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Atomically thin 2D materials, such as graphene and graphene oxide, covalent organic frameworks, layered
carbides, and metal dichalcogenides, reveal a unique variability of electronic and chemical properties,
ensuring their prospects in various energy generation, conversion, and storage applications, including light
harvesting in emerging photovoltaic (ePV) devices with organic and perovskite absorbers. Having an
extremely high surface area, the 2D materials allow a broad variability of the bandgap and interband transition
type, conductivity, charge carrier mobility, and work function through mild chemical modifications, external
stimuli, or combination with other 2D species into van-der-Waals heterostructures. This review provides an
account of the most prominent “selling points” of atomically thin 2D materials as components of ePV solar
cells, including highly tunable charge extraction selectivity and work function, structure-directing and
stabilizing effects on halide perovskite light absorbers, as well as broad adaptability of 2D materials to
solution-based manufacturing of ePV solar cells using sustainable and upscalable printing technologies.
A special focus is placed on the large potential of the materials discovery and design of ePV functionalities
based on van-der-Waals stacking of atomically thin 2D building blocks, which can open a vast compositional
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1. Introduction

A cardinal shift in the modern paradigm of energy generation
from traditional fossil fuels to renewable energy sources put
forward the photovoltaic (PV) conversion of solar energy as one
of the major players in future energy balance, along with other
sustainable technologies, such as wind harvesting, hydrovoltaic
and geothermal energy generation.'™ Recently, PV technologies
crossed the terawatt (TW) generation threshold, with the current
PV market dominated by silicon-based power-generating PV mod-
ules incorporating Si cells with ca. 24% power conversion effi-
ciency (PCE)."**° The silicon-based PV technologies are universal
and can be deployed at different scales, from vast multi-megawatt-
peak (MWp) solar fields to small domestic farms, as well as in
various applications - from building-integrated systems to semi-
transparent agri-PV installations to automotive PV modules.*>® At
the same time, the dominance of Si-based PV is associated with
diverse economic and ecological risks, related both to the highly
uneven distribution of manufacturing facilities and to a heavy
burden of Si cell production and recycling on the environment.*®
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domain of new materials navigable with machine-learning-based accelerated materials screening.

While currently PCE growth of Si-based PV modules has
become incremental and is achieved mostly by optimizing man-
ufacturing processes, future breakthroughs in PV harvesting of
solar energy are expected from innovative emerging PV (ePV)
technologies, capable of providing new alternative PV materials
for scalable, ecologically benign, and localizable production of
new-generation PV modules and realization of a broad scale of
projects — from gigawatt (GW) to TW solar plants to specific
products, such as integrated, semi-transparent, or flexible
pv.2*>710 The field of ePV technologies encompasses both
established alternatives for silicon, such as organic>*™"' and
chalcogenide PV,>”'* as well as “newcomer” materials, in parti-
cular, hybrid lead-halide perovskites.>”'® The progress in ePV
technologies is expected from several contributors, including the
discovery of new light-harvesting and charge-collecting PV materi-
als, optimization of the best of existing ePV materials and their
upscaling to full-size modules, mitigation of environmental
impacts by tailored recycling strategies, as well as from the
development of innovative approaches to the manufacture of PV
cells, allowing the environment-critical steps of Si-PV technology,
such as Si purification, wafer growth, and segmentation, to be
substituted by greener and sustainable alternatives. Among those,
low-temperature printing of PV devices using solution-processed
materials is considered one of the most promising venues.">**

The realization of the complete cycle of low-temperature
solar cell printing promises an immense boost for ePV because

Chem. Commun., 2025, 61, 455-475 | 455


https://orcid.org/0000-0001-5054-2746
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cc05133e&domain=pdf&date_stamp=2024-12-06
https://rsc.li/chemcomm
https://doi.org/10.1039/d4cc05133e
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC061003

Published on 02 Dezember 2024. Downloaded on 07.01.2026 16:29:45.

Feature Article

of compatibility with existing printing technologies and
machinery, readily achievable up/down-scaling, and localiza-
tion of the manufacture, as well as minimization of environ-
mental pollution typically associated with mass production of
Si cells.*® On the other side, it brings new challenges, in
particular, the need for specific materials - liquid inks, adap-
table to various printing technologies and convertible into cell
components, such as electron transport layers (ETLs), absor-
bers, hole transport layers (HTLs), back contacts, etc., with no
or minimal post-printing treatments. While the technologies of
organic solar cells (OSCs) are already relatively well adapted to
solution-based processes and can even be upscaled to roll-to-
roll production,®® the printing of perovskite solar cells (PSCs)
would require the development of new solution-processable
and environmentally stable ETL, HTL, and electrode materials
that can be used to substitute thermal or vacuum deposition
technologies and realize the complete cycle of PSC printing.'***

Considering the large number of parameters to be optimized
in ePV devices, including the cell stacking order and absorber
type, the possibility of a precise tailoring of the electronic
and chemical properties of printable charge-collecting layers
becomes simultaneously a critical demand and a great challenge
for solution-processed ePV. To meet this challenge, new types of
charge-collecting materials should be considered, combining
selective conductivity, optical transparency, chemical and elec-
trochemical stability, broad and simple variability of basic
properties, and solution-based processability, with all of these
criteria potentially achievable in atomically thin 2D materials.

The emergence of 2D materials as a new direction of multi-
disciplinary research was heralded by the reports on the synth-
esis and properties of graphene by A. Geim and K. Novoselov,
marked in 2010 by a Nobel prize in physics.">'® The rise of
graphene had at least two important consequences, first,
immediately revealing the large potential of graphene and its
derivatives for various optoelectronic applications, including
ePV, and, second, by inspiring a large-scale interest in atom-
ically thin 2D materials in general, resulting in (re-)discovery of
many new or under-appreciated 2D representatives of other
classes, including inorganic chalcogenides, hydr(oxides), car-
bides, nitrides, organic covalent frameworks and others.'”>*
Atomically thin 2D materials (2DMs) showed large variability of
many basic properties, for example, allowing for large varia-
tions in conductivity, charge carrier mobility, and work func-
tion (WF) by varying the number of layers and, for single layers,
by covalent/non-covalent chemical modifications and dopings.
Ultimately high surface-to-volume ratios typical for atomically
thin 2DMs make their electronic characteristics easily affected
by external stimuli, in particular, electrical fields and strains.
The processability of solubilized 2DMs in liquid inks facilitates
their incorporation into optoelectronic devices using sustain-
able low-temperature approaches.'”’>*

This tunability of properties ensured versatile applications
of atomically thin 2DMs in light-harvesting technologies,
including PV'7'®?>"% and photocatalysis,”>>*>>%*%® ags well
as in optoelectronics,'®?%4448:50:52,63,67769 catalysis and electro-
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thermoelectrics, Sensors, medicine,
etc. In the domain of potential ePV applications, high conductiv-
ity, charge carrier mobilities, optical transparency, processability
and a broad variability of electronic properties of atomically thin
2DMs feature them as very promising materials for charge-
selective ETLs/HTLs, absorber additives, electrodes, and interface
layers.”>>*

Though the potential of atomically thin 2DMs was recog-
nized very fast, the practical implementation of their unique
properties was limited by the labor-, time-, and energy-
consuming character of many synthetic routes typically applied
to produce and stack single-layer species, such as mechanical
exfoliation or physical/chemical vapor deposition followed by
substrate transfers.>®® In this view, solution-based processing
of 2DMs appears as a very promising alternative as it combines
mild, low-temperature, upscalable, and fast processing with the
ease of integration with other components of ePV cells, tun-
ability of rheological properties, and affinity to different sub-
strates, as well as compatibility with the modern processing
technologies such as spray coating and inkjet printing.>*~>3

In the analysis of the state-of-the-art applications of
solution-processable atomically thin 2DMs in emerging PV,
the present Feature article focuses on several selected classes
of 2DMs, that dominate the ePV landscape and show consider-
able potential, including graphene and its derivatives such as
graphene oxide and reduced graphene oxide, non-carbonaceous
single-element 2DMs, in particular, antimonene and phosphor-
ene, covalent organic frameworks, such as polyheptazine carbon
nitride, emerging metal-carbide MXenes, and transition metal
dichalcogenides. These 2D compounds, though exemplifying
vividly the benefits of versatile applications of atomically thin
2DMs in ePV, represent only a small selection from a much
broader range of already available and theoretically possible 2D
materials that hold promises for emerging PV technologies.

After focusing on selected 2DM materials, we discuss several
aspects most critical for 2DM applications in sustainable
solution-processed ePV, including (i) current applications of
atomically thin 2DMs as components of PV absorbers, ETLs,
HTLs, and interface additives in ePV systems, (ii) broad varia-
bility of the work function of atomically thin 2D ETL and HTL
materials, (iii) potential of low-temperature solution-based
production and processing of 2DMs in the form of liquid inks,
and, finally, (iv) immense potential of materials discovery that
can be provided by the combinatorial design of multi-layer and
multi-component van-der-Waals heterostructures starting from
a library of atomically thin “building blocks”.

2. Introducing selected solution-
processable 2D materials for ePV

This section provides a concise background for the selected 2D
materials, outlining their properties crucial for ePV applica-
tions and their possible roles in ePV systems. The above-
discussed selection of 2DMs to be surveyed as ePV materials
is illustrated in Fig. 1a.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Stylized presentation of some of the PV-relevant atomically thin 2DMs. Reproduced with permissions from ref. 36, 40, 51, 65, 76 and 77.
Copyrights: (2017) American Chemical Society; (2014, 2015, 2018, 2021, 2024) Wiley-VCH GmbH. (b) Energy levels of some typical TCEs, ETL and HTL
materials, typical absorbers in OSCs and PSCs, as well as atomically thin materials used as ETL/HTL components. Sources of values: ITO,”®7 FTO, TiO,,
Au, Spiro-OMeTAD,8%782 7n0,8384 5n0,,8> carbon, %87 Ag,”?888% PEDOT:PSS,”88%%0 Mo03,88 PM6,8385 Y6,83 P3HT, PCBM,* MAPI,728292 FAP| 86
CsPbBrs,% TizC,T, MXene, 5% black phosphorus (BP),% single-layer PCN,%® GO,°*°° RGO,°® antimonene, 2 phosphorene,® F-RGO,%® MoS,,°¢%” WS,.%8
TCE, ITO, and FTO stand for a transparent conductive electrode, indium-tin oxide, and fluorine-doped tin oxide, respectively.

