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In the ever-increasing energy demand scenario, the development of novel photovoltaic (PV)

technologies is considered to be one of the key solutions to fulfil the energy request. In this context,

graphene and related two-dimensional (2D) materials (GRMs), including nonlayered 2D materials and 2D

perovskites, as well as their hybrid systems, are emerging as promising candidates to drive innovation in

PV technologies. The mechanical, thermal, and optoelectronic properties of GRMs can be exploited in

different active components of solar cells to design next-generation devices. These components include

front (transparent) and back conductive electrodes, charge transporting layers, and interconnecting/

recombination layers, as well as photoactive layers. The production and processing of GRMs in the liquid

phase, coupled with the ability to ‘‘on-demand’’ tune their optoelectronic properties exploiting wet-

chemical functionalization, enable their effective integration in advanced PV devices through scalable,

reliable, and inexpensive printing/coating processes. Herein, we review the progresses in the use of

solution-processed 2D materials in organic solar cells, dye-sensitized solar cells, perovskite solar cells,

quantum dot solar cells, and organic–inorganic hybrid solar cells, as well as in tandem systems. We first

provide a brief introduction on the properties of 2D materials and their production methods by solution-

processing routes. Then, we discuss the functionality of 2D materials for electrodes, photoactive layer

components/additives, charge transporting layers, and interconnecting layers through figures of merit,

which allow the performance of solar cells to be determined and compared with the state-of-the-art

values. We finally outline the roadmap for the further exploitation of solution-processed 2D materials to

boost the performance of PV devices.

1. Introduction

Energy supply is one of the most pressing issues of the twenty-
first century, having a harsh impact on the global economy and
society.1–3 Unending technological development in any human
activity, ranging from transport to consumers electronics (e.g.,
cell phones, laptops, etc.) and even stationary applications,4 has
led to a growing demand of cost-effective and environmentally

friendly energy conversion and storage (ECS) devices.5,6 In this
context, photovoltaic (PV), or solar cell (SC), technology has
been at the center of an ongoing research effort,7–10 due to the
direct exploitation of energy from sunlight, which can signifi-
cantly contribute toward energy conversion in a sustainable and
economical way.11 Basically, SCs are electrical devices that use the
PV effect to convert energy of light directly into electricity.7–12 Thus,
SCs require a light-harvesting material that absorbs photons and
raises electrons from their molecular/atomic orbitals to generate
free electron (e�)/hole (h+) pairs via the PV effect.13,14 Once excited,
charge carriers can either dissipate the energy as heat and
recombine into their initial energy state or travel through the cell
structure until they reach their respective electrodes.15 In building
the SC structure, a built-in potential barrier (ideally corresponding
to the open circuit voltage VOC) is typically created to act on the free
charges, driving current through an external circuit, thereby
powering desired loadings.16,17

The maximum theoretical solar-to-electrical energy conver-
sion efficiency (Zth) of a SC for a single p–n junction (B33% for
1 sun illumination) is determined by the Shockley–Queisser
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(S–Q) thermodynamic limit.18 In agreement with the S–Q limit,
the charge carriers generated by photons with energies (Eph)
larger than the semiconductor bandgap (Eg) lose their excess
energy (= Eph � Eg) as heat through the excitation of lattice
vibrations.18 Since the energy conversion efficiency (Z), i.e., the
fraction of incident power that is converted into electricity,
remains one of the most critical parameters to optimize SCs for
implementation, several approaches to overcome the S–Q limit
have been proposed. Some examples include tandem cells
(multiple p–n junctions),19–21 hot-carrier SCs,22,23 SCs generating
multiple e�/h+ pairs for a single incident phonon,24–26 and multi-
band and impurity SCs.27,28

To improve commercially available SCs with respect to both
performance and cost-effectiveness, several potential photo-
active materials are under investigation. So far, doped forms
of single- or polycrystalline Si (i.e., 1st-generation SCs) have
comprised the lion’s share of SCs in the PV market.29,30 In fact,
they achieved Z superior to 25%,31,32 up to a record value of
26.7%.33 The latter was demonstrated in a heterojunction with
intrinsic thin-layer technology (HIT) based on thin amorphous
Si (a-Si) passivating layers and on interdigitated back contacts
on n-type Si wafers.33 Subsequently, thin-film solar cells
(TFSCs, i.e., 2nd-generation SCs), based on ‘‘thin’’ films having
a thickness of B1–2 mm, have played an important role in the
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field of PV with regard to both Z (422%)34,35 and cost-
effectiveness.36 Second-generation SCs are based on a large
variety of semiconductor materials, including crystalline (c-Si)37

and a-Si,38 as well as GaAs39 and metal chalcogenides,
such as CdTe,40 copper indium gallium diselenide (CuIn1�x-

GaxSe2 or CIGS),41,42 copper indium gallium selenide
sulfide Cu(In,Ga)(Se,S)2 (CIGSSe),34 CdTe/CdS or CdS/PbS
heterojunctions,43,44 and Cu2ZnSnSe4 (CZTSe).45 Thin-film
solar cells are characterized by some peculiar (opto)electronic

features, such as nearly ideal Eg for sunlight absorption
(B1.4 eV, according to the S–Q limit for single-junction SCs46)
and absorption coefficient (a) (Z105 cm�1) over a wide
spectral range (Fig. 1a and inset panel).47,48 For example, CdTe
has Eg of 1.44 eV and a of B1.115 � 106 cm�1, while CIGS has
Eg in the 1.0–1.6 eV range and a 4 1 � 105 cm�1.9 In addition,
both materials are direct-bandgap semiconductors, which
implies that they can efficiently absorb above-Eg light with a
thin-film layer (B1–2 mm).49 Based on the aforementioned
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(opto)electronic properties, CdTe and CIGS TFSCs reached Z
exceeding 19%31 and 22%,50 respectively, thus competing with
mainstream c-Si-based technology. Beyond 1st- and 2nd-
generation SCs, new potential PV technologies—most of which
are based on thin films—have also emerged as the 3rd-generation
SCs. These include organic solar cells (OSCs),51 dye-sensitized solar
cells (DSSCs),52–54 quantum dot solar cells (QDSCs),55–57 organic–
inorganic hybrid SCs,58,59 and perovskite solar cells (PSCs).60–62

Organic solar cells are based on conjugated polymers or small
molecules for light absorption and charge transport,51 DSSCs use
an electrolyte as the charge transporting medium,52–54 QDSCs
exploit solution-processed nanocrystals (quantum dots (QDs)) as
the light-harvesting material,55–57 hybrid SCs mix both organic and
inorganic materials as the photoactive component,58,59 and PSCs
are based on organic–inorganic halide perovskites material (e.g.,
CH3NH3PbX3, where X = Cl, Br, I or their mixture) as the
photosensitizer.60–62

The growth of the global market share of PV technology has
been impressive and the demand for cumulative solar PV
electricity generation is expected to move toward the scale of
hundreds of gigawatts in the near future (Fig. 1b),63–65 with Z of
2nd- and 3rd-generation SCs surpassing that of c-Si (Fig. 1b,
inset panel).

Fundamentally, an ideal photoactive material for SCs based
on thin films has to be a direct-bandgap semiconductor with an
Eg in the 1.0–2.0 eV range to absorb sunlight in a wide spectrum
range.46 Moreover, it should have high charge carrier mobility
(m)66 and should be compatible with one or the other material
constituting the cell architecture to form reliable electrical
connections.67 Notably, the optical penetration depth (dp),
(i.e., the spatial region in which most of the incoming photons
are absorbed to produce charge carrier pairs) of the photoactive
material is crucial to determine its thickness (t). In fact, dp can
be approximated to a�1, in agreement with the Lambert–Beer

law: Tr = (I/Io)�e�at, in which Tr is the optical transmission, while
I and Io are the intensity of transmitted and incident light,
respectively.68 Consequently, the most appropriate t value of
the photoactive material should be as close as possible to the
value of a�1, to facilitate charge transport toward the external
circuitry, without significant charge recombination losses.

Following the research effort on graphene,69,70 the develop-
ment of other layered two-dimensional (2D) materials (named
graphene-related materials (GRMs)),71,72 as well as other 2D
materials (e.g., nonlayered 2D materials and 2D perovskites), has
burgeoned into the field of SCs and optoelectronic applications. In
particular, graphene opens endless possibilities for new genera-
tions of SCs owing to its outstanding (opto)electronic properties
(e.g., low sheet resistance (Rs E 6.45 kO &�1),73 excellent optical
transparency in the UV-to-IR region (Tr 4 97.7%),73 high intrinsic
strength (B130 GPa), high Young modulus (B1 TPa), high
electron mobility (me) (4105 cm2 V�1 s�1),71 large specific surface
area (SSA) (B2630 m2 g�1),74 and excellent chemical stability and
catalytic activity toward photo(electro)chemical cell-related
redox reaction.75–77 Moreover, the (opto)electronic properties
of graphene can be tuned via its chemical functionalization
processes.78–80 In this context, graphene oxide (GO) (i.e., gra-
phene with C–O bonds and functionalities, such as –OH, CQO,
and COO– groups)81,82 or reduced graphene oxide (RGO),83 as
well as mono- and few-layered GRMs, exhibit electronic84–86 and
optical properties87,88 that are complementary to the graphene
ones. Among GRMs, transition metal dichalcogenides (TMDs)
with the general stoichiometry of MX2, where M is a transition
element of groups IVB–VIIB and X is a chalcogen (i.e., S, Se, and
Te) (Fig. 2), strongly emerged for their potential exploitation
in the development of novel SCs due to their physical
properties.89–91 For example, together with graphene and gra-
phene derivatives, TMDs are becoming attractive candidates as
electron/hole transporting materials in several types of SCs92

Fig. 1 (a) Light wavelength (l) dependence of the absorption coefficient (a) at room temperature (RT) of some semiconductor materials used in PV
technologies. The inset shows the maximum theoretical solar-to-energy conversion efficiency (Zth) of SCs under AM 1.5 light radiation determined by the
S–Q limit. Adapted from: ref. 47 and 48. (b) Description of the development of laboratory SCs. Inset: Cumulative installed PV capacity and plausible
projection in the near future. Adapted from: ref. 63, 64 and 65.
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due to their electronic structure capable to optimize charge
transport toward the current collectors.93,94 Overall, the field of
2D materials is an ever-expanding research area, and new GRMs
(e.g., metallic group-V TMDs,95,96 transition metal monochalco-
genides (TMMs),97,98 MXenes,99,100 silicene,101 phosphorene,102

antimonene,103 bismuthene,104,105 arsenene,106 and graph-
diyne107,108) and even other types of synthetic 2D materials
(not strictly belonging to the class of GRMs) are rapidly coming
into the fray. Finally, the scenario of solution-processed 2D
materials for PVs and, in general, optoelectronic applications,
has been recently extended to both nonlayered 2D materials109

and 2D perovskites.110,111 In their review article,112 Liu et al.
outlined the advent of 2D materials for several PV technologies,
showing the most important achievements up to 2015. It is now
crucial to provide an update on the use of 2D materials in SCs,
including OSCs, DSSCs, PSCs, QDSCs, organic–inorganic hybrid
SCs, as well as tandem systems.

The production of 2D materials by solution processing83,113

represents an ideal platform for the advancement of PV techno-
logies. In fact, liquid-dispersed 2D materials can be produced
with on-demand morphological properties, i.e., lateral size114,115

and thickness116–118 by exploiting sorting, or can be chemically
modified to tuning the (opto)electronic properties.119 Moreover,
2D materials produced by solution processing can be used for the
realization of composites,120 i.e., blending with polymeric
matrices, and the production of films by means of several coating
techniques, such as inkjet121,122 and screen123,124 printing, drop125

and dip126 casting, and spin127,128 and spray129,130 coating.
The possibility to produce and process 2D materials and

their heterostructures in the liquid phase represents a step
forward toward the development of industrial-scale, reliable,
inexpensive printing/coating processes, which can ultimately

lead to a reduction in the levelized cost of energy (LCOE) of
current PV technologies (less than 5 US cents kW h�1)131–133 to
compete with fossil fuels.134,135

In this review, Section 2 provides an overview of the structural
and (opto)electronic properties of 2D materials, highlighting the
differences of GRMs compared to their bulk counterparts. The
production and processing of GRMs in the liquid phase is
thoroughly discussed in this section. A brief paragraph focuses
on 2D nonlayered materials, while a specific discussion on 2D
perovskites is provided in the section related to PSCs (i.e.,
Section 6). In Section 3, we introduce the main figures of merit
(FoM) of SCs and SC components to facilitate the discussion
and understanding of subsequent sections. The use of solution-
processed 2D materials as building blocks in OSCs, DSSCs,
PSCs, and other types of SCs (i.e., QDSCs and organic–inorganic
hybrid SCs) is presented and critically discussed in Sections 4, 5,
6, and 7, respectively. Finally, Section 8 summarizes the key
results of solution-processed 2D materials in PV technologies,
providing the status, prospects, and challenges in this field.

