 2D Materials
	4.1.2 Optimizing Charge Transport for Enhanced Efficiency and Stability
	4.1.3 Role of 2D Materials in Improving Solar Cell Efficiency

	4.2 2D Materials-Based Organic Solar Cells (OSCs)
	4.2.1 Enhancing PCE Through Reduced Recombination by Employing 2D Materials as HTL and ETL
	4.2.2 Enhancing Electron Collection by Reducing Work Function and Interface Barrier
	4.2.3 Enhancing Hole Collection via 2D Anode Modification Layers

	4.3 2D Materials-based Dye-Sensitized Solar Cells (DSSCs)
	4.3.1 2D Materials-Based Counter Electrode (CE) for Enhanced Efficiency and Stability
	4.3.2 2D Materials-Based CE for Improved Electrocatalytic Activity


	5 Challenges and Limitations
	5.1 Challenges with 2D Materials in Photovoltaics
	5.2 Challenges in Large-Scale Preparation and Integration
	5.3 Challenges in Perovskite, Organic and DSSCs

	6 Conclusion
	Acknowledgements 
	References