Graphene is a single layer of sp>bonded carbon atoms phosphorene,>??>336:37,56,57,59-61,64,74,103-106  Koh

showing
forming an infinite hexagonal 2D lattice and being an elemen- promises for emerging PV applications.

tary unit of graphite, carbon nanotubes, and fullerenes.” Antimonene is a 0.6-nm thick single layer of antimony
Pristine (undoped, non-oxidized) graphene shows zero band- showing semiconductor behavior with an indirect bandgap of
gap combined with high conductivity and charge carrier mobi- ca. 2.3 eV. Antimonene reveals a strong dependence of electro-
lity (10°-10° em” V™' s71), mechanical, chemical, and thermal nic properties on the number of layers, with a bandgap closing
stability, high flexibility, and tensile strength, high optical to zero already for bi-layer and showing metallic character for
transparency (ca. 98%) and negligible reflectance.’®*>*"%° thicker stacks.>>®"""7%921°2 Gimjlar behavior was predicted for
Being only 0.33 nm thick and with all atoms formally on the bismuthene,*>'%” however, experimental research on single-
surface, graphene is characterized by a theoretical specific layer Bi is still to be reported.

surface area of more than 2600 m”> ¢~ ' and broad variability Single-layer phosphorene can be produced by exfoliation
of work function (WF) through covalent and non-covalent of layered phosphorus allotrope - black phosphorus
modifications.”>*° This combination of properties makes gra-  (BP).>%**3%6%193:105 gimjlar to other Xenes, single-layer phos-

phene an auspicious material for optoelectronic applications, phorene is a semiconductor with a bandgap of 2.0 eV, that
particularly for epv,>*2673035 decreases with an increase in the layer number down to 0.3 eV

Graphene oxide is an oxidized form of graphene typically for bulk BP.>*®* Single-layer phosphorene has a thickness of
produced by converting graphite into layered graphite oxide with  0.53 nm and a honeycomb structure with non-planar structural
strong oxidants (KMnO,, KClO;, etc.) followed by exfoliation into ridges resulting in strong anisotropy of electronic and optical
single-layer graphene oxide (GO) species,?0?>?326354457,61,62,76997101 - nroperties,?”*°¢ Phosphorene is characterized by high hole
GO sheets are decorated with various oxygen-containing func- mobility on the order of 10° cm® V™' s (ref. 20, 64 and
tionalities (hydroxyl, carboxyl, carbonyl, epoxy, sulfonic groups) 103-105) and intrinsic ambipolar behavior'®® making it a
available for further covalent functionalization resulting in promising material for both ETL and HTL applications in ePV.
extensive processing opportunities and WF variations. Dielectric Different types of covalent organic frameworks form
GO sheets can be converted into semiconductive/conductive graphene-like infinite 2D networks capable of staking into
form by thermal/chemical/photochemical reduction, eliminating layered graphite-like materials, in particular polyheptazine
functionalities and partially restoring graphene-like sp> carbon nitride (PCN), polytriazine carbon nitride, or polytriazine
hybridized honeycomb structure.”®** imide (PTI), many of them known since Liebig’s experiments

Research of graphene stimulated broad interest in other with melon in 19" century.'® These layered solids show stronger
single-element monolayer materials (also called Xenes, X = C, interlayer forces than graphite but can still be exfoliated into
Si, P, Sb, etc.), in particular, antimonene®>®"7%7%73192 and  corresponding single and a-few-layer atomically thin sheets.

This journal is © The Royal Society of Chemistry 2025 Chem. Commun., 2025, 61, 455-475 | 457
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Polyheptazine carbon nitride is one of the most stable
modifications forming infinite 2D networks of heptazine hetero-
cycles stacking into graphitic PCN that shows semiconductor
behavior with a bandgap of ca. 2.7 eV and positions of conduction
(CB) and valence bands (VB) favorable for PCN to serve as an
excellent photocatalyst in the processes of artificial photosynthesis,
such as water splitting, and CO, and N, reduction,>*>>030%66,108
The structure of PCN sheets can be broadly tuned by doping,
atomic substitutions, chemical functionalization, and morphology
engineering both during the formation of bulk graphitic PCN and
after the exfoliation to atomically thin PCN sheets.”*>>*® Single-
layer PCN has a thickness of ca. 0.34 nm, a theoretical specific
surface area of ca. 2500 m> g™, and low electrical conductivity of
ca. 1S cem 2%

After first reports on the synthesis of atomically thin 2D
transition metal carbides, nitrides, and carbonitrides, generally
called MXenes with a brutto-formula of M,,.,X,,T, (n = 1-3, M -
metal, X=C, N, C + N, T - functionalities such as F or OH) in 2011,
the chemistry of MXenes experienced rocketing development with
a current opinion about the MXenes as one of the most promising
classes of 2D materials,>>3817:77,60-62,75,106,109,110 Amono the most
broadly studied MXenes are Ti;C,T, and Nb,CT, with metallic
conductivity and Mo,TiC,T, semiconductors.’>*>”> Atomically
thin MXenes can be produced by etching of the so-called
MAX phases, M,,;;AX,, with the most frequent A = Al. Presently,
over 100 MAX phases were synthesized and etched to yield
46 MXene compounds, many of them showing outstanding
conductivity, tunable surface functionality, variable work func-
tion, high optical transmittance, hydrophilicity, and solution
processability.*>*"*>!1 Conversion of MAX phases into MXenes
is typically achieved by etching AI** with HF or alternative
fluorine-containing agents. Practical applications of MXenes have
recently received an additional impetus due to the development of
sustainable and scalable fluorine-free syntheses. >

Along with MXenes, fast progress is observed in the chemistry
and applications of atomically thin and single-layer transition
metal dichalcogenides (TMDCs) with MoS(Se), and WS(Se), as the
most broadly studied representatives,>>*87337762:67,69,99,106 gingie
TMDC layers are formed by covalently bound metal and chalco-
gens, while separate layers are stacked due to van-der-Waals
forces.

Single-layer MoS, with a thickness of ca. 0.7 nm showed
a plethora of unique properties, including an outstanding
mechanical strength and Young’s modulus higher than
that of steel, as well as high charge carrier mobility of up
to 200 cm? V' s, making it highly promising for applications
in flexible optoelectronic devices.**>> TMDCs, in particular,
MoS, and WS,, show spectacular bandgap dependences on the
layer number, revealing indirect bandgaps as bulk solids and
direct bandgaps as single layers,®°>¢7113114 At that, the band-
gap of MoS, was reported to increase from 1.2 eV for bulk
solid to 1.8-1.9 eV for a single MoS, layer.***>°” Simultaneous
shifts of the CB/VB positions as well as exciton binding energy
result in a strong dependence of photophysical and ground-
state redox properties of atomically thin MoS, on the layer
number.”>'"
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As discussed in Section 3, these selected 2DMs have the
highest potential as charge collection layers (ETLs or HTLs) of
ePV devices with organic or hybrid perovskite absorbers. The
charge carrier selectivity depends on the type of conductivity
and Fermi level of 2DMs and in many cases can be varied so
broadly by chemical treatments and dopings as to allow the
same 2DM to be applied both as ETL or as HTL material,
depending on the 2DM processing history.

Fig. 1b provides a comparative “map” of electron levels of
some conventional absorbers, ETL, and HTL components of
organic and perovskite solar cells along with the typical posi-
tions of acceptor/donor levels of selected atomically thin 2DMs.
This map is only intended to provide an illustration of exemp-
lary cases of 2DMs applied as ETLs and HTLs, rather than to
assign static roles to specific 2D materials. As we discuss in
Section 4, the variability of the work function of most of the
2DMs presented in Fig. 1b is very broad, allowing the WF level
to be tuned “on demand” and even switch between ETL and
HTL roles for the same 2D materials by tailoring their surface
chemistry and electron density distribution. This WF variability
is exemplified in Fig. 1b for the cases of Ti;C,T, MXene ETL
and GO HTL, where the scope of reported WF values is shown
by yellow bars to provide an idea of the variability range. We
refer the readers for more details on the WF design to Section 4.

3. Multiple roles of 2DMs in ePV
applications

Atomically thin 2D materials find applications in all components
of ePV devices, including absorber layers, charge-selective trans-
port layers (ETL and HTL), and various interface layers. Along
with those roles, highly conductive and transparent graphene
was also reported as a good candidate for transparent electrodes,
especially on flexible substrates.>>?%26730:33,34,61763,98,99 1y the
following discussion, we focus consecutively on multiple roles
of 2D materials introduced into the light-harvesting layer as well
as into ETL and HTL components.

3.1. 2D materials in ePV absorbers

Considering their ultimately low thickness, single- and a-few-
layer 2DMs reveal intense light absorption. In particular, gra-
phene absorbs 2.3% of visible light being only ca. 0.3 nm
thick,718:26:28-30.62,99 while for silicon comparable absorbance
can be achieved for a 20-nm thick Si layer."*® Single-layer
TMDCs, such as MoS, and WS,, can absorb 5-10% of incident
solar light and, when combined into excitonic cells or with
graphene into Schottky-junction cells, they potentially can
show 1-3 orders of magnitudes higher power density as com-
pared to the best thin-film solar cells.'”*#51:53:99:116 gtj]| this
level of absorbance can be exploited only in exotic devices, for
example, in nearly transparent solar cells based on WS,
monolayers,'”” while thicker multilayer TMDC films typically
reveal high reflectivity requiring additional light-trapping
approaches to be introduced."”

This journal is © The Royal Society of Chemistry 2025
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In practice, atomically thin 2D materials are mostly intro-
duced as additives to more conventional absorbers, such as
organic bulk heterojunctions (BHJs) or lead-halide perovskites
to modify their properties. In the case of OSCs, 2D materials,
such as the antimonene bilayer''® can be introduced to
enhance exciton dissociation and reduce charge recombination
between the BHJ] components. In PSCs, 2D additives play
multiple roles, altering the morphology of the perovskite
absorber layer, passivating grain boundaries, aligning energy
levels of charge-selective layers and perovskite absorber, sup-
pressing ion migration, redox-reactions on interfaces, and
moisture penetration.