2. Basic properties, production, and
functionalization of 2D materials
2.1 Basic properties of GRMs

As depicted in Fig. 3a, graphene is a one-atom-thick layer of carbon
atoms bonded together in a hexagonal honeycomb lattice.136

Owing to its unique physical and chemical properties,71 it became
highly attractive for fabricating conductive and transparent thin
films,73 even though numerous other (opto)electronic73 and
ECS5,137 applications exist. Graphene can be considered as the
starting material for all fullerene allotropic dimensionalities,

Fig. 2 Selected elements across the periodic table that—as a single element (e.g., Si, Ge), compounds (e.g., GaAs, CdAs), or alloys (e.g., SixGe1�x,
AlxGa1�x)—display semiconductor nature (into the blue frame) and the transition metals and three chalcogen (X) elements (enclosed by a red frame) that
predominantly crystallize in layered TMDs. Partial highlights for Co, Rd, Ir, and Ni indicate that only some of their TMDs form layered structures.
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including spherical buckyballs (zero-dimensional, 0D), one-
dimensional (1D) carbon nanotubes (CNTs), further categorized
in single- and multiwalled CNTs (SWCNTs and MWCNTs,
respectively) depending on the number of graphene layers, as
well as charcoal and graphite.138

Graphene nanoplatelets (GNPs), i.e., flakes of functionalized
graphene with a thickness ranging from B2 to B15 nm and a
lateral size ranging from the submicrometer scale to 100 mm,137

and (R)GO, obtained by chemical/thermal processes,82,83 are
the most frequently used graphene derivatives for large-scale
industrial applications, including composites142–145 and ECS
devices.5,137,142,146,147 There is a large number of studies that
detail the properties of GRMs.71,137,148 Therefore, herein, we
briefly focus only on the most peculiar properties of graphene, as
well as those of other layered materials. Single-layer graphene (SLG)
is a ‘‘zero-bandgap semiconductor’’ with the valence band (VB)
and conduction band (CB) touching at the Dirac points (see
Fig. 3b)148,149 and charge carriers that can be regarded as mass-
less electrons or Dirac fermions.148 Electron mobilities exceeding
2 � 105 cm2 V�1 s�1 at charge carrier densities of B2 � 1011 cm�2

have been reported by Bolotin and co-workers by suspending SLG
above a Si/SiO2 gate electrode.150 However, it has been shown that
graphene on SiO2 has a m value that is limited by scattering from
charged surface states and impurities,151–154 SiO2 surface optical
phonons,153,154 and substrate surface roughness.155–157 By searching
for alternatives to SiO2, it has been demonstrated that hexagonal
boron nitride (h-BN), an insulating isomorph of graphite with B and
N atoms and a small lattice mismatch (1.7%) relative to graphite,158

represents an ideal, flat dielectric substrate for graphene.159,160

Thus, graphene on h-BN can reach a me value exceeding 6 �
105 cm2 V�1 s�1,159 which is 3 times higher than those shown on
SiO2. These results suggest graphene to be an ideal channel material
for the fast transport of charge carriers in nanostructured and thin-
film electrodes.161,162 As a comparison, m of graphene is B200 times
higher than that of Si (B1400 cm2 V�1 s�1).163

Graphene, owing to its mechanical properties (i.e., flexibility
and stretchability),71 is an ideal material to fabricate flexible
and ultralight devices.164–167 It is important to highlight the
dependence of the (opto)electronic properties (e.g., Rs and Tr)
on the number of graphene layers. In fact, by investigating the
dependence of the Tr value of graphene on the number of
layers, Nair et al.168 reported that the opacity of graphene
increases by B2.3% for each added layer. Moreover, Li and
co-workers169 measured a Rs value that varies from 2.1 kO &�1

to 350 O&�1, moving from SLG to 4-layer graphene, while Tr is
reduced to B90% (at l = 550 nm) for 4-layer graphene (Fig. 4).

Overall, the aforementioned properties make graphene, as
well its derivatives, a distinctive material for PV applications. In
fact, low Rs, large SSA, and high m and Tr are essential require-
ments to be considered in the choice of material for the various
building blocks of SCs. Beyond graphene, there is a plethora of
other 2D materials that range from insulators (e.g., h-BN) to
semiconductors (e.g., TMDs, such as MoS2 and WS2, and
phosphorene), metals (e.g., TiS2 and several group-5 TMDs,
such as 2H- and 3R-TaS2, 2H- and 3R-NbS2, and 1T-VSe2), and
even superconductors (e.g., 2H-NbSe2) and charge density wave
materials (e.g., 1T and 2H-TaS2, 1T- and 2H-TaSe2, 2H-NbSe2,
1T-VS2, and 1T-VSe2) at low temperatures.170–173 In addition, 2D
materials, such as Bi2Te3, Sb2Te3, Bi2Se3, SnTe, and even
graphene, can display unique symmetry-protected helical metallic
edge states with an insulating interior, yielding so-called topo-
logical insulators.174,175 As for graphene, research on other
GRMs, including TMDs,176,177 TMMs,178–181 transition metal
oxides (TMOs),182 monoelemental 2D materials (silicene, phos-
phorene, germanene, stanene, borophene, gallenene, arsenene,
antimonene, bismuthene, plumbene, selenene, and tellurene),183,184

and MXenes,185 have provided evidences that the band structure of
such materials drastically changes as they shrink from the bulk to
the monolayer due to quantum confinement effects.170,171,186 The
abundance of GRMs and the ability to stack them in a layer-by-layer
manner in desired sequences, eventually through solution-
processed methods, offer the possibility to create novel three-
dimensional (3D) architectures with entirely new functions,187,188

which have been foreseen to design the next generation of PV
devices.189 In particular, the so-formed heterostructures are held

Fig. 3 (a) Schematic of the honeycomb graphene network as formed by
C atoms and bonded basal s bonds perpendicular to p orbitals. The other
graphene-derived allotropes of C are also shown. Adapted from ref. 139
and 140. (b) Band structure in the honeycomb lattice. In the enlarged
picture, the energy bands close to one of the Dirac points are also
sketched. Adapted from ref. 141.

Fig. 4 Sheet resistance (Rs) and transmittance (Tr) of a graphene (film) as a
function of the number of stacked graphene layers. Adapted from ref. 169,
Copyright 2008, American Chemical Society.
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together by van der Waals forces, as occurring in other layered
materials. Since the family of GRMs is continuously expanding,
the complexity of the heterostructures that can be created is
nearly unlimited.190 The stacking of different GRMs can lead to a
series of synergistic effects, such as190 (1) charge redistribution
between closed materials (and even more distant materials) in
the stack; (2) structural changes in the stacked materials, whose
ultimate properties depend on their orientation relative to the
neighboring materials. In addition to leading to the discovery
and observation of novel thrilling physical phenomena, the
enormous range of functionalities of 2D material heterostruc-
tures has yielded applications in PVs and optoelectronics. For
example, photoactive semiconducting layers (e.g., TMDs) have
been coupled with graphene as transparent electrodes to form
photodetectors.191,192 In addition, the combination of 2D materials
with different work function (fW) values (such as MoS2 and WSe2)
enables photoexcited charges (electron and holes) to be accumu-
lated in different layers, resulting in indirect excitons with long
lifetimes and tunable binding energies.193,194 At the atomic scale,
p–n junctions (e.g., GaTe/MoS2) have been created to provide
highly efficient carrier separation, reaching external quantum
efficiency (EQE) higher than 60%.195 The exciting and vast topic
of 2D material heterostructures is subject of relevant reviews, for
which we refer to more in-depth discussions.187,190,196–199 In the
context of our work, it is worth pointing out that the realization of
2D material heterostructures with atomic precision and predeter-
mined features by means of scalable solution-processing methods
remains a formidable challenge. Nevertheless, the feasibility of
printed heterostructures has been proven by several works,200–204

paving the way toward their integration in advanced energy
conversion devices, including SCs.

It is important to point out that GRM films formed by
interconnected flakes are commonly proposed as functional
components in several massive applications, including energy
conversion and storage applications.5 In fact, this approach can
be realized by printing GRMs that are produced in the form of
inks and pastes by means of scalable methods, such as liquid-
phase exfoliation (LPE) (detailed discussion of solution-based
syntheses and processing of GRMs is provided in Section 2.4).205

Although, in principle, the properties of each flake can be
preserved, the properties of whole films strongly depends on
their morphology and structure, which are determined by the
orientation and interconnection between the composing flakes.
The same flakes can show different lateral sizes, thicknesses,
and chemical compositions (in the case of heterogeneous films),
resulting in different optoelectronic characteristics.205 For the
specific case of graphene flake films, contact resistance between
the flakes and poor film compactness drastically decrease the
conductivity of films compared to that of SLG and FLG
(410 000 S cm�1).69 Based on our experience, an as-deposited
film of pristine graphene flakes typically shows a conductivity
lower than 10 S cm�1, together with poor mechanical properties.
In order to strengthen the interconnection among graphene
flakes, the incorporation of polymeric binders and other con-
ductive additives, e.g., carbon black, is a common strategy that
enables a low-temperature-processed film to achieve conductivity

higher than 100 S cm�1.206 In particular, the use of carbon black
nanoparticles (NPs) or other carbon NPs is effective to fill the
voids of the as-deposited network of graphene flakes, which are
consequently electrically bridged.206,207 The application of pres-
sure, as well as thermal treatments, can further increase the
conductivity of graphene flake films.208,209 In fact, compression
treatments make the graphene-based films denser by decreasing
the distance between flakes.208 Meanwhile, thermal treatments
can decompose or even evaporate the binders and/or surfactants,
which limit the conductivity of the film.209 Similar arguments
apply to films composed of flakes of other GRMs besides
graphene, although their functionalities can be different from
those discussed above for graphene flake films.