3.1.1. PSCs - active layer morphology. By their influence on
perovskite morphology, atomically thin 2DMs resemble self-
assembled molecular monolayers,'*® that tune the hydrophilicity
of the surface and density of nucleation centers.'**>° In particular,
antimonene films deposited on SnO, ETL provide nucleation sites
for the growth of formamidinium lead iodide (FAPI) crystals
resulting in vertically oriented growth of larger absorber grains
extending from ETL up to HTL with no grain boundaries parallel to
the substrate (Fig. 2a)."*° 2D materials pre-deposited on ETL/HTL
components induce more homogeneous nucleation and growth of
lead-perovskite crystals, generally resulting in larger grains and the
formation of much uniformer and denser absorber films (Fig. 2b
and c). The positive effects on perovskite grain size and film
uniformity were reported for GO (Fig. 2b),”° antimonene,”'*°
bismuthene,”” MXenes (Fig. 2c),*'"****71217124 and ultrathin PCN
layers.54’125’126

The introduction of MXenes in the PbI, layer during the
two-step perovskite deposition produces a system of pores
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facilitating subsequent diffusion of MAI and formation of a
uniform perovskite layer with no Pbl, residuals.'*"

3.1.2. PSCs - grain passivation and interfaces. Interaction
between lone electron pairs of the basal plane and/or functional
groups of 2D sheets with perovskites results in passivation
of undercoordinated Pb(m),'>®® suppressing defect-related
recombination, and contributing considerably to overall PCE
enhancement observed for antimonene,’*® phosphorene,??
MXenes,**47121:127,128 poN 54125129 gnq PTT additives.”*° 2DM
sheets form heterojunctions with perovskite grains facilitating
exciton dissociation and charge extraction, as reported for
WS,"*! and MXenes."*® A pump-and-probe study of MAPI/WS,
(MAPI is methylammonium lead iodide) indicated that
charge separation between components is extremely fast and
occurs within 50 fs.'*' When placed between ETL and
perovskite absorber, 2D additives, in particular, antimonene,'*°
bismuthene,”” MXenes,*""**'*?> and PTL,"*° modify energy level
alignment on the perovskite/ETL interface, increasing the
efficiency of electron extraction and electron mobility, as well as
blocking the hole extraction by ETL.

3.1.3. PSCs - stability. Interaction with functional groups
of 2D additives, in particular, PTI,'*° suppresses ion migration
in PSCs resulting in enhanced stability. Generally, PSCs with 2D
additives reveal much higher environmental stability and shelf-
storage time as compared to corresponding unmodified cells due
to a combination of grain passivation, suppressed ion migration,
and mitigated moisture ingress. Stability enhancement was
reported for antimonene (Fig. 2d),"*° bismuthene,’” and
MXene*>*"'?8 additives. Atomically thin C;N; and C;N; sheets
were reported to suppress redox reactions between NiO, HTL and
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Fig. 2 (a)-(c) Influence of 2D additives on the morphology of perovskite absorbers. The figure shows a schematic grain structure of the perovskite layers
in the upper panel (left — without additives, right — with antimonene sheets) with cross-sectional SEM images of corresponding layers on ITO substrates
on the lower panel. (b) and (c) SEM images of perovskite layers formed on ITO substrates (upper images) and pre-deposited layers of 2D materials (lower
images); 2DM is GO in (b) and MXene in (c). (d) and (f) Examples of the influence of 2D additives on the stability of perovskite-based solar cells. (e) Scheme
showing perovskite grain passivation by MXene nanoparticles. In (f) FA, MA — formamidinium and methylammonium cations. Reproduced with
permissions from ref. 120 (a) and (d), ref. 90 (b), ref. 121 (c), and ref. 127 (e) and (f). Copyrights: (2023) American Chemical Society (a) and (d); (2017)
The Royal Society of Chemistry (b); (2020) Elsevier B.V. (c); (2022) Wiley-VCH GmbH (e) and (f).
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perovskite absorber.*® Nanoparticles of halogenated MXenes
confined in grain boundaries of the FAPI absorber (Fig. 2e)
form Pb-halogen bonds with perovskite grains increasing the
stability of the cells dramatically even in harsh conditions of the
damp/heat tests.’*” Such cells maintain 85% of PCE after 1000 h
operation under thermal stress at 85 °C with no additional
encapsulation (Fig. 2f)."*”

3.2. Atomically thin 2D materials as ETL components in ePV

Many conductive and semiconductive atomically thin 2D mate-
rials with WF below 5 eV were reported to perform excellently as
ETL materials or additives to conventional ETLs in organic and
perovskite solar cells, the most popular 2DM ETLs includ-
ing graphene,22,26—30,33,57,62,99,134 reduced GO’27,28,30—34,62,99
phosphorene’36,37,57,60,106 MXeneS,38_43’45_47’57’60'62'75 and PCN54
(Fig. 1b).

The introduction of graphene into the network of meso-
porous titania ETL in PSCs was reported to increase the
electron collection capacity by a factor of 3.** In a similar
system, lithium-neutralized graphene oxide deposited over
mesoporous titania ETL enhanced the electron transfer from
perovskite absorber and increased the device photostability by
passivating oxygen vacancies of TiO, ETL.?* Combining titania
with phosphorene sheets allows the PSCs to be produced using
low-temperature processing conditions reaching PCEs compar-
able with those observed for conventional ETL annealing.®'

The addition of highly conductive Ti- and Nb-based MXenes
to metal oxide ETLs in ePV cells typically enhances the con-
ductivity and electron collection capacity of the transport
layers,**45747:84:122,135 ot the same time mitigating the photo-
catalytic activity of oxide ETL materials.®* In the case of PSCs,
composite TiO,/MXene ETLs showed enhanced performances
both for lead-halide and lead-free halide perovskite absorbers,
such as Cs,AgBiBre."*”

Suppression of the photocatalytic activity of oxide ETLs by
MXenes was found to be especially tangible for BHJ OSCs,
where photodegradation at the BH]J/ZnO interface under UV
illumination is one of the major instability issues. At that, ZnO/
MXene-based OSCs show PCEs comparable to those of ZnO-
only counterparts but demonstrate enhanced general photo-
stability (Fig. 3a).%*

Deposition of Ti;C,T, MXene on SnO, ETL passivates grain
boundaries of the oxide layer and creates a much smoother
surface, positively affecting the quality of perovskite absorber
layers, in particular, eliminating pinholes and reducing the trap
density.®® First-principles calculations indicated electron hybri-
dization between SnO, and MXene layers resulting in enhanced
electron mobility and electron extraction efficiency of compo-
site SnO,/MXene ETL, manifesting in a strong reduction of the
radiative lifetime in the perovskite absorber (Fig. 3b).*®

Recently, the feasibility of using individual Ti;C,T, MXenes
as ETL was reported, opening a new route to low-temperature
solution-processing of planar PSCs using liquid MXene inks.”®
Before MAPI absorber deposition, MXene layers on ITO were
subjected to UV/ozone treatment, resulting in partial conver-
sion of Ti-C bonds into Ti-O bonds. This treatment strongly
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enhanced the bonding between ETL and perovskite, at the
same time not affecting the vital properties of MXene, such
as conductivity and high electron mobility, resulting in a large
increase in PCE.”

The introduction of a partially oxidized Ti;C,T, MXene layer
between Ag/fullerene-based ETL and CsPbl; perovskite gener-
ates an additional electric field on the absorber/ETL interface
strongly enhancing electron collection and simultaneously
providing a physical barrier for moisture ingression.’*® Such
stack was used to produce small cells with PCE of almost 20%
as well as 25 cm® minimodules showing efficiencies close to
15% and remarkable stability during a 1000-h damp/heat test
under AM1.5G illumination (Fig. 3c)."*® In a similar system
based on partially oxidized Nb,CT, MXene, an almost 3% PCE
increment was achieved for composite SnO,/MXene ETL, the
devices showing less than 15% PCE loss after 1500-h of shelf
storage.'?*

Atomically thin polyheptazine carbon nitrides can be applied
as efficient ETL materials both for OSCs and PSCs providing
unique opportunities for tailoring WF and interactions with other
cell components by chemical functionalization.”**'* In OSCs,
self-assembled PCN layers formed by stacked single-layer PCN
sheets were reported to be as efficient ETL as conventional
nanocrystalline ZnO, at the same time showing a higher transpar-
ency and a lower light scattering, resulting in higher external
quantum efficiency (EQE) over most of the tested spectral range
(Fig. 3d).”* The introduction of sulfur-doped PCN between SnO,
ETL and perovskite absorbers results in considerably reduced
recombination on the ETL/perovskite interface due to passivation
of the undercoordinated Pb>* by sulfur atoms of PCN interlayer."*®

3.3. Atomically thin 2D materials as HTL components in ePV

Interest in semiconducting 2D materials with relatively high WF
(ca. 5 eV and higher, Fig. 1b) as HTL components of ePV cells is
stimulated by their chemical and photochemical stability and
promising hole-transporting and electron-blocking characteristics.
These characteristics make 2DMs a viable alternative to conven-
tional HTLs such as PEDOT:PSS (poly(3,4-ethylenedioxythio-
phene):polystyrene sulfonate) or Spiro-OMeTAD (N*N*N* N*,
N’,N”,N”/ N”"-octakis(4-methoxyphenyl)-9,9’-spirobi[9H-fluoren]-
2,2',7,7'-tetramin), notoriously known for their limited hole
conductivity and low stability. Similar to the above-discussed
case of ETLs, 2D HTLs, such as oxidized graphite,®>%3*%7

: : 22,26-30,32,34,57,62,78,90,91,94,95,107,138,139
GO and derivatives,” 12852 08,78,50,9 5,595,929, 207,228,

antimonene,>>*>% phosphorene,
PCN, 54141192 Ny en ag 40-43,45-47,57,60,62,75,87,106,123,143,144

23,36,37,57,59,60,86,106,137

and
provide multiple
possibilities of variations of chemical and electronic proper-
ties and can be introduced into ePV cells using solution-
processing approaches.