2.2 Two-dimensional materials beyond ‘‘conventional’’ GRMs

2.2.1 Nonlayered materials. Beyond the class of GRMs,
nonlayered materials have been created in 2D forms, raising
the research interest on either fundamental research or appli-
cations in the field of optoelectronics.109,210–212 A comprehensive
overview on the recent advancements of photoelectric devices
based on 2D nonlayered materials is given in ref. 109, as well as
in previous reviews.210–213 In the context of PV applications,
nonlayered materials display fascinating properties, which can
complement those of GRMs.214 In particular, the presence of
structural distortions, surface dangling bonds, and coordinated–
unsaturated surface atoms can promote rapid interfacial charge
transfer,214 thereby leading to efficient charge extraction in PV
devices. In addition, their chemical reactivity can be used to
create in situ interface engineering for the design/realization
of novel concepts of charge extraction.109,214 Example of 2D
nonlayered materials are oxides/hydroxides (e.g., a-FeOOH,215

CoOOH,215 TiO2,215 g-Ga2O3,216 Fe2O3,217 Co3O4,217 Mn2O3,217

and mixed oxides such as ZnMn2O4 (ZMO),217 ZnCo2O4,217

NiCo2O4,217 and CoFe2O4
217), sulfides (e.g., Ga2S3,218 ZnS,215

NiS,215 FeS2,219 and CuFeS2
220), selenides (e.g., In2Se3

221 and
ZnSe222), tellurides (e.g., ZnTe),223 Ni-B oxide,224 g-CuBr,225

CuI,226 InI,227 PbS,215 carbonates (e.g., CaCo3, ZnCO3, MnCO3,
FeCO3, and PbCO3),215 as well as elemental Ge,228 Bi,229,230

Te,231 and Se.232 In this list, In2S3 is a direct-bandgap semi-
conductor in both monolayer and few-layer forms,221 leading to
a significantly different behavior compared to group-6 TMDs.
Other 2D nonlayered materials, such as Ga2S3 and CuBr, exhibit
bandgaps of around 3 eV,225,233 which is between those of
group-6 TMDs and h-BN. Therefore, they can be considered
as photoactive materials in the UV spectrum, as well as
advanced charge-selective layers. Meanwhile, materials such
as elemental ones (e.g., Ge, Te, Se) or CuFeS2 exhibit bandgaps
of less than 1 eV,220,228,231 bridging the optical properties of
graphene and the most established TMDs. Moreover, such bandgap
values are attractive for the development of near-infrared (NIR) to
mid-infrared (MIR) photoabsorbers. Other essential features of 2D
nonlayered materials are the high tunability of their optoelectronic
properties by means of engineering their surface chemical
properties (e.g., control of the number of vacancies in In2S3

234

and Ga2S3
218), as well as theoretical high charge mobility

(e.g., electron mobility up to 252 000 cm2 V�1 s�1 for PbS).235
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To date, 2D nonlayered materials have been demonstrated for
UV-sensitive photodetectors, reaching a responsivity of up to
3.3 A W�1 for Ga2O3,236 400 A W�1 for a-Bi2O3, and 3.17 A W�1

for g-CuBr.225 In addition, visible-light photodetectors were
successfully achieved using CdTe nanoflakes (responsivity of
0.6 mA W�1),237 ZnTe nanoflakes (responsivity as high as
453.9 A W�1),223 and a-MnS (responsivity of 139 A W�1).238

PbS,239 ZnSb,240 and Te231 nanoflakes were used for IR photo-
detection, reaching responsivity of 1621 A W�1, 89.2 A W�1,
and 13 A W�1, respectively. Finally, CuGaSe2,241 a-In2Te3,242

Pb1�xSnxSe,243 Bi,229,230 In2S3,234 CuInSe2,244 Te,245 and Ge228 have
also shown attractive properties for broadband photodetection.109

Beyond the use of single 2D nonlayered materials, more complex
photodetectors have been produced by coupling 2D materials,
including layered and nonlayered ones, in the form of in-plane
and out-of-plane heterostructures. Therefore, novel Schottky
structures, p–n junctions, and phototransistors have been suc-
cessfully proposed, as summarized in ref. 109. The application
of 2D nonlayered materials has also been reported, although
this technology is still in an early stage of development.109 The
progress in the control of unsaturated dangling bonds of 2D
nonlayered materials is mandatory for the realization of high-
quality PV devices. Recently, CdS/Cu2S heterojunction with a
clear PV effect was realized via the cation-exchange protocol,
yielding an Z value of 2.1% (despite a cell thickness of only
B30 nm).246 Alternatively, GRMs have been used as an ideal
interface for the growth of 2D nonlayered materials.109 Based
on this strategy, a PV device was fabricated by directly deposit-
ing a thin layer of MoO3 onto MoS2, reaching an Z value of
3.5%.247 Despite these progresses, the application of 2D non-
layered materials in prototypical SCs, including 1st-, 2nd-, and
3rd-generation SCs, has not been established yet, probably due
to the difficulties in producing 2D nonlayered materials on a
large scale.109 Therefore, these materials will not be the specific
subject of discussion in the present work. By achieving repro-
ducibility in terms of thickness, crystallinity, and structural
properties, their incorporation in practical PV devices could
represent a key point to drive PV technologies beyond their
current performances.

2.2.2 Two-dimensional conjugated metal–organic frame-
works. Metal–organic frameworks are crystalline coordination
polymers that have emerged for various applications (e.g.,
energy conversion and storage systems, proton conduction
membranes, and sensors) owing to their ultrahigh porosity
(up to 90% free volume) and large surface area (even beyond
6000 m2 g�1).248 The topic of MOFs is a research hotspot in
materials science, as comprehensively reviewed by several
recent literature works,248–250 to which we specifically refer
the reader of this work. As an evolution of MOFs, their 2D
form, i.e., 2D c-MOFs, has also been developed to extend the
properties of traditional MOFs. For example, the long-range
p-conjugation in their 2D planes promotes the delocalization
of charge carriers within the network, leading to high mobility and
conductivity,251,252 as well as providing additional possibility for
multifunctional electronic devices for the recently called
‘‘MOFtronics.’’253 In particular, 2D c-MOFs can exhibit high

stability together with tunable optoelectronic properties, (photo)-
electrochemical activity,254,255 ferromagnetic ordering,256 and
topological states,257 yielding a potential source for SCs,
beyond their use in batteries258,259 and supercapacitors.260,261

In addition, their liquid-phase processability is particularly
relevant for the realization of solution-processed SCs. For
example, a thiol-functionalized 2D c-MOF has been recently
used as an electron-extracting layer at the perovskite/cathode
interface.262 Meanwhile, a Te-based 2D c-MOF was introduced
in PSCs to passivate the electron transporting layer (ETL) in TiO2,
while improving the morphology of the perovskite photoactive
film.263 Despite these promising results, the use of solution-
processed 2D c-MOFs in SCs is still in its infancy, even though it
is plausible that these materials can prospectively play a significant
role in PV devices. In particular, we expect that the progresses in
their synthesis, as well as the scaling-up of their synthesis
strategies, will be crucial for the rational implementation of 2D
c-MOFs in cutting-edge SC technologies.

2.2.3 Two-dimensional carbon nitrides. By attempting to
open the zero Eg of graphene to provide intrinsic semiconductivity
while maintaining a graphite-like atomic crystalline structure,
bottom-up approaches with C-rich and N-rich precursors were
successfully reported to produce 2D carbon nitrides (CxNy),

264

including the most prevalent ones such as graphitic carbon nitride
(g-C3N4),265,266 C2N,267–269 C3N,270,271 and C5N2.272 Owing to their
large surface area and tunable optoelectronic properties, such
class of materials has been widely investigated for the realization
of photocatalysts (and even photocatalyst supports)273,274 and
(electrochemical) energy storage systems.275–277 Beyond these
applications, 2D CxNy also represents a promising class of
solution-processable materials for SCs, as testified by their use in
OSCs,278,279 DSSCs,280–282 and PSCs.283–286 However, compared to
GRMs, the rational engineering of most 2D CxNy materials is still
limited, and theoretical studies are needed to elucidate the
influence of the number of layers, defects, and chemical modifica-
tions on their performance when used as functional components
in SCs. Moreover, it should be noted that the precursors used for
the synthesis of 2D CxNy are often expensive, and the synthesis
strategies are complex and require highly controlled experimental
conditions. These aspects critically limit their use in massive
applications, including SCs. Therefore, the present work will not
focus on this class of materials, even though some results achieved
with the most established CxNy materials are mentioned in the
discussion on PV technologies investigated here.

2.3 Classification of semiconductor 2D materials: n-type or
p-type materials?

To provide some guidelines regarding their functional role in
SCs, semiconductor 2D materials can be classified depending
on their (opto)electronic properties. However, for the case of
solution-processed 2D materials, such properties are strongly
influenced by both structural and chemical characteristics. The
possibility to on-demand tune the (opto)electronic properties by
structural and chemical engineering is a key feature of solution-
processed 2D materials, making them extremely versatile for
application in PV devices. As discussed in the following sections

Review Article Chem Soc Rev

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

02
5/

11
/2

 1
8:

36
:1

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00106j


11878 |  Chem. Soc. Rev., 2021, 50, 11870–11965 This journal is © The Royal Society of Chemistry 2021

(4, 5, 6, and 7), the structure of SCs is commonly engineered by
introducing proper charge transporting layers (CTLs), which
efficiently and selectively extract the photogenerated charges,
improving the device performances. In this context, it is com-
mon to consider p-type and n-type materials to extract holes and
electrons, respectively. However, the choice of CTLs can follow
more complex rationales. In fact, the charge transporting prop-
erties are determined by the entire electronic structure of the
materials, as well as by their chemical reactivity with the
interfaced materials. As a striking example, MoO3, which can
also be found in the 2D form, is a typical n-type material that
acts as an efficient hole transporting layer (HTL) due to its high
fW.287,288 The latter can even be higher than 5 eV,289 similar to
that exhibited by common p-type materials used to extract
photogenerated holes.290 Therefore, MoO3 can efficiently collect
holes from its CB through an electron injection mechanism.291

Furthermore, MoO3 forms a highly p-type-doped interface with
active materials having ionization energies lower than fW of
MoO3, favoring the hole extraction process.291–293 Similar to
MoO3, 2D materials can go against the rules ‘‘p-type materials
collect holes’’ and n-type materials collect electrons’’; therefore,
they should be specifically examined to understand their
functional role in the SC structure. Based on this consideration,
semiconductor 2D materials will not be classified as n-type or
p-type materials because there is no a clear one-to-one corre-
spondence between 2D materials and their electronic properties,
as well as between the electronic properties of solution-processed
2D materials and their functional role in PV devices.

2.4 Solution processing of 2D materials

The design, development, and production of (opto)electronic
devices73,86,294,295 inherently depend on the properties of the
available materials.83,296 Different methods have been reported for
the production and processing of GRMs. The main approaches for
the production of GRMs have been summarized in previous
works.83,296–298 Although proof-of-concept PV devices have been
demonstrated for exploiting micromechanically cleaved materials,299

the discovery of scalable methods to produce GRMs with
‘‘on-demand’’ tuned structural and (opto)electronic properties
is a ‘‘must’’ for the realization of practical SCs. The production
of large-area, high-quality GRMs is still one of the most urgent
needs of this research area,83,296,297 even though several pro-
gresses have been accomplished at the industrial level. The
requirement to exercise control at the monolayer level needs
the understanding of surface physics and chemistry, which has
so far not been fully demonstrated in any multicomponent
materials system. For example, progress is being made toward
the production of large-area single crystals,297,300–306 a key
process for the development of high-quality thin films with
both optical transparency and electrical conductivity.307,308

Growth techniques reported in the literature for 2D materials,
e.g., chemical vapor deposition (CVD), molecular beam epitaxy
(MBE), and atomic layer deposition (ALD), have been con-
ventionally used to create heterostructures based on graphene,
other elemental 2D materials, TMDs, TMOs, h-BN, and oxide
materials.83 For example, significant progresses have been

made in the growth of graphene on metals309 and on silicon
carbide (SiC).83,310,311

By carefully choosing the individual components, one can
tune the growth/production parameters, creating GRMS ‘‘on
demand’’ for the design and realization of van der Waals
heterostructures with functional properties.187,312,313 However,
the growth of 2D materials by means of the aforementioned
synthesis routes is challenging in the case of nonmetallic
substrates.314 In order to exploit the availability of high-
quality synthetic 2D materials for practical devices, the transfer
and alignment processes of 2D films on arbitrary substrates
have to be developed. Several transfer processes classified as
wet- or dry-transfer have been proposed and utilized so
far.83,297,305,315–319 In the wet-transfer process, the as-grown
2D material contacts the liquid during at least one step of the
process.83 This determines the occurrence of adsorbates that are
trapped onto the 2D materials surface, significantly influencing the
interface quality. To avoid this drawback, dry-transfer processes
have been established to create perfectly clean interfaces.83,320 This
has been a crucial step for the demonstration of the fundamental
properties of 2D materials, which requires extremely low densities of
interface traps and dangling bonds.321

Recent reports on the dry transfer of graphene using pick-and-
place techniques322 and exploiting h-BN as the 2D dielectric have
successfully achieved extremely high m (i.e., 350 000 cm2 V�1 s�1) in
graphene.323 However, transfer processes intrinsically represent
limitations for the integration of high-quality 2D materials in
practical devices, in which direct material growth on ad hoc
materials and/or solution-based processing are required for the
realization of high-throughput device manufacturing chains.
Recently, the direct growth of graphene on glass, creating the
so-called ‘‘super graphene glass,’’ has attracted enormous inter-
est to circumvent transfer-process-related issues for practical
applications,324–327 including transparent conductors, smart
windows, simple heating devices, and SC electrodes. However,
the CVD growth of high-quality graphene is still challenging,
and ‘‘super graphene glasses’’ currently show (opto)electronic
properties still far from those of CVD graphene grown on
metallic substrates.324 In fact, on a catalytically inert glass
surface, one cannot expect yet to control the graphene growth
as done onto a catalytically active metal surface.83