Single-layer graphene oxide was reported as an alternative
for PEDOT:PSS HTLs in P3HT/PCBM-based OSCs (P3HT is
poly(3-hexylthiophene-2,5-diyl), PCBM 1is phenyl-Ce;-butyric
acid methyl ester) as early as 2010, the GO-based devices
showing the same efficiency, but much higher stability.'**
The hole-extraction efficiency of GO can be controlled by partial

TMDCS’22,23,49—51,53,57—60,62,89,96,99,106,145,146
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Fig. 3 (a) Evolution of PCE of OSCs with ZnO and ZnO/MXene ETLs; (b) PL decay traces for perovskite combinations with different ETL materials;
(c) evolution of /-V curve of encapsulated PSC minimodule under damp-heat and 1-sun illumination registered for 1000 h; insert shows a photograph of
the minimodule; (d) upper panel — PCEs of OSCs with two different BHJs and single-layer carbon nitride (SLCN) and ZnO as ETLs; lower panel — EQE
spectra and integral Js. calculated from EQE spectra for a PTQ10/Y12-based cell with SLCN and ZnO ETLs; (e) evolution of PCE of PSCs with different
HTLs during shelf storage; insert shows a TEM image of a phosphorene sheet; (f) -V curve for a flexible PSC minimodule with a MoS,/PEDOT:PSS HTL;
insert shows a photograph of the minimodule. Reproduced with permissions from ref. 84 (a), ref. 85 (b), ref. 136 (c), ref. 137 (e), and ref. 123 (f). Copyrights:
(2020, 2023) American Chemical Society (a) and (b); (2022) Elsevier Inc. (c); (2022) Wiley-VCH GmbH (e) and (f).

reduction®°>13° as well as variations in the HTL thickness to

balance WF and conductivity.’>**>*% Additionally, GO pro-
vides a versatile functionalization chemistry, allowing the pro-
cessability and electrical properties of the 2DM to be finely
tuned. In particular, the decoration of GO sheets with -OSO;H
groups results in higher solubility for ink preparation and
almost three orders of magnitude increase in conductivity.”*
Fluorinated GO was used individually and combined with
PEDOT:PSS HTL, the mixture resulting in a higher PCE than
individual PEDOT:PSS.”® The latter example is of special inter-
est for low-temperature processing of OSCs as it reports stable
F-GO inks and a Field-metal back electrode formed in an open
environment without thermal vacuum deposition.”®
Antimonene sheets were tested as additives to HTL compo-
nents of 0SCs*>'%>'*? and PSCs*>°> showing multiple benefits,
such as increased hole conductivity, better contact to absorber

This journal is © The Royal Society of Chemistry 2025

layers, and suppression of side reactions between the absorber
and HTL.92'140’147

Atomically thin phosphorene is characterized by a high hole
conductivity and environmental stability making it a promising
HTL material for PSCs.®®*3” Perovskite cells with phosphorene
HTLs showed PCE over 15% and V, higher than 1 V attesting to
a high potential of this charge transport material.®® Fluorinated
phosphorene can passivate undercoordinated Pb** and provide
a smoother energy level alignment between the absorber and a
Spiro-OMeTAD HTL. At the same time, it shows excellent
humidity resistance, contributing to a dramatic enhancement
of the PSC stability (Fig. 3e)."*”

The introduction of Ti;C,T, MXene flakes into PEDOT-PSS
HTLs increases the hole extraction efficiency, hole conductivity,
and mechanical stability of HTL, making it a promising choice
for flexible PSCs."** An example of a flexible 15-cm” perovskite
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solar module with a PCE of ca. 16% was demonstrated with
HTL printed by blade-coating from a liquid MXene-PEDOS:PSS
ink (Fig. 3f).">® A mixed Nb,CT, MXene/PEDOS-PSS HTL was
developed for ternary OSCs showing maximal PCE of ca.
19%."** MXenes showed a high potential as interlayers between
perovskite absorber and carbon back electrodes in all-inorganic
PSCS‘87,148

Transition metal dichalcogenides, in particular, MoS, and
WS,, were recognized as promising substitutes for conventional
HTLs in OSCs*931°3:8996,146 and pSCs,**>15%145 that can be
readily adapted for solution-processed ePV using liquid-phase
exfoliation approaches discussed in Section 5. Even an ultra-
thin single-layer MoS, (0.67 nm thick) can be an efficient HTL
for PSCs, showing PCE higher than 20% for an inverted device
with ITO/MoS,/MAPI/TiO,/Ag configuration.'*> Thicker flakes
of MoS, (2-8 single layers) and WS, (2-4 single layers) stabilized
in liquid inks, as well as graphene/MoS, bilayer composites®”
were probed as HTLs in OSCs matching PEDOT:PSS in hole
extraction efficiency.”®*4®

The addition of polyheptazine carbon nitride sheets strongly
enhances the conductivity of PEDOT:PSS, allowing non-
fullerene OSCs to be manufactured with a reduced HTL thick-
ness and higher transmittance, resulting in tangible PCE
increments.™" The introduction of PCN as an interlayer
between NiO, HTL and perovskite absorber enhances cell
stability due to the suppression of redox reactions between
nickel oxide and iodide anions.'*>

4. Work function design in 2DMs

Atomically thin 2D materials show broad variations of electro-
nic properties, in particular, work function and charge carrier
mobility, enabling their applications both as electron- and hole-
transporting layers as discussed in Sections 2 and 3. This
variability stems from a high sensitivity of electron density
distribution in 2DMs on their chemical composition, doping,
and number of layers, on effects of external strains and fields,
as well as on electron density variations induced by solvation,
adsorbed molecules and ions, surface functional groups,
etC,26’102’109’149’150

Calculations indicated that the WF of MoS, (and WS,)
depends on the number of layers, decreasing from 5.9 eV
(5.7 eV for WS,) for single layers to 5.6 eV (5.3 eV) for double-
layer and to 5.4 eV (5.2 eV) for tri-layer formations of the same
chemical composition.”® We note that WF variations are dis-
cussed here in terms of absolute values relative to the
vacuum level.

The work function of atomically thin phosphorene sheets
was predicted to gradually decrease from ca. 5.2 eV down to ca.
4.5 eV as the number of layers was increased from 1 to 5.
Another spectacular example is antimonene which transforms
from an indirect semiconductor as a single-layer to the metal as
a bilayer.>>”"7*'°> Having extremely large surface-to-volume
ratios, atomically thin 2D materials are very sensitive to the
presence of defects and adatoms'®® as well as to external
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stimuli, showing strong and reversible changes of electronic

properties under external electric fields'>®***'%® and

strains.’4102,149,150,154-156

In ePV applications, a more practical way of tuning the
electronic properties of 2D sheets is to modify them chemically,
for example by the reduction/oxidation of the basal plane,
adsorption of molecular species with different electron densi-
ties, introduction/modification of functional groups decorating
the basal plane or adjusting the charge of the basal plane by
interactions with ionic species.*® These modifications can be
introduced flexibly and at different stages, in particular, during
the exfoliation of bulk precursors, in colloidal inks of 2D flakes,
as well as after the film deposition.

4.1. Oxidation/reduction/doping of basal plane

Graphene oxide sheets decorated with numerous oxygen-
containing functionalities (hydroxyls, carboxyls, epoxides, etc.)
provide an excellent example of a broad WF tunability by
chemical modifications of the basal plane.?®37%1%° The
controlled reduction of GO can be performed by thermal
annealing in a vacuum or by strong reducing agents such as
hydrazine’®'°%'°51%7 a5 well as in a photochemical
regime.”®'%% %1138 Thermal reduction of GO allows WF to be
gradually decreased from 5.5 eV to 4.5 eV (Table 1). The WF
correlates with the residual oxygen content indicating that the
WF modifications originate from the elimination of oxygen-
containing functionalities (Fig. 4a).">’

The WF of single-layer MoS, can be increased from ca. 4.0 to
4.5 eV by controlled oxidation in a vacuum resembling the
similar behavior of graphene.'®°

Thermal annealing of air-exposed polyheptazine carbon
nitride ETLs results in gradual oxidation of the basal PCN
plane and an increase of WF from 4.1 to 4.6 eV as the annealing
temperature is elevated up to 250 °C.>* The PCE of the PCN-
based OSCs shows a volcano-shaped dependence on the
annealing temperature (Fig. 4b), indicating there is an optimal
ETL WF for the particular BH]J, that can be easily tuned for
other donor/acceptor couples by the annealing parameters. The
Voe Of PCN-based OSSs decreases linearly with a shift of
absolute WF to higher values (Fig. 4b, insert), reflecting an
increase in the recombination losses at the BHJ/ETL interface
as the difference between the donor/acceptor highest occupied
molecular orbital (HOMO) and ETL level becomes larger.”?
Deeper oxidation of PCN under UV/ozone treatment results in
an even higher WF of ca. 5.3 eV, allowing PCN to be applied as
HTL material in OSCs,'®® perfectly illustrating the variability of
the charge-extraction capacity of atomically thin PCN.

Along with the above-discussed post-synthesis treatment of
PCN sheets, a broad variety of modifications of the basal PCN
plate can be performed during the polycondensation and
formation of the polyheptazine network resulting in consider-
able changes in the electronic properties of final PCN sheets.
These modifications include (i) substitution of native C or N
atoms of the heptazine heterocycles or (ii) introducing additives
in voids formed by adjacent heptazine units. By starting poly-
condensation from thiourea instead of conventional urea or
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Table 1 Some of the reported variations of WF of atomically thin 2D materials

2D material WEF variation method WF variation range Ref.
Graphene Intercalation/stacking 3.3-5.1 159
Molecular doping 2.9-5.3 160
GO Reduction 5.5-4.5 157
Reduction/covalent functionalization 3.7-5.1 161
4.9-5.2 162 and 163
Covalent functionalization 4.8-5.0 164
Deposition of Ag nanoparticles 4.9-4.7 165
Neutralization with Li* 4.9-4.0 163, 166 and 167
PCN Oxidation 4.4-5.3 168
4.1-4.6 93
Ti MXene Oxidation/reduction 4.1-5.0 169
Molecular doping 4.8-4.2 88
4.2-5.0 170
4.4-4.9 171
Oxidation 4.7-5.4 172
5.4-6.9 173
Covalent functionalization 4.7-5.3 174
Annealing 3.9-4.8 175

56 .
GOAITO, rGO/TO Lﬂ GO/ITO, rGONTO |b] N
54 —ea—4 nm small r ~
g +—7 nm small w
~v— 10 nm small 4
52 2 saerto L i
2
=50
3 i 0
Sas
w
x \; Work Functioh minimum /
S \ ,
346 N o 1
45:0.056V S ..'./.(4:’{' 5
a4t -
42 i Lt P i 2
L L L " " T 25 100 150 200 210 220 230 240 250
0 100 200 300 400 500 600 700 5 10 15 20 25 30 35 40 45 T (°C
Temperature °C % oxygen content a( )
L L L . L L Temperatures (°C)
559 F 300 400 500 600 T T T T y T T
@ @ s s ‘s : ssF g |I| 1 ~*—GCsF B . Hell
5.4 t - n-dopants p-dopants GCs,CO, hv=40.8 eV
<> / =5 [ R %50 «— GPEE
© 23 f - -3 =6 b\
= - +—GPEDOT 1 |}
€521 E b = < o~ iy
o 5 / 4.84 Annealing treatment .Q 45 3 £
‘g 5.1 Fl - ° e FARSETI
< > .
2 = 4.6 =4 5 [ E I
% 49] o |z \-\ X 35 £ i & 4 by
S KOH treatment 5= s 430 4
2 4.8 F \ ] A A
4 R _ . S 30 PLi)
4.7 4 \ - l ] r ! v s
S ol 1 L S
0 16 32 48 64 80 96 112 128 0 6 12 18 24 c‘;«@s‘\*c‘;c? ;‘\s\\?“glﬁl}ao;&e_aoc?i;\g$\ 38 37 36 35
Treatment time [s] Time (h) @ @ wot ot “o\“d W Binding energy (eV)