The direct exfoliation of bulk layered crystals by LPE328–330 is
an industrially relevant strategy for the scalable production
and/or processing of GRMs. Herein, we will summarize the
main methods for the production and processing of 2D materials
in solution, while additional details can be found in recent
literature reviews.83,205,297,298,331 The LPE process enables the for-
mulation of inks of GRMs in different solvents (Fig. 5a).332–335 This
is the starting point for the reliable production of devices based on
printed technologies,333 as well as for targeting the industrial
fabrication of GRM-based devices, including SCs (Fig. 5b).205

Liquid phase exfoliation is a versatile technique and it has
been established for the exfoliation of numerous layered
materials,328–330 including graphite, TMDs, TMMs, black phos-
phorus (BP), and h-BN, just to cite a few. As depicted in Fig. 6,
the liquid-phase processing of bulk layered crystals generally
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involves (1) the dispersion of bulk crystals in a solvent; (2) the
exfoliation of bulk crystals through (acoustic) cavitation or
shear forces (Fig. 6a); (3) the ‘‘sorting’’ (e.g., by ultracentrifugation)
of the material flake sizes (Fig. 6b).83,205

In general, the LPE process starts with the dispersion of bulk
crystals either in organic solvents330 or in aqueous solutions, the
latter with the aid of surfactants329,338,339,340 or polymers.341,342

The exfoliation process is commonly carried out by exploiting
cavitation328–330 or shear forces343 to produce single- and few-
layer materials.344 Ultrasonication-assisted exfoliation of bulk
crystals is the prototypical LPE method.328,329,345–349

For the case of graphene, the ultrasonication process produces
defect-free flakes (i.e., no additional defects are introduced during
exfoliation) as well as achieves concentrations of several grams per
liter.350 However, ultrasonication-assisted LPE is not a scalable
process, since it is a time-consuming process requiring several
hours.205 Other approaches have also been proposed, such as ball
milling,351–353 shear exfoliation,354,355 and microfluidization.356–359

All these approaches have pros and cons compared with the
ultrasonication method,205 even though some of the apparatus

can yield high-throughput production of 2D materials for
industrial applications. Recently, Bonaccorso and co-workers
presented a novel approach to exfoliate layered crystals, i.e.,
graphite, h-BN, and TMDs, based on the high-pressure wet-jet
milling (WJM) technique.360 In detail, during the WJM process,
a hydraulic piston applies a pressure between 180 and 250 MPa,
forcing the solvent/layered-crystal mixture to pass through
perforated disks with variable diameters (typically between
0.3 and 0.1 mm), called the nozzle. This process generates shear
forces that promote the exfoliation of layered materials.359,361

The key advantage of the WJM technique compared to other LPE
methods is the small time required to process the sample, which
is reduced to less than one second, instead of the several hours
required during ultrasonication-assisted exfoliation328,329,344–348 or
shear exfoliation.353,354 By means of the WJM method, a pro-
duction rate higher than 2 L h�1 of 2D crystal dispersion
(concentration: 10 g L�1) and an exfoliation yield (defined as
the ratio between the weight of the exfoliated material and the
weight of initial graphite) of 100% have been demonstrated with
a single WJM apparatus.359,362 The 2D crystals obtained through

Fig. 5 (a) Schematic of monolayer materials, e.g., graphene, elemental 2D materials (phosphorene), metal dichalcogenides, metal monochalcogenides,
MXenes, h-BN, and metal oxides, and their formulation in the form of ink. (b) Schematic of solution-processing methods of SCs, including relevant
material deposition techniques (e.g., spin coating, spray coating, inkjet printing, and rotary screen printing).
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WJM have already been used for a wide range of ESC appli-
cations363–371 and composites,372 in which a large volume of
material is needed for their industrial implementation. Another
approach to upscale the 2D material production (beyond tens of
grams per hour) is the electrochemical exfoliation process. In
this method, a potential difference is applied between a layered
anode/cathode in an electrolyte-containing medium.373–375 In
these experimental conditions, positive or negative charges can
be imparted to the layered materials, promoting the inter-
calation of oppositely charged ions and facilitating the exfoliation
process.372–374 These processes can be broadly classified in
two classes. The first one is the anodic exfoliation in the

inorganic salts’ aqueous solution, mineral acids, or mixture of
water and ionic liquids. The second one is the cathodic exfolia-
tion in organic solvents (e.g., N-methyl-2-pyrrolidone, dimethyl
sulfoxide, and propylene carbonate) in the presence of alkylam-
monium salts or Li.374 Electrochemical methods are extremely
attractive since they reduce the use of chemical oxidants as the
driving force for intercalation or exfoliation, and the electro-
motive force is controllable for the creation of tunable-material
intercalated compound.372–374 In addition, the extensive cap-
abilities of the electrochemical exfoliation method to modify
materials enables the facile and direct synthesis of functiona-
lized 2D materials with the desired properties for composites,

Fig. 6 Schematic of the LPE processes. (a) Schematic of various LPE methods reported in the literature, including ultrasonication, shearing, wet-jet
milling, microfluidization, ball milling, and electrochemical exfoliation. Schematic of the LPE methods adapted from ref. 336, 356, 360. (b) Dispersion
purification by means of ultracentrifugation (sedimentation-based separation (SBS), and subsequent ‘‘sorting’’ of different material flake sizes. Adapted
with permission from ref. 337, Copyright 2017, American Chemical Society.
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electronics, and ECS applications.372–374 Regardless of the LPE
process used to produce 2D materials, a common key issue of
the aforementioned methodologies is that the resulting samples
are polydisperse in their dimension, typically showing broad
distributions of flake thickness and size.205,297 Thus, it is crucial
to obtain a fine adjustment of the morphological properties by
separating small from large flakes337 and thin from thick
ones.339 This step is typically performed using ultracentri-
fugation protocols.339,376–381 In this context, exfoliated GRMs
can be sorted with respect to thickness and lateral size using
techniques based on ultracentrifugation in uniform media
(SBS)382 or density gradient media (density gradient ultra-
centrifugation (DGU)).381

Another important issue of 2D flakes produced in the form
of ink through LPE methods is the re-aggregation of flakes after
their deposition/coating. In fact, flake re-aggregation might
affect the electronic (i.e., m, contact resistance) and physical
(i.e., roughness) properties of the resulting films. Therefore,
suitable strategies must be developed to minimize flake reaggrega-
tion with regard to practical applications. For example, the
addition of stabilizers (e.g., surfactants and polymers) physically
hinders flakes’ contact,337–339 impeding their aggregation.337–339

However, the effect of such stabilizers could affect the electrical
performance of the assembled films.297,383,384 In addition to the
aforementioned issues, some layered materials, such as BP, are
unstable under ambient conditions or in the presence of water
and/or oxygen.385,386 The instability issue, which might be valid
for 2D materials either grown by the bottom-up approach (e.g.,
CVD)83,387,388 or produced by micromechanical cleavage,69,389,390

can be eliminated by introducing a solvent shell,205 or residual
surfactants/polymers adsorbed onto the surface of flakes. Impor-
tantly, solvents or surfactant residuals may imply an intrinsic
doping of the flakes.205 These effects can be advantageously used
to attain controllable doping strategies. The LPE process can also
be exploited for the exfoliation of bulk layered materials speci-
fically prepared/synthetized with the desired chemical char-
acteristics (e.g., doping), as for the case of graphite oxide391

(i.e., to produce GO).83,330 In particular, graphite oxide can be
prepared by means of chemical processes that introduce functional
groups both at the edges (e.g., COOH and CQO) and on the basal
plane (e.g., OH or epoxide groups).81,82 The occurrence of these
functional groups is fundamental toward the production of GO
using well-established methods, including thermal expansion,392

ultrasonication,393 and stirring394 of graphite oxide. Moreover,
the presence of the aforementioned functional groups introduces
polarities395–397 that facilitate the dispersion of exfoliated graphi-
tic materials in aqueous solutions.392,398 Although GO flakes can
have lateral sizes up to several microns,399 they exhibit a high
density of structural defects,393 which arise from the chemical
treatment disrupting the sp2-bonded network.83 Thus, in order to
restore both electrical and thermal conductivities of pristine
graphene, various strategies have been developed to reduce GO
flakes using either chemical397 or physical393,397,400 processes.
These reduction processes are imperative to produce a sample of
the quality approaching that of pristine graphene. Recently,
tremendous progresses have been achieved in this direction,

with the demonstration of m exceeding 1000 cm2 V�1 s�1 in
field-effect transistors with microwave-reduced GO.401

Owing to its scalability and cost-effectiveness, LPE techniques
can provide GRMs in massive quantities at an accessible price.
Moreover, solution-processed 2D materials can be combined with
polymeric materials, while being processed in the form of a
coating on different substrates. In this context, progresses have
been made on the large-scale placement of 2D material-based
inks by means of different deposition/coating systems, such
as Langmuir–Blodgett,402 spin,403–405 spray,406–408 and rod73

coating; vacuum filtration;409–415 and inkjet,332,333,416 gravure,417

flexographic,418 and screen419 printing (including their roll-to-roll
(R2R) configurations).420 Advances in this area enabled the layer-
by-layer printing of different 2D material-based films, as well as
heterostructures and/or heterogeneous structures, on large areas
(ranging from the scale of square centimeters to square meters).205

However, beyond uniformity, the roughness of the deposited large-
area films is a critical issue, which may degrade the (opto)-
electronic properties expected from heterostructures produced
through material transfer after micromechanical cleavage or
direct growth.187 However, different from the transfer approach,
drop-on-demand printing could meet the large-scale fabrication
requirements of practical devices.205 For example, drop-on-
demand inkjet printing has been demonstrated for the realization
of all-printed, vertically stacked transistors with a graphene source,
drain, and gate electrodes; a TMD channel; and an h-BN
separator.421 The proposed printed device, based on 2D material
heterostructures, has shown a m value of 0.22 cm2 V�1 s�1.420

Despite these important achievements, the obtained m value is
rather low, meaning that further insights are still needed into the
assembly of such printed heterostructures.187,332 Here, the
challenges to be tackled are two-fold: (1) the optimization of
ink formulation fulfilling the morphological (e.g., thickness and
lateral dimension of the flakes) and rheological (e.g., viscosity
and surface tension of the dispersions) property requirements;
(2) the optimization of printing parameters for the deposition of
uniform 2D material films with high-quality (i.e., clean)
interfaces.205 Noteworthily, the surfaces of 2D materials are
strongly affected by both solvent and additive (i.e., stabilizers)
residuals,205 which, therefore, need to be minimized. Here, a
balance must be found between the possibility to have a clean
interface and the intrinsic doping (determined by the presence
of solvent and additive residuals) on a case-to-case basis,
depending on the final application. Overall, notwithstanding
the scalable production of GRMs and their film deposition,
understanding the precise determination of crystal structures
and their crystallographic relationships is of utmost importance
for the design and realization of any (opto)electronic device,
including PV ones that are discussed here. Further, chemical
doping and functionalization are pivotal to properly tune the
(opto)electronic properties of the structures.344,422–425 Both
covalent and noncovalent functionalizations introduce a systematic
modification of 2D material properties to control their solubility/
processability, the prevention of flake re-aggregation, and their
(opto)electronic characteristics (e.g., Eg).344,421–423 The chemical
modification/functionalization also allows the properties of 2D
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materials to be combined with the property portfolio of other
compounds.344,420 Overall, a thorough understanding of the
charge transport and transfer properties, defects (including edge
terminations, dopants, point defects, and grain boundaries),
environmental contaminants (e.g., surfactants and adsorbates),
and chemical reactivity is crucial for the design of practical
GRM-based devices.