Fig. 4 Variations of WF of atomically thin 2D materials. (@) WF of GO as a function of vacuum-annealing temperature and oxygen content in GO. (b) PCE
of a non-fullerene OSC with polyheptazine carbon nitride ETL as a function of ETL annealing temperature. Insert: dependence of V.. on the ETL work
function. More details are in ref. 93. (c) Band edge potentials of pristine and B-, C-, O-, and S-doped PCN (left section), and PCN doped with different
amounts of K* (right section). The diagram was plotted using numerical data reported in ref. 65 and 176. Inserts show the proposed structures of some of
the doped PCN samples. Potentials are presented versus normal hydrogen electrode (NHE). (d) The work function of TizC,T, MXene as a function of the
duration of the oxygen-plasma treatment. (e) The work function of TizC,T, MXene as a function of the duration of thermal annealing and alkaline
treatment. (f) The work function of graphene doped with different molecular species. Structures of Magic Blue and (RuCp*mes), are presented in the
figure. (g) UV photoelectron spectra of graphene multi-layer stacks with different intercalates. See the description of abbreviations in ref. 162 (f) and ref.
164 (g). Reproduced with permissions from ref. 157 (a), ref. 176-179 (inserts in (c)), ref. 170 (d), ref. 83 (e), ref. 160 (f), and ref. 159 (g). Copyrights: (2015,
2016, 2021) American Chemical Society (a), (e) and (g); (2012, 2014, 2015, 2023) The Royal Society of Chemistry (inserts in (c) and (d)); (2017, 2021) Wiley-
VCH GmbH (insert in (c) and (f)); (2022) Elsevier B.V. (insert in (c)).

melamine, a portion of native carbon atoms can be substituted carbon-enriched (carbon-doped) PCN samples.'”® The intro-
with sulfur (Fig. 4c, inserts).®>'”” Polycondensation of supra- duction of formaldehyde during the polycondensation of mol-
molecular assemblies of melamine with cyanuric acid yields ten urea yields oxygen-doped PCN with carbon vacancies,
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forming spontaneously to retain the neutrality of the polyhep-
tazine network."”® Polycondensation of dicyandiamide in the
presence of KOH gives ‘“2D-intercalated” K-PCN products with
K" localized in voids formed by adjacent heptazine units (see
insert in Fig. 4c) that affect strongly the electron density
distribution of PCN sheets.”’® All these modifications allow
the position of the CB edge and, therefore, the Fermi level and
WF of PCN to be varied by more than 0.8 eV (Fig. 4c). The PCN
derivatives produced by doping and ‘2D intercalation” showed
excellent photocatalytic activity, while their potential for PV
applications is still to be evaluated.

Another example of the flexible charge extraction selectivity
of 2D materials is provided by Ti;C,T, MXenes, which can be
oxidized and reduced in a controlled way with their WF tuned
for both ETL and HTL applications.*!#>45:46,75,109,169,172,173,175
In particular, the WF of MXenes was varied between ca. 4 and
5 eV (Table 1) by UV/ozone oxidation and reduction with N,H,
yielding excellent HTL and ETL materials for non-fullerene
OSCs with efficiencies comparable to conventional HTL/ETL
materials."®® Very fast and controllable oxidation of MXene
layers at temperatures below 70 °C using high-power-density
oxygen plasma (Fig. 4d) is very attractive for the production of
0SCs on reactive flexible substrates.'”> Alternatively, Ti;C,T,
MXenes can be oxidized directly in aqueous inks by mild
thermal treatment, resulting in the conversion of Ti-C bonds
into Ti~O bonds and the transition of the MXene from metallic
to semiconducting state."”® In this case, the WF can be tuned
between ca. 5.4 and 6.9 eV by mixing oxidized and pristine
MXenes and producing promising ETL materials for PSCs."”

4.2. Functionalization

Variations of WF through covalent and ionic functionali-
zation were mostly demonstrated for GO>**>'®''%7 and
MXeneS’41,4Z,45,46,75,83,88,109,110,132,170,171,174 bOth haVing abun‘
dant and versatile functional groups ready for substitution and
coupling reactions.

Functionalizing graphene oxide with various fluorinated
groups via nucleophilic substitution of native epoxy groups
with piperidines yields atomically thin 2D materials with WF
varied from 3.7 to 5.1 eV (Table 1)."*" A moderate WF variation
(4.9-5.2 eV) was observed as a result of photochemical chlor-
ination of GO.'®” This approach enables a very delicate WF
tuning by varying the number of laser pulses GO films are
subjected to.'®* Neutralization of carboxylate groups of photo-
chlorinated GO with Li* decreases the WF back to 4.3 eV,
allowing the pristine CI-GO and neutralized ClI-GO-Li to be
applied as efficient HTL and ETL materials in fullerene OSCs,
respectively.'®*'°® Additionally, CI-GO-Li inter-layers between
the absorber and titania ETL were found to protect OSCs from
environmental humidity.'®® Similarly, GO (WF 4.7 eV) and Cs'-
neutralized GO (4.0 eV) can be used as HTL and ETL compo-
nents of OSCs, respectively, outperforming reference cells with
PEDOT:PSS HTLs and aluminum as ETL.'®” A WF decrease of
GO sheets due to partial electron transfer to Ag nanoparticles
deposited directly on GO sheets (Table 1) was used to fine-tune
HTL for low-temperature-processed PSCs.'®’
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Alkaline treatment of fluorinated Nb,CT, MXene sheets
results in the substitution of -F groups with -OH groups,
decreasing WF from ca. 4.6 to 4.3 eV, while further thermal
annealing converts hydroxyls into =0 groups resulting in a WF
increase to ca. 5.0 eV (Fig. 4€).®® In this way, both ETL and HTL
materials for OSCs can be produced from the same atomically
thin 2D precursor, showing superior charge-transport proper-
ties as compared to ZnO (ETL) and PEDOT:PSS (HTL) ref. 83.
A similar approach was applied to tune the WF of Ti;C,T,
MXenes yielding efficient titania/MXene ETLs for PSCs."*

Covalent grafting of Ti;C,T, MXenes with nitrophenyl
groups results in an increase of the absolute WF between 4.7
and 5.3 eV (Table 1), proportional to the surface density of the
anchored groups.'’ At the same time, the modification of the
MXene with amino acids introduces surface dipoles reducing WF
from 4.8 to 4.2 eV,% with a total WF variation “window” exceeding
1 eV if both methods are considered together. A similarly broad
tuning of the WF of Ti;C,T, MXenes can be achieved by surface
modification with ethanolamine reducing WF down to 4.2 eV,
while the deposition of Rh nanoparticles increases WF up to ca.
5 eV. Both materials showed excellent electron- and hole-
extracting properties in non-fullerene OSCs."”°

Non-covalent interactions with molecular species with dis-
tinct electron-donating or electron-accepting properties were
found to strongly influence the electron density distribution of
atomically thin 2D materials, allowing their WF to be tuned in a
large “window” of more than 2 eV (Table 1).'°%'7%1817183 A
perfect example of this approach is the WF evolution of a-few-
layer graphene sheets upon interaction with strong reducing and
oxidizing agents.'® At that, the interaction of graphene with a
strong acceptor - tris(4-bromophenyl)ammoniumyl hexachlor-
oantimonate (Magic Blue) shifts WF from ca. 4.5 up to 5.0 eV,
while the non-covalent doping with a strong donor - penta-
methylrhodocene dimer decreases the WF of graphene to 2.9 eV
(Fig. 4f)."®°

By introducing a series of molecular dopants with different
redox properties as well as varying the dopant concentration,
the WF of graphene can be smoothly tuned over the window of
2.9-5.0 eV yielding 2D materials with tailored charge extraction
selectivity. This approach appeared to be universal allowing the
broad WF tuning of other atomically thin 2D materials, including
TMDCs*#' 8% and MXenes.'”* In the latter case, the noncovalent-
dopant-controlled WF variation is especially attractive because
it can be performed without affecting the type and density of
functional groups.'”*

4.3. Intercalation

As we discuss in Section 6, the spontaneous formation of self-
assembled multi-layer stacks and intercalates from single-layer
2D materials is a highly promising route to new PV-relevant
materials with tailored electronic characteristics. This tunabil-
ity is exemplified by WF variations reported for graphene
intercalates produced by stacking the single-layer graphene
sheets in aqueous solutions of intercalating agents.”®'>°
Depending on the type of intercalated species, such multi-
layer films showed WF varying from ca. 3.3 eV for intercalated
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CsF up to 5.1 eV for intercalated PEDOT molecules (Fig. 4g),
providing an almost 2-eV window of WF variation. The inter-
calates were manufactured using low-temperature solution
chemistry from graphene grown by chemical vapor deposition
and applied as ETL and HTL of fullerene OSCs."*®

5. Solution-processing of 2DM inks for
printed ePV

Mechanical exfoliation of layered bulk materials is probably the
most straightforward approach to corresponding atomi-
cally thin 2D derivatives,>"?%28730:36,52,67.71,73,103,105 g
approach was pioneered to produce micron-size single-layer
graphene®®?¢?873%44 an( afterward applied to different layered
solids, such as MOSZ,49,50,52,53,67,69,115,184 antimony,25’70’71’73’102
BP,*®19%1%% and other 2DMs. The mechanical exfoliation is,
though, hardly scalable for mass production of 2D materials
and requires the tedious transfer of 2D flakes from adhesive
tapes to target substrates. Although mechanical exfoliation was
recently shown to be upscalable to the roll-to-roll production of
large-area 2DM films, the final products are typically multi-
layer sheets with a thickness of 10-100 nm."®>

Various types of epitaxial growth, such as molecular beam
epitaxy, chemical (physical) vapor deposition (CVD/PVD), or
atomic layer deposition (ALD) provide excellent control over the
thickness and stoichiometry of the 2D materials but also
typically require post-synthesis inter-substrate transfer.”>”°

In contrast to those methods, liquid-phase exfoliation (LPE)
of layered 2D solids was recognized as a versatile, relatively
“green” and cost-effective approach allowing the production
of atomically thin 2DMs to be upscaled to the industrial level.
This approach can yield stable liquid inks ready for “wet” film
deposition, in particular, by printing technologies, at the same
time ensuring reliable control over the morphology and proper-
tieS of 2DM ﬂakes.21’24_28’33'36’41_46'55’56'63’64’69_75’102_105'184’186
The development of LPE-based approaches to the colloidal
2DM inks was considerably stimulated by the transition from
high-temperature-processed mesoscopic metal-oxide charge
transport layers in PSCs to planar metal-oxide charge-collecting
layers deposited and processed at low temperatures.>**$2%3% At
that, LPE can be realized in a plethora of versions, including
spontaneous, intercalation-assisted, mechanochemical, and
electrochemical exfoliation.>>>*>*%3

The liquid “inks” of exfoliated 2DMs can then be processed
using a variety of established solution-based processing tech-
niques, including spin/dip/spray coatings and inkjet
printing.’®%*'8” Recently, remarkable progress was achieved
in the development of scalable and sustainable technologies for
the mass production of 2DM films, highlighting spray coating,
inkjet printing, and extrusion-based 3D printing as the most
promising venues.'®” These technologies allow 2DMs to be
deposited with high precision and complement each other.
The spray coating is suitable for the production of large-area
films with controlled thickness and roughness. The inkjet
printing is focused on smaller and more sophisticated patterns.
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The extrusion-based printing yields robust and shape-
conserving 3D architectures. At that, all these approaches show
a large room for upscaling and automation."®”

One of the best examples of spontaneous LPE was provided
by graphene, showing the feasibility of room-temperature exfo-
liation of graphite into 2D flakes in solvents with appropriate
solvation energy compensating the interlayer bonding
energy. 244134188189 por example, imidazolium-based ionic
liquids with tailored surface tension are capable of exfoliating
graphite spontaneously at room temperature."”® The inter-
action of graphite with ionic liquids can be strongly accelerated
by microwave irradiation resulting in spectacularly fast LPE
with high yields and selectivity for the atomically thin graphene
sheets. The exfoliated product can be converted into concen-
trated inks (ca. 100 mg mL ") with 95% of sheets showing a
thickness below 1 nm (Fig. 5a) and negligible structural
deterioration.'®" Stable and concentrated graphene inks were
also produced by the LPE of graphite in chlorosulfonic
acid.’®>'** The exfoliation rate and stability of final graphene
inks can be increased by adding stabilizers, such as thiourea.®

Similar to graphene, single-layer antimonene was produced
from pulverized Sb powder by ultrasound-assisted exfoliation
in butanol.>>”"°*'%* Imidazolium-based ionic liquids electro-
statically stabilize exfoliated antimonene sheets yielding inks
with two orders of magnitude higher concentrations.'*®*4%4”

Atomically thin phosphorene sheets were produced by spon-
taneous BP exfoliation by sheer stress induced by a combi-
nation of centrifugal and gravitational forces created in a
rapidly rotated vortex fluidic device. Simultaneous illumination
of the vessel by near-infrared laser imparts the sheets with high
vibrational energy and overrides the inter-layer van-der-Waals
forces.®' This approach shortens the exfoliation time by an
order of magnitude yielding stable and processable phosphor-
ene inks in 2-propanol.

Liquid-phase exfoliation of graphite and other layered bulk
materials is typically accelerated by ultrasonic irradiation
which facilitates the penetration of solvent in the interlayer
galleries and, at the same time, fractures the bulk materials
into smaller pieces, making them more accessible to
intercalation.’>*®°° Alternative to ultrasonication, colloidal
2DM inks can be produced using a wet-jet milling process,
where suspension of a bulk layered precursor is forwarded
under high pressure (180-250 MPa) through a system of
perforated disks with holes of different diameters generating
shear forces and resulting in the spontaneous exfoliation.®***
This method offers an unprecedented productivity of more
than 2 L per hour of stable 2DM inks with a concentration of
ca. 10 g L' and can be applied to various layered materials,
including graphite, boron nitride, and TMDCs.%*'°

Spontaneous ultrasound-assisted exfoliation of graphite
oxide yields single-layer GO which can then be converted into
reduced graphene oxide (RGO) with aromaticity tuned by
thermal,”'**'>” chemical,”®**>'*”'®! or photochemical'**'>%1%2
reduction. Layered graphite oxide is typically synthesized
via oxidizing graphite to graphite oxide with a mixture
of concentrated H,SO,, NaNO;, and KMnO,, followed by
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(a) Graphene: spontaneous LPE
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(b) GO: photoreduction (c) GCN: spontaneous LPE
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(e) Graphene: intercalation-assisted LPE
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(f) Graphene: electrochemical LPE
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Fig. 5 (a) AFM image (left panel) and thickness distribution (right panel) of graphene sheets in an ink produced by spontaneous LPE exfoliation of

graphite in an ionic liquid. (b) Bandgap evolution during photoreduction of colloidal GO in pure water (circles) and aqueous N,H4 solution (squares);
Insert shows photographs of original and photoreduced GO; (c) thickness distribution of PCN sheets exfoliated in agueous NEt;OH solutions; insert
shows exemplary photographs of colloidal SLCN under UV illumination (more detail in ref. 194 and 195); (d) SEM photographs (1-4) of non-exfoliated
MXene (1) and ultrasonic exfoliation products (2), vigorous shaking (3), and mild shaking (4); photograph of a typical MXene ink (5). (e) Scheme of
graphene intercalation, flake thickness distribution in graphene ink, and a photograph of the ink (3); (f) scheme of electrochemical LPE/covalent
functionalization of graphene sheets; (g) scheme of ultrasound-assisted exfoliation of TMDCs and photographs of resulting MoS, and WS, inks.
Reproduced with permissions from ref. 191 (a), ref. 87 ((d), cases 1 and 2), ref. 196 ((d), cases 3-5), ref. 197 (e), ref. 198 (f), and ref. 96 (g). Copyrights: (2015)
Springer Nature Ltd. (a); (2019) The Royal Society of Chemistry ((d), cases 1 and 2); (2022) American Chemical Society ((d), cases 3-5); (2018) Elsevier Ltd.

(e); (2017) Wiley-VCH GmbH (f) and (g).

ultrasound-assisted exfoliation into colloidal GO in
Water.76’78'80’90’94'95’100'101’138’157’161'162’166 Stable and prOCeSSable
GO inks can be produced by ultrasonic treatment in polar
water/dimethylformamide (DFM) mixtures."*

Reduction of GO results in the elimination of oxygen-
containing functionalities (carboxyl, epoxy, hydroxyl, etc.) and
gradual restoration of the aromatic character of the basal
plane.”®'%%'" [n cases of chemical reduction, these transforma-
tions are often accompanied by grafting of the basal plane with
various functional groups (fluorinated alkyls'®’ and aryls,”®
silanes,'®* 0OSO;H,** derivatives of piperidine and piperazine®"),
modifying the electronic properties of RGO’®'*" and making it
dispersable in various solvents (chloroform, chlorobenzenes,
toluene, DMF, ethylene glycol’®'¢%'%%)  guitable for solution-
processed ePV. Photochemical reduction of GO is an attractive
approach,”®'%%*8 a5 it can be performed in mild conditions both
for inks and films, allowing the bandgap, WF, and conductivity of
RGO to be reliably controlled by varying light exposure and

466 | Chem. Commun., 2025, 61, 455-475

introducing additional reductants (Fig. 5b). Parallel photochemi-
cal reactions can be performed to further modify RGO, for
example, photochlorination of the basal plane.®>

The solubility of RGO in water decreases rapidly as the
reduction depth increases due to the elimination of
functionalities.”*°° In this situation, stable aqueous inks can
be produced by stabilizing RGO with colloidal GO,”" most
probably via the formation of van-der-Waals aggregates.

Ultrasound-assisted exfoliation of bulk polyheptazine gra-
phitic carbon nitride (GCN) typically results in partial delami-
nation and formation of multi-layer GCN flakes regardless of
the used solvent,>>"29133:141,142,168 The gnontaneous exfoliation
of bulk GCN down to single-layer polyheptazines was reported
in aqueous concentrated NaOH solutions, most probably due to
nucleophilic substitution of residual NH, groups with OH,
imparting CN layers with a negative charge and facilitating
the delamination.?* A-few-layer flakes of GCN were produced
by ultrasound-assisted delamination in 1,3-butanediol.>*?
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Thermal etching of bulk GCN on air was reported to disrupt
interlayer bonding and drive the ultrasound-assisted exfolia-
tion toward the formation of single-layer and double-layer CN
inl(S.203_206

Bulk GCN was found to exfoliate spontaneously in hot
aqueous solutions of tetraethylammonium hydroxide (NEt,OH)
yielding stable optical transparent polyheptazine inks with a
nominal C3;N,; concentration over 0.5 M. The majority of
exfoliated flakes have thicknesses of ca. 0.5 and 0.9 nm, corres-
ponding to single-layer and double-layer polyheptazine sheets
(Fig. 5¢).'9%193207:298 The colloidal PCN inks show a bulk-like
bandgap of ca. 2.7 eV and intense photoluminescence (PL) with
a PL quantum yield (QYs) of ca. 50% (Fig. 5c, insert), indicative
of a low charge trap density. Liquid inks with atomically thin
polyheptazine sheets can be produced by modifying the GCN
structure with exo-templates.'®®> For example, the polyconden-
sation of urea intercalated in the galleries of layered double
hydroxides yields single-layer carbon nitride confined between
neighboring layers of the host."*® Acidic etching of the template
yields PCN sheets with a thickness below 1 nm, forming stable
inks DMF.

A polymorph of GCN, polytriazineimide, shows lower energy
of interlayer van-der-Waals interaction and exfoliates sponta-
neously into atomically thin sheets in aprotic polar solvents,
such as dimethylsulfoxide (DMSO) and DMF avoiding possible
damage of the layers by the ultrasonic treatment.'*°

Bulk molybdenum disulfide was exfoliated into 3-4 nm
thick flakes by mild ultrasonic treatment of bulk material in
a hot water/ethanol bath.?*® By increasing the power of ultra-
sonic irradiation the cavitation effect can be achieved in water/
ethanol®® and water/ammonia mixtures,'*® generating bubbles
that penetrate between the MoS, and WS, layers enhancing the
exfoliation into atomically thin flakes.

Layered MXenes, for example, Ti;C,T, or Nb,CT, show a pro-
nounced trend to spontaneous exfoliation into single-layer MXenes
under ultraSOniC irradiation46,75,83,85,87,88,121,122,128,132,135,136,169 as
well as in much milder conditions of manual shaking.”®'**'%
The aluminum etching in the precursor MAX phase can also be
performed in relatively mild conditions by contacting Ti;AIC, with a
mixture of LiF and concentrated HCl, or with ZnCl,,"*® yielding
MXenes with T = F or Cl, respectively.