2.5 Functional roles of solution-processed 2D materials

The understanding of ‘‘how to use 2D materials in SCs’’ is not
trivial, since their versatility resulting from the immense portfolio
of their (tunable) properties can lead to apparently contradictory
experimental results. In fact, there exist solution-processed 2D
materials that have been applied to collect either photogenerated
holes or electrons, while being used as buffer layers to stabilize the
interfaces between the materials comprising the SCs, or even as
catalysts for the redox reactions involved at the counter electrodes
(CEs) in DSSCs, or as electrically conductive materials for current
collectors. This aspect is so surprising to the extent that it could
even be disappointing, albeit it reveals the easiness to incorporate
2D materials in SC structures to improve their performances.
Scheme 1 reports a sketch of the various functional roles of
material components in SCs, as they will be detailed for each
type of technology in the subsequent sections. Clearly, solution-
processed 2D materials have been applied almost everywhere,
most of them for more than one functionality. The most
representative example material class, namely, ‘‘graphene and
its derivatives,’’ has been used for all the functional roles
identified here, indicating the importance to specify the structural,
morphological, and chemical properties for each material, thereby
using a ‘‘case-by-case approach.’’ In addition, this point implicitly
stresses the importance of providing a full set of experimental
characterizations of 2D materials when used in SCs, so that it is
possible to uniquely correlate their functional role to their intrinsic
attributes. Even though it is common to refer to electronic
structures of 2D materials in ideal stoichiometry to explain their
functional role in SCs, it is recommended to provide experimental
measurements (beyond those which are used for the characteriza-
tion of SCs) to confirm the absence of a relevant discrepancy
compared to such ideal cases. In fact, defects, surface oxidation,
chemical functionalization, and even the simple morphology of
2D materials can result in optoelectronic properties that are
completely different from those of their ideally stoichiometric
structures. Examples of effective characterizations are absorbance/
reflectance measurements coupled with ultraviolet photoelectron
spectroscopy and Kelvin probe measurements to provide the first
sketch of the energy-band edge positions and WF values of the
materials used in the different components of SCs. Possible
discrepancies should be explained by investigating the chemistry
of the material surface through X-ray photoelectron spectroscopy
(XPS). The impact of 2D morphology on the functional role of 2D
materials should be supported by proper lateral and thickness
analyses through transmission electron microscopy (TEM), atomic
force microscopy (AFM), and surface area measurement techni-
ques (e.g., physisorption characterizations), while the structural
properties of 2D materials can be rapidly assessed by both Raman

spectroscopy and X-ray diffraction (XRD) characterizations.
Electrical and photoelectrical properties, such as (photo)resistivity/
(photo)conductivity, of 2D materials could be accessed by realizing
and characterizing complementary devices, such as field-effect
transistors, as well as a simple four-probe method. These considera-
tions indicate the key importance of providing reliable insights into
the nanomaterials, devoted to improve the performance of entire PV
systems, which must be carefully rationalized through in-depth
experimental characterization. In this context, the efforts recently
made to standardize the sequence of methods for characterizing the
structural properties of graphene, bilayer graphene, and graphene
nanoplatelets in both powder and liquid (i.e., dispersion) forms
are noteworthy. The need of such a standard, namely, ISO/TS
21356-1:2021, emerged from the confusion around the termi-
nology of ‘‘graphene’’ used to label commercially available
materials. In conjunction with the international ISO/IEC termi-
nology, the ISO/TS 80004-13:2017 standard represents a step
forward to the use of (solution-processed) 2D materials with
well-defined properties in both laboratory and commercial
applications, including SCs.

3. Figures of Merit of Solar Cells

For facilitating comparison, SCs are often ranked in terms of
the following FoM:53

(i) EQE, which represents the ratio between the number of
charge carriers collected by the cell and that of photon flux (of a
given energy) that strikes the cell, i.e.,

EQEðlÞ ¼

I

e�

� �

Pin

hc=l

� � (3.1)

where I is the electrical current given by the SC, e is the
elementary charge (1.6021766208 � 10�19 C), Pin is the power
of incident light, h is the Planck constant, c is the speed of light
in a vacuum, and l is the photon wavelength.

(ii) Internal quantum efficiency (IQE), i.e., the fraction of
absorbed photons converted in I, i.e.,

IQE lð Þ ¼

I

e

� �

Pin

hc=l

� �
� ð1� RÞ

(3.2)

(iii) the overall Z, defined as the ratio between the maximum
output electrical power (Pmax) of the cell, and Pin, i.e.,

Z ¼ Pmax

Pin
¼ ðVOC � ISC � FFÞ (3.3)

where VOC is the maximum open-circuit voltage, ISC is the short-
circuit current, and FF is the fill factor. Here,

FF ¼ VMPP � IMPPð Þ
ðVOC � ISCÞ

(3.4)
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where VMPP and IMPP are the voltage and current, respectively, at
the maximum power point (MPPT), defined as the voltage at
which d(IV)/dV = 0.

Since the application of solution-processed GRMs as trans-
parent conductive electrode (TCEs) for SCs will be examined

here, the FoM determining the quality of TCEs are also
reported and discussed. The quality of TCEs is mainly
assessed through two crucial parameters: Rs and Tr, which
should be o10 O &�1 and 490%, respectively.73 Moreover,
a trade-off between Rs and Tr is unavoidable for TCEs.

Scheme 1 Functional components of SCs and the corresponding 2D materials reported in the literature for such a role. The 2D materials listed here
correspond to those reported in the subsequent sections for each type of SC technology reviewed in this work.
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To evaluate TCEs, the following semiempirical FoM has been
proposed:426

FH ¼
Tx
r

Rs
(3.5)

where exponent x determines the required Tr value for a specific
purpose.

Notably, Rs depends on both charge carrier density (Nd) and
m (cm2 V�1 s�1),427 as expressed by the following equation:

Rs ¼
1

mNdt
(3.6)

where t is the thickness of the TCE film.
In order to describe the frequency dependence of the Tr

losses in TCEs,428–430 as well as the critical reflection at the air/
film/substrate interfaces,431 the following equation for Tr has
been proposed (for thickness { l/2�p�nfilm, where nfilm is the
refractive index of the film):

Tr lð Þ ¼ 16nsub
2

Rs 1þ nsubð Þ4
� 1

1þ Z0

Rs
� 1

1þ nsubð Þ �
sopt
sdc

� � (3.7)

In eqn (3.7), Z0 is the vacuum impedance (377 O);427 sopt and
sdc are the optical and electrical dc conductivities (also simply
referred to as s) of the material, respectively; and nsub is the
refractive index of the substrate. In eqn (3.5), the relationship
between Tr and Rs strongly depends on the ratio sdc/sop, which
can be used as another FoM.432 A high value of sdc/sop implies
high Tr (490%) and low Rs (o10 O&�1), which are the desired
properties for a TCE.73 In order to achieve commercial TCE
performance (Rs r 100 O &�1 and Tr Z 90% in the visible
frequency range), an ideal value of sdc/sopt Z 35 is typically
required. It is noteworthy that a in the visible spectrum (avis)
arises from the tail of the free-carrier absorption, as described
by Drude’s theory433 and is determined by

avis ¼
e3

4p2e0c3
Ndl2ffiffiffiffiffiffi
e1
p

mmeff
2

(3.8)

The latter equation shows the direct proportionality between
avis and Nd/m. This evidences that avis can be reduced by
decreasing Nd and increasing m, showing a strategy commonly
adopted to design effective TCEs.

In addition to Rs and Tr, environmental stability and abrasion
resistance are also decisive factors to select TCE materials.

For the specific case of DSSCs, for example, the transport of
charge carriers from the photoanode to CE is hindered by
several resistances.434–437 The latter include the series resistance
comprising Rs of TCE and contact resistance of the cell; the
transport resistance of electrons in the TiO2 film (RTiO2

); the
resistance at the TCO/TiO2 contact (RTCO–TiO2

); the charge trans-
fer resistance of charge recombination between the electrons in
the TiO2 film and ions in the electrolyte (Rrec); the charge
transfer resistance at the CE/electrolyte interface (RCT); the
charge transfer resistance at the exposed TCO/electrolyte inter-
face (RTCO–electr.); and the Warburg parameter, which describes
the Nernst diffusion of active ions in the electrolyte (Zd).

Typically, RCT is often dominant among multiple charge transfer
resistances. However, in large-area DSSCs, Rs also significantly
determines FF losses.438 The smaller the RS, the higher is the FF,
resulting in higher Z.439–441 Concerning the electrocatalytic
activity of CE, RCT can be explained in terms of current density
( J), as expressed by the following equation:

RCT ¼
RT

nFJ
(3.9)

where R, T, n, and F are the gas constant, temperature, number
of electrons transferred in the elementary electrode reaction
(n = 2), and Faraday constant, respectively.442

4. OSCs

OSCs hold remarkable potential for low-cost, flexible PVs,
presenting both compatibility with R2R large-area fabri-
cation443–445 and impressive short-energy pay-back times.446

Bulk-heterojunction (BHJ) OSCs, exploiting blends of p-type
polymer (or organic small-molecule) donor/n-type fullerene (or
other kind of organic small-molecule) acceptor materials dis-
solved in a common solvent, have opened an avenue for
promising research activity to improve the Z value of SCs,447

as well as the overall performance of photoelectrochemical
cells.448–455 The BHJ configuration maximizes the donor/acceptor
interfacial area, facilitating exciton dissociation and charge
transfer by forming a bicontinuous interpenetrated charge trans-
port network in the photoactive layer.456,457 In addition, the
incorporation of layers with hole and electron transporting (or
blocking) properties between the donor/acceptor active layer
and anode/cathode promotes and balances the extraction/
collection of photogenerated charges.458 All these properties
make the BHJ concept a landmark in OSC development, as well
as a plethora of other applications (e.g., photodetectors459 and
biosensing devices460–462). Historically, the development of low-
bandgap polymers, interfacial engineering, and fabrication
techniques allowed BHJ to achieve Z exceeding 9% for single-
junction cells463–467 and 10% for tandem cells.468 More recently,
non-fullerene acceptors (NFAs) have dominated the OSC field
due to significant performance and stability improvements.469

Compared with their fullerene-based counterparts, NFAs exhibit
tunable bandgaps that extend their light absorption in the NIR
region.468 In addition, their tunable energy levels can adjust the
energy-level alignments between the constituent layers in
OSCs to minimize the energy offsets, increasing the VOC.468

Lastly, their crystallinity can be easily tuned to finely control the
photoactive-layer morphology, improving the device stability.470–472

Nowadays, state-of-the-art OSCs exhibit Z values over 17% for both
single-junction cells and two-terminal tandem cells, mainly due to
the rapid developments of NFAs, as well as advanced device
engineering.473–477 In particular, the combination of low-bandgap
donors and NFA-enabled OSCs has resulted in the achievement of
record efficiency of 18.3%.478

In a typical OSC structure, GRMs can be incorporated either as
additional components or to replace traditional materials, aiming
at both performance and stability enhancement. In this context,
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GRMs have been used to fulfil several functions (Fig. 7) such
as (a) transparent front electrode (i.e., TCE)479–481 or back
electrode;482–484 (b) electron acceptors in binary OSCs or additives
in ternary OSCs in the form of nanoflakes dispersed in donor–
acceptor matrices;336,485–487 (c) fW-tuned HTLs/ETLs488–490

or interfacial layers in tandem OSCs.491–493 In the following
subsections, the application of solution-processed GRMs into
OSC structures will be examined for each functional device
component.

4.1. TCEs

Graphene has been largely investigated as the TCE in OSCs to
replace traditional ITO electrodes. Actually, ITO is currently the
most established TCE material for rigid OSCs due to its
excellent conductivity (i.e., Rs o 10 O &�1 for 100 nm-thick
films)495 and high Tr (480%) in the visible spectrum. However,
some drawbacks, including the scarcity of In, expensiveness of
the sputter deposition processes, and its polycrystalline structure,
makes the ITO films brittle when they are repeatedly bent or
stretched,496 nullifying their use in flexible OSCs. In addition, it is
recognized that ITO elements diffuse through the photoactive layer,
leading to a significant decrease in the OSC performance.497–499

Alternative TCEs based on CNTs,500,501 metallic nanowires,502 and
conductive polymers503 have been proposed and used in OSCs.

However, these TCEs exhibit high surface roughness and/or large Rs,
which reduce the reproducibility rate of the devices.499–502

Alternatively, TCEs based on graphene rapidly emerged, and
several approaches have been implemented to decrease the Rs

values of graphene-based TCEs toward commercially competitive
values.73 For example, Wang et al. reported poly(3-hexylthiophene):
[6,6]-phenyl C61-butyric acid methyl ester (P3HT:PC61BM)-based
OSCs incorporating a TCE comprising 4-layer HNO3-doped
graphene prepared by a layer-by-layer transfer method.504 An Z
value of 2.5% was obtained by the additional evaporation of a thin
layer of MoO3 over the TCE in order to improve its hydrophilicity
and to tune its fW from 4.36 to 5.37 eV.503 Currently, the highest Z
values of 6.1% and 7.1% reported for flexible conventional and
inverted OSCs, respectively, have been achieved using graphene-
based TCEs produced through the CVD method.505 Notably, these
results have been achieved by applying a MoO3 buffer layer onto
graphene-based TCEs.504 More recently, Z as high as 8.48% has
been achieved in tandem OSCs, which combine a wide-bandgap
small molecule with low-bandgap polymer using Au-doped single-
layer graphene nanoribbons (GNRs) as the TCE.506 Although the
CVD is an efficient approach to produce effective graphene-based
TCEs,507–509 the transfer process of the as-grown graphene films
onto a target substrate is still critical, negatively impacting the
manufacturing time and cost. In this regard, the chemical

Fig. 7 Two-dimensional materials used as OSC components, including electrodes, CTLs/buffer layers, and photoactive layers. RGO and electro-
chemically exfoliated graphene have been used as the TCEs. Functionalized graphene molecules, GO, and TMDs such as MoS2 and WS2 have been
investigated as HTLs. Graphene-based molecules, WSe2, and MoSe2 have been used as electron acceptors in binary blends or additives in ternary OSCs.
Lastly, OSCs including functionalized graphene or BP as ETLs or interlayers have also been reported.
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exfoliation of GO through ultrasonication or rapid thermal
expansion, followed by reduction with chemical510 or photo-
assisted routes,511 is a reliable low-cost top-down alternative
approach, compatible with R2R mass production.83 As discussed
in Section 2, RGO can be easily produced in bulk quantities in the
form of ink, taking advantage of its solubility in common
solvents,512 including water. Consequently, there has been an
extensive research effort on the use of RGO as TCE in OSCs.513–515

Flexible OSCs based on a RGO film as the TCE were firstly
fabricated using P3HT:PC61BM.514 The RGO TCE was produced
by spin coating GO flakes over a rigid SiO2/Si substrate. The
resulting GO film was then reduced by thermal annealing and
transferred onto a polyethylene terephthalate (PET) substrate,
yielding the RGO TCE. However, the constructed devices (area:
1 mm2) have shown a low Z value (B0.78%), which was attributed
to the low Tr (65%) and high Rs of the RGO films (B3.2 kO &�1)
compared with those of the ITO reference (90% and 15 O &�1,
respectively).

Geng et al.516 realized graphene-based TCEs using chemically
converted graphene (CCG). This was produced by the chemical
reduction of GO produced in the form of dispersion without
the need of dispersants.515 The reduction was accomplished by
annealing GO under a vacuum in a furnace tube. This treatment
resulted in the recovery of the sp2-carbon networks of the
graphene sheets. The CCG films exhibited Rs = 103 O &�1

and Tr = 50%. The P3HT:PC61BM-based OSC with CCG-based
TCE yielded an Z value of 1.01%, which was approximately half
that reached by the reference OSC based on ITO.

In the same framework, an efficient reduction method based
on laser illumination was demonstrated by Kymakis et al.517 for
the fabrication of flexible graphene-based TCEs, which can be
spin cast on substrates that are sensitive to temperature.
Femtosecond laser-treated RGO (LRGO) films exhibited Tr of
70% and Rs of 1.6 kO &�1 and were subsequently incorporated
as the TCE in P3HT:PC61BM-based OSCs, yielding an Z value of
B1.1%.516 Additionally, the as-produced graphene-based OSCs
were bent to angles up to 1351 without Z deterioration, which is
different from ITO-based OSCs that failed completely at bending
angles greater than 651.518,519

In order to improve the trade-off between Tr and Rs, the use
of a mesh structure with periodic lines, as exploited for
Cu-based520 and Si-based521 electrodes appeared to be an eye-
catching strategy even for graphene-based TCEs. Following this
strategy, Rs and Tr of TCEs can be controlled by varying the grid
width, spacing, and thickness of the mesh structure.522 Konios
et al.523 demonstrated a scalable one-step patterning of RGO films
on PET or glass substrates based on femtosecond laser irradiation
treatments. The authors proved an accurate control of RGO micro-
mesh (RGOMM) features on both rigid (glass) and flexible (PET)
substrates.522 In particular, they obtained a RGO electrode with Tr

varying from B20% to B85% without deteriorating Rs.
522 The

as-produced RGOMM was then used as TCE in small- and large-
area OSCs based on poly[N-90-heptadecanyl-2,7-carbazole-alt-5,5-
(40,70-di-2-thienyl-20,10,30benzothiadiazole)]):[6,6]-phenyl-C71-butyric
acid methyl ester (PCDTBT:PC71BM), achieving an Z value of 3.67%
and 3.05% on glass and flexible substrates, respectively.522

More recently, electrochemically exfoliated graphene (e-graphene)
was used as an alternative to RGO for TCE, avoiding the need for the
harsh conditions necessary for the graphite oxidation step.524

TCEs based on e-graphene were then formed by spray coating
e-graphene dispersion.523 The as-produced films exhibited Rs

between 520 O &�1 (at Tr of 70%) and 180 O &�1 (at Tr of
55%).525 The as-produced TCEs were used in a thieno[3,4-b]-
thiophene/benzodithiophene:phenyl-C71-butyric acid methyl
ester (PTB7:PCB71M)-based OSCs, which reached an Z value
of 4.23%.523 Subsequently, a mixed-dimensional TCE using silver
nanowires (AgNWs) and e-graphene was also demonstrated,
achieving an Z value of 6.57%.525 The addition of e-graphene on
the AgNW network led to a decrease in Rs from 78 to 13.7 O&�1 and
a reduction in film roughness from 16.4 to 4.6 nm.526

Recently, a graphene-based TCE prepared by stacking poly-
imide on graphene led to an ultraclean graphene surface,
allowing the flexible device to reach a record high Z value of
15.2% for flexible OSCs.527 Alternative to the use of high-quality
graphene, benzimidazole-doped graphene was also proposed to
achieve a trade-off between Tr and Rs, enabling the realization
of flexible OSC based on a 3-layer benzimidazole-doped
graphene-based anode, with an Z value of 6.85%.528

Lastly, both coupling of graphene with metallic grids529,530

and graphene/metal hybridization531–534 are currently prevalent
strategies used to achieve an optimal balance between Tr

(490%) and Rs (o100 O &�1). Table 1 summarizes the main
experimental results achieved with OSCs using graphene-
based TCEs.

4.2 Active layer components

Electron acceptors. The photoactive layer of an OSC typically
comprises a bicontinuous interpenetrating network of electron
donor and acceptor materials at the nanometer scale, which is
referred to as the BHJ.535–538 Traditionally, electron donors are
mainly based on conjugated polymers,539–541 while typical
electron acceptors are fullerene derivatives.534–537,542 Although
fullerenes exhibit high electron m (me) and high exciton diffusion
length,543 their low light absorption within the solar spectrum
restricts the maximum attainable VOC in OSCs.544–548 Therefore,
alternative acceptors based on both graphene derivatives549–552

and small molecules553–559 have been successfully proposed to
provide an ‘‘on-demand’’ tuning of the LUMO level. Among the
2D materials, functionalized GO and graphene QDs (GQDs)
have been largely investigated as solution-processed electron
acceptors in OSCs.560–562 Liu et al.563 functionalized GO with
phenyl isocyanate to be used as an electron acceptor in OSCs.
The resulting OSCs based on poly(3-octylthiophene-2,5-diyl)
(P3OT) as the polymer donor exhibited an Z value of 1.4%.562

Functionalized GO was also blended with P3HT, achieving an Z
value of B1.1%.548 When P3HT was blended with GQDs func-
tionalized with aniline (ANIGQDs), the resulting OSCs reached
an Z value of B1.14%.564

By a simple lithiation synthesis, Yu et al.565 covalently joined
C60 onto a GO surface. Thus, they obtained a GO:C60 hybrid that
was used as an electron acceptor in P3HT-based OSCs, providing
an Z value of 1.22% (2.5 times higher than the Z value measured
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for GO-free device (Z = 0.47%)). This performance enhancement
was attributed to the optimal percolation networks for electron
transport through the GO flakes.

Stylianakis et al.566 functionalized GO flakes by linking them
via peptide bonds to acylated groups (GO-COCl), as well as to
3,5-dinitrobenzoyl chloride with the amino groups of ethylene-
diamine (GO-EDNB). The resulting GO-EDNB was used as an
electron acceptor material in P3HT-based OSCs, which
achieved an Z value of 0.96%.565 However, it is noteworthy that
the LUMO level of GO-EDNB was 3.4 eV, which means that it is
able to provide an energetic offset for exciton dissociation only
with P3HT (LUMOP3HT = 3 eV).565 This condition, which is not
met by the state-of-the-art polymer donors, prevents the use of
GO-EDNB as a universal electron acceptor.565 These results
evinced the need of exploring alternative functionalization
routes for graphene derivatives to improve the distribution of
flakes in the polymer matrix, while tuning their electronic
structure (i.e., achieving an ideal energy offset between the
LUMO levels of the polymers and graphene derivatives). Based
on this consideration, a photochemical functionalization of GO
through laser-induced covalent grafting of GO nanosheets with
EDNB molecules (LGO-EDNB) was subsequently demonstrated
to tune the GO energy levels.567 The as-produced LGO-EDNB
has shown excellent processability in organic solvents com-
monly used for prototypical polymer donors.566 The HOMO/
LUMO levels of LGO-EDNB were tuned by adjusting the laser
irradiation parameters.566 The optimized LGO-EDNB displayed
an Eg value of 1.7 eV and LUMO level of 4.1 eV. Thus, it was
used as an electron acceptor in PCDTBT-based OSCs, achieving
a VOC value of 1.17 V and an Z value of 2.41%.566

Pristine RGO sheets were also incorporated in the nano-
architecture of TiO2 nanorod (NR)–ZnO NP/P3HT hybrid
OSCs,568 and Z of B3.8% was achieved for a 900 nm-thick
TiO2 NR array. According to the authors, the RGO behaves as
an energy-matched auxiliary electron acceptor in the hybrid

structure, connecting the electron transport pathways provided
by the 3D ZnO network and TiO2 NR array to the fluorine-doped
tin oxide (FTO) substrate.567 In addition, it was concluded
that the incorporation of RGO with low C-to-O atomic ratio
stabilizes the active layer infiltrated in the interstices of the
TiO2 NR array.567

Beyond more conventional 2D materials, 2D-conjugated
polymers have been commonly proposed as potential donor
materials for high-performance OSCs. In particular, 2D-conjugated
polymers based on bithienylbenzodithiophene-alt-benzotriazole
backbone bearing different conjugated side chains, commonly
named J-series polymers, enabled the realization of OSCs with Z
approaching values obtained from state-of-the-art materials.569

Additives in ternary OSCs. An effective way to enhance the
performance of BHJ OSCs relies on the addition of a third
component into the polymer–fullerene binary blend, generating
a ternary OSC.570

In principle, the ternary structure can address most of the
deficiencies of the BHJ binary blend. In particular, the absorption
spectral window of the polymer donor can be extended and the
exciton dissociation and charge transport can be enhanced owing
to the introduction of additional interfaces, and the morpholo-
gical properties of the photoactive layer can also be tuned for
favorable cell operation. However, it is crucial that the LUMO and
HOMO levels of the additive component must lie between the
LUMO and HOMO levels of fullerene and the polymer, respectively,
so that suitable energy offsets are present at the material interfaces.
In this regard, indene–C60 bisadduct (ICBA), whose energy levels lie
between the polymer donor and fullerene acceptor, has been
successfully used as the third component in ternary blends.571 As
an alternative to ICBA, solution-processed graphene derivatives can
be ideal additives in ternary OSCs, since a remarkable m value in the
device is expected to be achieved via graphene addition. In addition,
graphene plays a relevant role in charge transfer processes,572

increasing the exciton separation efficiency. Consequently, pristine

Table 1 Summary of the PV performance of OSCs using graphene-based TCEs

Material Usage Device structure

Cell performance

Ref.JSC (mA cm�2) VOC (V) FF(�) Z (%)