The lateral size of MXene flakes depends strongly on the
conditions of the exfoliation (Fig. 5d), increasing from 1-3 pm
for standard sonication®*” to 2-10 pm for continuous manual
shaking**'® and even up to 40 um under minimal stirring of
the exfoliating MXene sheets.”>'*® A similar methodology was
also applied to produce liquid inks of other MXene com-
pounds, in particular, TizCNT,'** and Nb,CT,.** Alternatively,
the lateral size of MXene sheets can be reduced to a few
nanometers by subjecting lamellar Ti;C,T, suspended in ethyl
acetate to ultrasonication and pulsed laser illumination.**”

5.1. Intercalation-assisted LPE

Graphite is well known for its rich chemistry of intercalated
compounds,*>*'® many serving as natural precursors for spon-
taneous LPE. In particular, stage-1 intercalates of potassium-
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tetrahydrofuran (THF) spontaneously delaminate upon contact
with DMSO. Introduction of polyvinyl pyrrolidone stabilizes
inks with atomically thin graphene sheets with layer number
below 10 (Fig. 5¢).*°” Upon ultrasonic treatment graphite can be
oxidized and simultaneously intercalated with a mixture of
concentrated H,SO, and HNO; yielding colloidal nanosheets
of a-few-layer graphite.*""

Molybdenum and tungsten sulfides intercalated with Li"
were reported to spontaneously exfoliate in water to atomically
thin sheets consisting of 2-3 monolayers.'82!>213

Colloidal a-few-layer bismuthene sheets were produced by
the exfoliation of H,SO,-intercalated bulk Bi. The exfoliation is
facilitated by the introduction of ammonium persulfate and
H,0,. The former oxidizes the edges of the Bi sheets, while the
latter generates oxygen bubbles and expands the layered bulk
material.”””?** In a similar way, the formation of gaseous SbH;
during hydrolysis of a Li;Sb alloy produced by lithiation of
antimony with butyllithium assists the alloy exfoliation into
colloidal single-layer Sb sheets.”’

Interaction of GCN with concentrated H,SO, simultaneously
results in the partial oxidation of single polyheptazine layers,
intercalation of acid, and the grafting of carboxyl groups into
PCN sheets. Both the intercalation and functionalization facil-
itate the delamination of the intercalated GCN into single-layer
sheets at subsequent ultrasonic treatment.”>*'*?'> Superecritical
treatment of GCN with ammonia results in the intercalation of
NH; molecules between the layers and total delamination to
single-layer sheets during the following ultrasound treatment.>'®

Mechanochemical exfoliation of bulk layered materials is
achieved by mechanical grinding of the precursors in a plane-
tary mill filled by colliding hard inert balls, resulting in the
formation of a-few-layer flakes.>'”*'® The re-stacking can be
prevented by introducing stabilizing additives and/or solvents
as well as by partial oxidation under massive mechanical stress,
resulting in the functionalization of the 2DM surface.>'”**® In
the former case, the ball-milling can directly yield liquid inks,
while the latter treatment is typically followed by spontaneous
or ultrasonically-assisted dispersion. Though being universal
and potentially upscalable to industrial production levels, the
mechanochemical exfoliation typically yields relatively thick
sheets consisting of 10 or more layers, thus requiring addi-
tional exfoliation by other approaches to reach the single-layer/
a-few-layer state of the final 2DMs.

Within this approach, BP sheets with 7-15 single layers were
produced by ball-milling of the bulk precursor in a low-melting-
point medium (urea-glucose-NH,CI) followed by the dispersion
in organic solvents.”’®> Mechanochemical exfoliation of
graphite®®® or MoS,?**** can be achieved in the presence of
NaCl as a “hard” additive results in a-few-layer products readily
dispersible in organic solvents, such as N-methyl pyrrolidone,
DMF, or ethanol. Introducing both graphite and MoS, 2D
heterostructures can be directly produced with high yields
(ca. 75%).*' Mechanochemical treatment of graphite with
KMnO,/H,S0O, allows exfoliation to be combined with graphite
oxidation into graphite oxide, further exfoliating into GO
under ultrasonic treatment in water.”>****  Solvent-free
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mechanochemical exfoliation of MoS, to one-two-layer sheets
was achieved with yields higher than 60% in the presence of
graphene nanosheets as a stabilizer.”>® A broad variety of
MXenes was produced by mechanochemical approaches.?'

Recently, the grinding exfoliation was introduced as an
industrially-upscalable version of the mechanochemical treat-
ment, where mixtures of layered materials and hard microcrys-
talline additives are ground under a circularly moving press
with the additives playing the role of milling balls and forcing
the exfoliation of the layered precursor.”**?*” This approach
was developed for mixtures of MoS, and Mo,C as a hard
additive®® and further extended to other 2DMs such as boron
nitride, BP, and TMDCs, producing and water-dispersible
sheets composed of 10-15 layers with high yields (60-70%).>*”

Electrochemical exfoliation is an elegant and scalable
approach to the delamination of layered bulk materials into
single-layer and a-few-layer fragments by electrically driven inter-
calation and oxidation phenomena,?!?%%675109,112,137,184,228-230
Typically, it is performed in a two-electrode cell with bulk materi-
als as one of the electrodes. The electrolyte usually contains bulky
cations capable of bias-driven intercalation between the layers of
the exfoliated bulk material.

In particular, electrochemically intercalation of tetrabutyl
(TBA) cations in graphite yields hyperstage-1 intercalates with
an interlayer distance exceeding 1.5 nm.'®® These intercalates
react with diazonium salts resulting in spontaneous exfoliation
and decoration of graphene sheets with 3,5-dinitrophenyl
groups providing excellent dispersibility in DMF."® A-few-
layer phosphorene sheets were produced by one-step electro-
chemical exfoliation of BP in the presence of TBA salts.’*” At
that, TBABF, electrolyte supplies fluoride anions that can be
oxidized on the counter electrode and react with exfoliated
flakes yielding fluorinated phosphorene."*” The BP-TBA inter-
calate can be exfoliated into stable a-few-layer phosphorene inks
via a mild ultrasonic treatment in DMSO.*® Electrochemical
etching of MAX phases allows Ti;C,T, sheets to be produced
in mild HF-free and controlled conditions."*"'*?

6. Self-assembly of 2DMs

The solution-based synthetic approaches to atomically thin
2DMs are focused on the exfoliation of layered bulk precursors
with the colloidal 2D sheets typically decorated with functional
groups or ligands preventing their immediate re-stacking.
Destabilization of 2DM colloids, for example, by compensating
surface charge or by eliminating solvent/ligands, results in the
self-assembly of the atomically thin colloidal sheets into
layered aggregates bound by Van-der-Waals (VdW) interactions,
often capturing intercalated compounds from the original
ink.”"?*1723% Thig capability to self-organize opens a tremen-
dous potential for a combinatorial design of new composite
materials, combining different 2D species and functional
additives captured in the inter-layer galleries of such
de assemblies‘17,18,20,21,24,48,58,62,68,99,104,2317236 The Self‘

assembled materials reveal atomically abrupt changes of
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properties on the interfaces between 2D components avoiding
the formation of dangling bonds and defects typical for the
covalently bound heterojunctions.”® At that, the existing
“library” of single-layer and atomically-thin 2DMs can be used
as a sort of a “Lego” set to construct a variety of new materials
by alternatively stacking identical and different layers on top of
each other (Fig. 6a).”**

The liquid-phase exfoliation of layered materials is very
often driven by surface oxidation of bulk precursors and
electrostatic repulsion between newly-formed ionized func-
tional groups of neighboring monolayers. In this situation,
the edges of exfoliated 2D sheets are enriched with functional-
ities that can interact with edge functionalities of other sheets
resulting in two-dimensional (“horizontal”) self-assembly of 2D
sheets into larger-area thin films.?®%%>3¢ This tendency can be
used to spontaneously form macroscopic conductive/semicon-
ductive films serving as efficient charge-transport layers in PV
cells and still retaining atomically-thin character. An example is
provided by Ti;C,T, MXene forming large-area single-layer self-
assemblies on the surface of silicon, showing extremely low
resistivities and highly efficient electron-collecting behavior.>*°

A much more frequently observed and exploited self-
assembly mode is the spontaneous VAW stacking of atomically
thin 2D sheets into multi-layer formations.>°%/6%68:99,232,233,236,241
For example, single-layer graphene sheets introduced into aqueous
solutions show a tendency to restack and form intercalates of
dissolved compounds.'*****>*® The intercalation allows the WF of
the self-assembled graphene films to be varied in a broad range (see
Section 4) covering potential applications as both ETL and HTL
components and showing high conductivities already for 2-3
graphene layers (Fig. 6b)."*

Slow evaporation of water from single-layer PCN inks results
in spontaneous self-assembly of PCN sheets into loosely aggre-
gated multi-layered formation with an interlayer distance
almost twice as large as for the original bulk PCN (Fig. 6c)
due to the intercalation of stabilizing NEt,OH additive.>®”°
Simultaneously with the vertical stacking, the single-layer PCN
shows a tendency for horizontal self-assembly into honeycomb-
shaped frameworks with walls formed by 2-3 layers of PCN
(Fig. 6d).”°”?% Such self-assembled films revealed excellent
electron-transport properties in non-fullerene OSCs.”?

Vertical stacks of atomically thin sheets can be produced
by solution-processable layer-by-layer electrostatic assembly,
exemplified by electrostatic GO self-assemblies with poly-
diallyldimethylammonium (PDDA) chloride.>** In this approach,
a substrate is alternatively immersed into an aqueous ink of
negatively charged GO sheets and a solution of positively charged
polyelectrolyte macro-molecules, forming self-assembled stacks
with easily controlled thickness. Despite the presence of PDDA
between GO layers, the assemblies are competitive to PEDOT:PSS
as an HTL material for OSCs, with the best performance observed
for the films with 2 GO layers.>**

The tendency of atomically thin 2DMs to vertical VAW self-
assembly reveals an immense potential for the synthesis of new

composite materials by stacking different 2D sheets into the so-
called Janus assemblies,2021/24:48,52,53,58,62,68,99,104,231-234,236,241
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Fig. 6 Self-assemblies of atomically-thin 2DMs. (a) Schematic building of van-der-Waals heterostructures from a library of single-layer 2DMs similar to
“Lego”-like constructions. (b) The sheet resistance of self-assembled graphene intercalates as a function of graphene layer number. (c) Temporal
evolution of XRD pattern of single-layer PCN ink during spontaneous solvent evaporation. (d) AFM images of self-assembled PCN film on atomically
smooth mica. More details on (c) and (d) can be found in ref. 207 and 208. (e) TEM image and schematic structure of PCN/MoS, self-assemblies. (f)
Scheme of electrochemical exfoliation-assisted formation of bi-layer Janus heterostructures. (g) and (h) Calculated PCE as a function of donor bandgap
and conduction band offset in various Janus bilayer heterostructures. Reproduced with permissions from ref. 234 (a), ref. 159 (b), ref. 213 (e), ref. 237
(f), ref. 238 (g), and ref. 239 (h). Copyrights: (2013) Macmillan Publishers Limited (a); (2015, 2018, 2022) American Chemical Society (b), (g) and (h); (2020)

Elsevier B.V. (e); (2023) Wiley-VCH GmbH (f).