Chemical and thermal RGO TCE PET/RGO/PEDOT:PSS/P3HT:PC61BM/LiF/Al 1.18 0.46 0.24 0.13 512
Chemical and thermal RGO TCE Glass/RGO/PEDOT:PSS/P3HT:PC61BM/Al 1.84 0.44 0.25 0.2 513
Chemical RGO TCE PET/RGO/PEDOT:PSS/P3HT:PC61BM/TiO2/Al 4.39 0.56 0.32 0.78 514
Laser RGO (LRGO) TCE PET/LRGO/PEDOT:PSS/P3HT:PC61BM/Al 5.62 0.57 0.34 1.1 516
RGO micromesh (RGOMM) TCE PET/RGOMMs/PEDOT:PSS/PCDTBT:PC71BM/TiOx/Al 7.81 0.85 0.46 3.05 522
Electrochemical exfoliated graphene (EG) TCE PEN/EG/PEDOT:PSS/PTB7:PC61BM/Ba/Al 9.97 0.71 0.59 4.23 524
EG-AgNWs TCE PEN/EG-AgNWs/PEDOT:PSS/PTB7:PC71BM/Ba/Al 15.5 0.73 0.58 6.57 525
PEDOT-doped graphene TCE PEDOT-doped graphene/PEDOT:PSS/P3HT:PC60BM/

bathocuproine (BCP)/Al
9.07 0.55 0.49 2.45 494

PEDOT-doped graphene TCE PEDOT-doped graphene/PEDOT:PSS/PBDTTT-C-T:
PC70BM/BCP/Al

14.57 0.70 0.45 4.64 493

Polyimide/graphene TCE Polyimide/graphene/PEDOT:PSS/PM6:Y6/PDINO/Al 25.8 0.84 0.70 15.2 526
Cu/graphene hybrid TCE Graphene/Cu/PEIE+Blm4

�/PC71BM:PTB7/MoO3/Ag 13.01 0.73 0.46 4.38 530
Cu/graphene hybrid TCE Graphene/Cu/PEDOT:PSS/PTB7:PC71BM/PEIE+Blm4

�/aL 12.99 0.58 0.42 3.16 530
Ag grid/graphene TCE Ag grid/graphene/PEDOT:PSS/P3HT:PCBM/Ca/Al 7.64 0.57 0.58 2.55 528
Graphene quantum dots (GQDs)-mixed
Ag nanowires (NWs)/graphene

TCE GQDs-mixed Ag NWs/graphene/PEDOT:PSS/P3HT:
PCBM/Al

10.43 0.59 0.59 3.66 531

Ag NWs/GO TCE Ag NWs/GO/PEDOT:PSS/P3HT:PC70BM/LiF/Al 9.53 0.59 0.57 3.26 532
Ag NWs/GO TCE Ag NWs/GO/PEDOT:PSS/ptb7:PC70BM/LiF/Al 19.84 0.68 0.57 7.62 532
Graphene:Ag NWs composite TCE Graphene:Ag NWs/PH1000/PEDOT:PSS/PM6:Y6/pdino/Al 23.2 0.83 0.70 13.44 533
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graphene flakes and RGO have been investigated as additives in
ternary OSCs to increase their PV performance. For example, Jun
et al.573 used RGO flakes n-doped with N (NRGO) as the additive
material in P3HT:PC61BM-based OSCs, which exhibited a B40%
increase in Z (4.39%) compared to that of a binary OSC. The
beneficial effect of NRGO addition was associated to the
enhancement of me in the photoactive layer (from 3.1 �
10�7 to 5.4 � 10�7 m2 V�1 s�1) (Fig. 8a). However, because of
the absence of an appropriate bandgap, the flakes act as carrier
traps in the BHJ. Therefore, NRGO was not an energy cascade
material, but it only provided additional charge transport pathways.

Similarly, Robaeys et al.574 used solution-processed graphene
flakes, produced by the LPE of pristine graphite, as an additive
in P3HT:PC61BM-based OSCs. It was shown that graphene
addition determines the formation of a continuous active film
with an interpenetrating structure by improving the crystallinity
of P3HT. Nevertheless, like NRGO, solution-processed graphene
flakes cannot be considered as an energy cascade component in
a ternary BHJ OSC due to lack of a bandgap and therefore
appropriate energy level matching. Contrarily, solution-processed
graphene flakes can be considered as an additive to improve the
crystallization and morphology of P3HT, beyond the improvement
of charge transport properties. Consequently, graphene flakes
can favor better balancing between me and mh compared to the
reference cell.

Graphene nanoflakes with controlled lateral size and function-
alized with EDNB (EDNB-GNFs) were demonstrated as a ternary
compound acting as an efficient electron-cascade acceptor
material in air-processed PCDTBT:PC71BM-based OSCs.484 The
functionalization process allowed the HOMO and LUMO levels
of GNFs to be matched with the HOMO and LUMO levels of the

hosting polymer and fullerene components, respectively.
Furthermore, EDNB-GNFs acted as a highly conductive bridge
between polymer chains and fullerene balls, thus offering two
additional interfaces for exciton dissociation, as well as multiple
routes for charge transfer at the donor/acceptor interfaces. The
as-prepared ternary OSCs achieved an Z value of 6.59%, which
was B18% higher than that of the binary reference (Z = 5.59%).
The same group investigated the role of GO covalently linked
with porphyrin moieties (GO-TPP) into the active layer of
PCDTBT:PC71BM and PTB7:PC71BM,575 showing that the addition
of GO-TPP induces favorable energy alignment between the energy
levels of the donor and acceptor, facilitating the electron-cascade
effect. The optimized ternary PTB7-based OSCs, containing 0.3%
GO-TPP, exhibited a remarkable Z of 8.81%, which was B16%
higher than the binary reference one.574

Kim et al.576 incorporated GO-QDs in PTB7:PC71BM-based
OSCs and investigated the effect of reduction of GO on the PV
performance. It was found that the addition of partially reduced
GO-QDs (RGO-QDs) in the active layer enhanced the Z value
from 6.7% up to 7.6% because of the ideal balance between
optical absorption and conductivity of QDs.575 Most recently,
RGO-Sb2S3 hybrid flakes have been used as additives in
PCDTBT:PC71BM-based OSCs.577 Hybrid RGO-Sb2S3 combines
the advantages of individual materials in which Sb2S3—acting as
a secondary light-harvesting antenna in the visible spectrum—
enhances the light absorption of the device, while RGO flakes offer
highly conductive multiple charge-transfer percolation paths, sui-
table for ballistic electron transport to the LUMO of PC71BM.576

Moreover, the RGO sheets accelerate charge transfer, hindering
the recombination phenomena in inorganic nanocrystals.576

Therefore, the resulting cells exhibited a significant Z of 7%,

Fig. 8 (a) Schematic of the N-doping process of RGO and BHJ OSC using N-doped graphene/P3HT:PC61BM as the active layer. Adapted from ref. 572.
(b) Schematic of the WSe2 flake production through LPE, and schematic of the device structure and energy levels. Adapted with permission from ref. 336,
Copyright 2017, American Chemical Society.
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corresponding to an enhancement of B23% compared to the
reference device.576 Kim et al. recently reported the utilization
of size-selected GO flakes as the third component in PTB7:
PC71BM-based OSCs.578 GO nanosheets with lateral sizes ranging
from nanometers to micrometers were fabricated by a physical
sonication process.577 The physical size of the GO flakes affects
the GO dispersion stability and morphological aggregation of the
ternary blend.577 In particular, it was found that the use of GO
with lateral sizes of 500–750 nm maximizes both hole and
electron mobilities of ternary OSCs.577 Consequently, the non-
geminate recombination was reduced. The corresponding ternary
OSCs reached an Z value as high as 9.21% by increasing the FF to
69.4% in inverted devices, while the reference binary OSCs
exhibited an Z value of 7.94%.577

Other 2D materials have been exploited as additives in OSCs.
Bruno et al.579 used WS2 nanotubes in P3HT-QDs devices (which
can also be classified as an organic–inorganic hybrid SC; see
Section 7) as additives. In situ laser-induced anchoring of noble-
metal NPs onto the surface of thin GO, WS2, MoS2, and BN have
been developed to design special additives for OSCs.580 In particular,
WS2 nanosheet–Au NP assemblies added in PCDTBT:PC71BM
allowed the corresponding cells to achieve an B13% enhancement
in Z compared to the binary reference.579 This effect was attributed
to the efficient synergy of plasmon-enhanced absorption of Au NPs
and superior charge transport into WS2 nanosheets, as well as
energy-level matching between the polymer and intermediate
WS2 nanosheets.579 WSe2 nanoflakes of different sizes were also
used as the third component in ternary PTB7:PC71BM-based
OSCs (Fig. 8b).336

Three WSe2 samples, with different average lateral sizes
(below 20 nm, between 30 and 50 nm, and above 50 nm) were
investigated.336 Upon the introduction of medium-sized flakes,
an Z value of 9.45% was measured, which is one of highest
reported for OSCs based on PTB7 as the polymer donor.336 The
observed enhancement was attributed to the synergistic effect
of absorption and charge transfer processes.336 Notably, only
medium-sized WSe2 flakes contributed to Z enhancement.336

This was linked with the similar size of WSe2 flakes and PC71BM
domains in the ternary blend.336 Therefore, the insertion of
such nanoflakes introduces additional percolation pathways in
the photoactive blend, promoting electron extraction and there-
fore collection.336 These results highlighted the importance to
match the morphological properties of 2D materials with the
photoactive components of OSC blends.336 Lately, Yang et al.
incorporated LPE-produced black phosphorus nanoflakes
(BPNFs) with an average size of 46 nm in poly([2,60-4,8-di(5-
ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]{3-fluoro-2[(2-ethyl-
hexyl)carbonyl]thieno[3,4-b]thiophenediyl}):low-bandgap NFA
(PTB7-Th:IEICO-4F)-based OSCs as the third component.583

BPNFs were used as the morphology modifier to improve the
performance of fullerene-free OSCs.582 The incorporation of
BPFNs promotes molecular ordering and higher phase purity of
the ternary blend, contributing to lowering the charge transport
resistance and suppressing charge recombination compared to
the binary blend without BPFNs.582 As a result, ternary OSCs
exhibited an Z value of 12.2%, whilst the Z value of binary OSCs

was 11.4%.582 Moreover, the ternary OSC with BPNFs retains
73% of its initial Z after thermal treatment at 150 1C in a N2

atmosphere for over 3 h, while the binary OSC retains only 60%
of its initial Z under the same condition.582 The improvement
in stability was ascribed to the retarding of phase mixing in
BHJ during the aging period as a consequence of the space
confinement effect induced by BPFNs.582

The effect of hydrogenation on MoSe2 nanosheets, used as
additives in PTB7-Th:PC71BM OSCs, was also investigated in
ternary devices.584 The OSCs exhibited an Z value of 10.44%,
which represent a 16% increment compared to the reference
binary OSCs.583 The obtained results were associated with the
establishment of optimized percolation pathways in the active
layer.583 Furthermore, the ternary OSC maintained 70% of its
initial Z value after continuous heating at 100 1C for approxi-
mately 1 h.583 The improvement in performance, compared to
the reference OSC, was attributed to enhanced exciton generation
and dissociation at the MoSe2–fullerene interfaces and balanced
me and mh.583 Very recently, chlorine-functionalized graphdiyne
has been successfully applied as a multifunctional solid additive
to fine-tune the morphology and improve the efficiency and
reproductivity of NFA-based OSCs, which reached an Z value of
17.3% (certified Z of 17.1%).585

Table 2 summarizes the main results achieved with OSCs
using GRMs as the active layer components.