The stacking is typically performed for two single-layer compo-
nents, one having a positive surface charge, and another - a
negative surface charge, allowing perfect control over the
electrostatic assembly in solution-based processing.>>**?3¢
This approach is illustrated by alternating self-assembly of
single-layer PCN and MoS, sheets, showing zeta potential of
+32 mV and —35 mV, respectively.?’® By consecutively immer-
sing a substrate into PCN and MoS, inks, interstratified com-
posites can be produced with alternating PCN and MoS, single-
layers and a superlattice period of ca. 1 nm (Fig. 6e). The PCN/
MosS, self-assembly showed high photo- and electrocatalytic
activity, making it potentially promising for PV applications as
well.>"® Binary ZnIn,S,/MoSe, heterostructure produced by
electrostatic self-assembly showed prominent photocatalytic
activity in water reduction to H, due to highly efficient charge
separation between the atomically thin components.**?

Electrochemical LPE of two different layered materials on
cathode and anode yields simultaneously negatively and posi-
tively changed 2D sheets (Fig. 6f), ready for further electrostatic
self-assembly into Janus heterostructures.>” The general
applicability of this approach was proven for a variety of
materials, including graphene and TMDCs.>*

The properties of bi-component Janus heterostructures can
be broadly tailored, both by varying the composition of com-
ponents and the character of stacking. Still, the cases of
practical applications of such composites in light-harvesting
applications, in particular, emerging PV, are rather rare. Along
with the above-discussed examples, only a few more can be

This journal is © The Royal Society of Chemistry 2025

found, including the application of VAW assemblies of
pristine and oxidized Ti;C,T, MXenes as efficient ETLs in
PSCs'’® and graphene/MAPI/graphene stacks in prototype
photodetectors.”**

At the same time, the potential for combinatorial synthesis
of Janus hetero-stacks is immense, potentially including thous-
ands of possible combinations.”"*®*** Considering this com-
plexity, the search for new ePV-relevant materials and targeted
selection of the most promising combinations can be strongly
supported by high-throughput (HTP) computational screening
of monolayer materials and their stacking assemblies, which
has been rapidly developing in recent years, encompassing not
only ePV but also catalytic, ferromagnetic, piezoelectric and
other materials.>*>?*°

The HTP computational screening focuses on different
aspects of the pipeline leading from the original bulk layered
materials®*”>*° to exfoliated monolayers*' to bilayer*>* and
Janus>**?**?%* combinations of single-layer materials to final
optoelectronic devices.?*$%3°

The HTP computational estimation of the exfoliation feasi-
bility was performed starting from a large database of ca.
100 000 bulk compounds identifying ca. 2000 potentially exfoli-
able materials.**® In a later report, the exfoliability of more
than 10000 layered compounds was evaluated based on the
first-principles calculated elasticity tensor.>*® A dedicated
computational study of MXenes identified 136 potentially
exfoliable bulk MAX compounds that can be converted into
26 MXenes.>"’

Chem. Commun., 2025, 61, 455-475 | 469


https://doi.org/10.1039/d4cc05133e

Published on 02 Dezember 2024. Downloaded on 07.01.2026 16:29:45.

Feature Article

An HTP computational screening of ca. 1000 monolayer
semiconductors allowed many parameters of such materials,
such as lattice constants, formation energy, Young’s modulus,
Poisson’s ratio, shear modulus, anisotropic effective mass,
band structure, band gap, ionization energy, electron affinity,
to be calculated and assembled in a database.”*"

The search for exotic quantum states and properties often
observed for bilayer semiconductors requires browsing a vast
combinatorial space with different stacking models.”*>** Very
recently reported HTP density functional theory (DFT) calcula-
tions of binding energies of ca. 8500 homo-bilayer structures
produced by stacking of 1052 monolayers in different config-
urations can accelerate this search drastically.”>>**® In parti-
cular, these computations identified more than 120 bilayer
compounds with direct bandgaps produced from monolayers
originally having indirect bandgaps.>**

A computational DFT screening of ca. 20 000 Janus Van-der-
Waals heterostructures identified ca. 70 potential candidates as
ePV absorbers capable of reaching power conversion efficien-
cies beyond 20% (Fig. 6g).>*® A recent HTP DFT screening of
Schottky junctions formed by metallic and semiconductor
TMDC monolayers with a wide range of bandgaps and WFs
resulted in a database available for the design of new ePV-
relevant materials.>> Computational screening of Janus bilayer
structures of graphene with TMDCs indicated the formation of
an in-built electrical field enabling charge separation between
the components on the femtosecond time scale.>**

A set of more than 1500 stack heterostructures formed from
a library of 56 monolayer components was tested by HTP DFT
calculations for potential applications as excitonic absorbers in
ePV cells, identifying more than 90 composites with PCE
beyond 15% and 17 best candidates with PCE exceeding 20%
(Fig. 6h).>*°

To enable the development of machine learning (ML)-
assisted HTP material screening and application of artificial
intelligence, several computational databases were collected
and published.>**?>*?°¢ For example, a computational database
of ca. 6000 monolayer compounds (2DMatPedia) derived from
existing materials by substituting elements with analogs from
the same group of the periodic table was introduced.**>**° A
computational database of pristine and defect monolayer 2D
materials (2D Material Defect) was recently presented®®® with
defect states in phosphorene, MoS,, BN, InSe, and other mono-
layer materials calculated using HTP DFT as a potential basis for
training of ML algorithms.

7. Conclusion and outlook

Atomically thin 2D materials, such as graphene and graphene
oxide, covalent organic frameworks, layered carbides, and
metal dichalcogenides, reveal a unique combination of proper-
ties, ensuring their prospects and applicability in energy gen-
eration, conversion, and storage, including light harvesting in
emerging PV devices. With the major portion of the atoms on
the surface, the 2DMs allow a broad variability of the bandgap
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and interband transition type, charge carrier mobility, Fermi
level and work function, etc., via relatively mild chemical
modifications, application of external stimuli, or combination
with other 2D species into van-der-Waals heterostructures. This
flexibility of electronic properties marks 2DMs as universal
charge transport components in ePV cells, capable of acting
both as ETL or HTL materials with flexibly tailorable energy
levels, hydrophilicity, and compatibility with other components
of ePV devices.

The solution-based processing of 2DMs, while posing certain
challenges in terms of quality, purity, and morphological control
of final inks, has a large potential for industrial upscalability
which can be a decisive contributor to the future progress of ePV
technologies. The approaches of liquid-phase exfoliation are
readily upscalable and can be automatized, as highlighted by
the exemplary case of the wet-jet milling process, capable of the
high-throughout and continuous production of numerous 2DMs
in the form of concentrated liquid inks ready for further printing
applications. The mechano- and electrochemically-driven LPE is
expected to have a large upscalability potential, allowing the
exfoliation of bulk layered precursors to be combined with
chemical modification, highly controlled WF variation, and
spontaneous in situ self-assembly of 2DMs.

The broad variability of the work function is a characteristic
“trademark” of 2DMs that can become a game changer in the
selection of charge transport materials, conventionally treated
as “static” components with strictly defined energy levels. By
using 2DM ETLs and HTLs with variable work functions, the
energy levels of all cell components can be flexibly tuned and
adapted to specific ePV absorbers, providing two additional
variables for the experimental and computational optimization
of the charge generation and flows in ePV devices. At that,
variations in the energy level arrangement will be accompanied
by minimal changes in the structure and manufacturing of the
ePV cell, because WF tuning can be performed with minimized
and/or well-controlled chemical changes of the charge trans-
port components. This opportunity reveals a strong contrast to
the current state-of-the-art when WF values of ETL/HTL com-
ponents can only be changed by introducing new contact
materials requiring substantial modifications of the cell man-
ufacturing protocols and bringing risks of cell instability and
unwanted side reactions with absorbers and other cell compo-
nents. In the case of 2D contact materials, the cell manufactur-
ing can be adapted for specific ETL/HTL combinations, for
example, MXene ETL and GO HTL, and this particular ETL/HTL
couple can then be subjected to broad WF variations for both
contact materials easily performed within the same device
manufacturing routine.

The flexibility of electronic properties of atomically thin
2DMs comes along with their rather unique convertibility into
liquid inks ready for solution-based processing of ePV devices
using various printing technologies. This combination of tun-
able properties and ‘“wet” processability opens broad perspec-
tives for the integration of 2DMs as light-harvesting and charge-
transporting components in low-temperature-processed printa-
ble ePV on reactive or flexible substrates.
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Along with being competitive with conventional ETL/HTL
materials and having the WF variability as a unique ‘“selling
point”, atomically thin contact materials can bring additional
benefits to ePV devices based on disordered semiconductors, in
particular lead-halide perovskites. The deposition of perov-
skites on 2DM supports was convincingly shown to yield more
uniform absorber films with larger grains, passivated grain
boundaries and suppressed surface recombination. The passi-
vating role of 2DMs, both in charge transport layers and as
additives to the active layer, can be further extended and used
to suppress ionic transport and bind loose Pb** forming as one
of the degradation products, suppressing potential lead release
during the outdoor exploitation of perovskite solar modules. At
the same time, many 2DMs, such as MXenes and GO showed
pronounced shielding effects against environmental moisture
resulting in spectacular examples of stable ePV devices already
upscaled to the level of minimodules.

With variable work function, high conductivity, and a broad
range of spectral transparency, 2DMs can be considered pro-
mising interface materials for tandem and more complex
multi-junction ePV solar cells. For this prospective application,
wide-bandgap 2DMs, such as GO, PCN, or phosphorene, are of
special interest. A combination of tailored 2DMs such as ETL,
HTL, and interface components can become a viable route for
flexible multi-junction solar cells.

Along with the broad variations of the work function, the
atomically thin 2DMs offer another unique opportunity for
materials design via combinatorial stacking of the same and
different single and a-few-layer formations into vertical van-der-
Waals assemblies. The library of “building blocks” is already
large, including graphene and RGO in various reduction
depths, Xene sheets, covalent frameworks, such as PCN and
PTI, tens of MXenes, and TMDC sheets, and is growing con-
tinuously. Considering the straightforward rules of layer-by-
layer electrostatically driven self-assembly and the possibility of
alternating 2D sheets with oppositely charged small and poly-
meric ions, the number of potential heterostructures becomes
enormous and limited only by the imagination and resources of
the experimenter.

This vast compositional field offers perfect opportunities for
computation-driven accelerated discovery of new materials with
targeted properties, such as charge separation and transport,
mechanical flexibility, and optical responses. The progress in
van-der-Waals assemblies of atomically thin 2DMs as func-
tional and tunable components of ePV devices is expected to
be closely related to and strongly boosted by the development
of machine-learning-based methodologies of high-throughput
material screening and accelerated optimization of single- and
multi-junction ePV solar cells.
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