4.3 CTLs

The most successful application of GRMs for OSCs is in CTLs as
either ETLs or HTLs. To design high-efficiency OSCs, ETL/HTL
are positioned between the photoactive layer and anode/cath-
ode, to reduce the potential barriers at both the interfaces and
suppress the current leakage and/or charge recombination.586

Preferably, to ensure ohmic contacts at both interfaces, the fW

value of an ETL should match the LUMO level of the acceptor,
while the fW value of the HTL should match the HOMO level of
the donor.587

A large number of HTL materials for OSCs have been
investigated, including transition metal oxides (e.g., V2O5, NiOx)588,589

and self-assembled organic molecules, e.g., poly(3,4-ethylene-
dioxythiophene) polystyrene sulfonate (PEDOT:PSS).590,591 With
regard to ETLs, the most efficient materials currently used are
n-type inorganic (e.g., TiOx and ZnO)592 and organic semi-
conductors.593 However, there are several issues related to the
most established CTLs. In particular, the main issues are related
to the strong acidic and hygroscopic character of PEDOT:PSS
and the sensitiveness of sol–gel-prepared TiOx to moisture.
Therefore, costly manufacturing in a controlled atmosphere is
often required.594 In addition, charge transporting materials do
not always allow fW tuning and/or solution processability.595 In
this context, graphene derivatives596 and other 2D materials597

have been extensively investigated as buffer layers in order to
fully exploit their features, including solution processability,
low-cost fabrication, environmental stability, and fW tunability
via functionalization methods.

HTLs. PEDOT:PSS as well as metal oxides (e.g., V2O5, VOx,
MoOx, and NiO) have been widely used as HTL components in
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order to block electrons as well as transport holes, thus
minimizing carrier recombination in OSCs.598 Unfortunately,
the highly acidic nature of PEDOT:PSS,599,600 as well as the high
cost of vacuum processes (e.g., ALD) used to deposit inorganic
oxide (e.g., ZnO, VOx) films601–603 or the insufficient per-
formance of solution-processed metal oxide films (compared
to the organic reference),604 pushed research toward the search
for solution-processed alternatives. In this context, GO and
RGO were found to be effective materials for replacing both
PEDOT:PSS and inorganic oxides. In this context, Li et al.605

reported graphene-based HTL using spin-coated 2 nm-thick GO
film to replace PEDOT:PSS in P3HT:PC61BM-based OSCs. The
devices with GO exhibited a slower recombination rate and
better stability than PEDOT:PSS-based OSCs.604 In addition, the
PEDOT:PSS-GO composite was investigated as the HTL in
PTB7:PC71BM-based OSCs.606 The composite layer improved
the mh value in the presence of benzoid–quinoid transitions,
which also provided fW alignment between GO and PEDOT:
PSS.605 Consequently, PEDOT:PSS-GO-based OSCs achieved an
Z value of 8.21%, which was 12% higher than that achieved by
PEDOT:PSS-based OSCs.605 In ref. 607, two layers of GO and
vanadium oxide (VOx) were subsequentially spin coated to yield
a hybrid film used as the HTL in PTh4FBT:PC71BM-based OSCs,
reaching an Z value of 6.7%. The authors demonstrated that
thin films of graphene derivatives can improve the electron-
blocking properties of the metal-oxide-based HTLs, while
offering a barrier against the penetration of metal oxide films

into organic active layers.606 Despite the promising results on
GO as the HTL, its insulating nature leads to severe limitations
for efficient hole transport. Therefore, as a general strategy to
improve the HTL performance, GO-based HTLs were modified
to a partially reduced GO (pRGO) via thermal annealing and
chemical and photoreduction processes.608 For example, Yun
et al.609 prepared RGO by a novel p-toluenesulfonyl hydrazide
(p-TosNHNH2) reductant to be used as the HTL in P3HT:
PC61BM-based OSCs, reaching an Z value of 3.6% (similar to
that of the PEDOT:PSS-based reference). Furthermore, the
RGO-based OSC exhibited a lifetime significantly longer than
that of the PEDOT:PPS-based device.608 Similarly, Murray
et al.610 photoreduced GO with UV irradiation to obtain a
HTL with fW aligned with the HOMO level of the PTB7 donor
(Fig. 9a). It was demonstrated that the resulting pRGO HTL
positively influenced the PTB7 p-stacking orientation, promot-
ing the hole extraction process. In addition, although the Z
value of pRGO-based OSCs (7.5%) was comparable to that of the
PEDOT:PSS-based reference, the prolonged lifetime in air high-
lighted the key advantage of pRGO as the HTL, which is in
agreement with other related works.608,609 By following a
different reduction method, Yeo et al.611 produced a RGO
HTL by functionalizing GO with p-hydrazinobenzene sulfonic
acid hemihydrate as the reducing agent. The resulting sRGO
has shown both high dispersion concentration in water (with-
out the need of surfactants) and high electrical conductivity
(3.18 S cm�1).610 Moreover, sRGO exhibited a higher fW value

Table 2 Summary of the PV performance of OSCs using GRMs as the active layer components

Material Usage Device structure

Cell performance

Ref.
JSC

(mA cm�2)
VOC

(V)
FF
(�) Z (%)

Fullerene-grafted graphene Electron
acceptor

ITO/PEDOT:PSS/P3HT:C60-G/Al 4.45 0.56 0.49 1.22 564

Chemically synthesized
GO-ethylene-dinitro-benzoyl (GO-EDNB)

Electron
acceptor

ITO/PEDOT:PSS/P3HT:GO-EDNB/Al 3.32 0.72 0.4 0.96 565

Laser produced GO-ethylene-dinitro-benzoyl
(LGO-EDNB)

Electron
acceptor

ITO/PEDOT:PSS/PCDTBT:LGO-EDNB/TiOx/Al 5.29 1.17 0.39 2.41 566

RGO Electron
acceptor

FTO/TiO2 NR-ZnO NP/RGO/P3HT/PEDOT:PSS/Au 10.78 0.68 0.52 3.79 567

Nitrogen doped graphene (N-RGO) Additive ITO/PEDOT:PSS/P3HT:PC61BM:N-RGO/Ca/Al 14.90 0.6 0.49 4.50 572
Graphene flakes Additive ITO/PEDOT:PSS/P3HT:PC61BM:graphene/Ca/Al 8.00 0.6 0.66 3.17 573
Functionalized graphene nanoflakes (GNFs) Additive ITO/PEDOT:PSS/PCDTBT:PC71BM:

GNF-EDNB60/TiOx/Al
12.56 0.89 0.57 6.41 484

Graphene-based porphyrin molecule (GO-TPP) Additive ITO/PEDOT:PSS/PTB7:PC71BM:GO-TPP/TiOx/Al 17.98 0.77 0.61 8.58 574
Graphene oxide quantum dots (GOQDs) Additive ITO/PEDOT:PSS/PTB7:PC71BM:GOQD/TiOx/Al 15.20 0.74 0.68 7.60 575
RGO-antimony sulfide (RGO-Sb2S3)
hybrid nanosheets

Additive ITO/PEDOT:PSS/PCDTBT:PC71BM:RGO-Sb2S3/TiOx/Al 13.47 0.92 0.55 6.81 576

Medium sized GO Additive ITO/ZnO/PTB7:PC71BM:MGO/MoO3/Al 18.00 0.74 0.69 9.09 577
WS2 decorated with Au NPs Additive ITO/PEDOT:PSS/PCDTBT:PC71BM:PCDTBT:

WS2-Au/TiOx/Al
12.3 0.89 0.58 6.30 579

WSe2 Additive ITO/PFN/PTB7-WSe2-PC71BM/MoO3/Al 17.84 0.73 0.72 9.45 336
BPFNs Additive ITO/ZnO/PTB7-Th:IEICO-4F:BPNFs/MoO3/Ag 23.44 0.71 0.73 12.20 582
Hydrogen plasma–treated MoSe2 Additive ITO/ZnO/PTB7-TH:PC71BM/MoO3/Al 18.69 0.78 0.70 10.2 583
Chlorine-functionalized graphdiyne Additive ITO/PEDOT:PSS/PM6:Y6/PFN-Br/Al 26.09 0.84 0.79 17.32 584
Zn–porphyrin based metal–organic framework
nanosheets (Zn2(ZnTCPP))

Additive ITO/PEDOT:PSS/P3HT:PC61BM: Zn2(ZnTCPP):BCP:Al 10.80 0.69 0.69 5.2 581

Bi2OS2 nanosheets Additive ITO/ZnO/ITIC:Bi2OS2:PBDB-T/MoO3/Ag 18.61 0.94 0.71 12.31 582
g-C3N4 QDs Additive ITO/ZnO/g-C3N4:P3HT:PC61BM/PEDOT:PSS/Ag 11.44 0.61 0.60 4.23 278

ITO/ZnO/g-C3N4:PBDTTT-C: PC71BM/PEDOT:PSS/Ag 15.9 0.70 0.57 6.62
ITO/ZnO/g-C3N4:PTB7-Th:PC71BM/PEDOT:PSS/Ag 16.74 0.78 0.70 9.2
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(i.e., 5.04 eV) compared to that of RGO. Therefore, sRGO was
compatible with the HOMO level of conventional donor
polymers.610 Further, sRGO was successfully applied in OSCs based
on P3HT, poly[1-(6-{4,8-bis[(2-ethylhexyl)oxy]-6-methylbenzo[1,2-
b:4,5-b0]dithiophen-2-yl}-3-fluoro-4 methylthieno [3,4-b]thiophen-2-
yl)-1-octanone] (PBDTTT-CF), and PTB7 as polymer donors.610 In
particular, an Z value higher than 7% was achieved for sRGO-based
OSCs, which also exhibited device stability superior to that of the
PEDOT:PSS-based reference.610 Liu et al.612 produced a sulfated
RGO by introducing -OSO3H groups into the basal plane of GO
(RGO-OSO3H). The corresponding RGO-OSO3H HTL displayed a
conductivity as high as 1.3 S m�1 and fW aligned with the
HOMO level of P3HT.611 The corresponding RGO-OSO3H-based
OSC achieved an Z value of B4.37%, which was similar to that
obtained for PEDOT:PSS-based reference (4.39%).611

An alternative way to increase the electrical conductivity of
GO relies on its mixing with SWCNTs.613 This approach allowed
P3HT:PC61BM-based OSCs to reach an Z value of 4.1%.612 Further-
more, surfactant-free Au NPs were incorporated between the
photoactive layers and GO HTL, leading to an Z value increase of
B30% compared to the PEDOT:PSS-based reference.614 In addi-
tion, the GO-based devices retained 50% of their initial Z after 45 h
of continuous illumination, while the reference devices based on
PEDOT:PSS completely degraded after 20 h.613 The Z enhancement
was attributed to an increase in the exciton generation rate caused
by Au NP-induced plasmon absorption enhancement. Meanwhile,
the stability performance was ascribed to the suppression, in
presence of GO, of oxygen and/or In diffusion from ITO toward
the P3HT:PC61BM.613

Li et al.615 investigated deposited GQDs as the HTL material
in DR3TBDT:PC71BM- and P3HT:PC61BM-based OSCs (DR3TBDT is
a small-molecule donor based on the benzo[1,2-b:4,5-b0]dithio-
phene unit).616 GQD films exhibited homogenous morphology
and high conductivity, yielding P3HT:PC61BM-based OSCs with
an Z value of 3.51%.615 This value was similar to that measured for

PEDOT:PSS-based OSCs (Z = 3.52%).615 In addition, GQD-based
OSCs exhibited longer lifetime and more reproducible Z compared
to the reference device.615

An effective approach to enhance the performance of GO-based
HTLs is to tune their fW through functionalization routes.112

In ref. 617, a fluorinated RGO (FRGO) was synthetized with a
fW value of 4.9 eV using a F-containing phenylhydrazine-based
reductant. The as-produced FRGO was then used as the HTL in
PTB7:PC71BM- and P3HT:ICBA-based OSCs (Fig. 9b).616 The
functionalization process detached oxygen functional groups
from GO flakes, while concomitantly doping the edges and
basal planes of the flakes themselves with F.616 Due to the fW

increase, the FRGO-based OSCs exhibited similar performance
and higher stability compared to those of the PEDOT:PSS-based
reference.616 A series of GOs with tuned oxidation (pr-GO) were
synthetized by Li et al.618 strictly by controlling the preoxidation
steps, oxidation time, and oxidant content, leading to fW values
between 4.74 and 5.06 eV. By precisely controlling the oxidation
time, a P3HT:PC61BM-based OSC using pr-GO HTL reached an Z
value of 3.74%, which was B3.60% higher than that reported
for the PEDOT:PSS-based reference.617 Stratakis et al.619 demon-
strated that GO fW can be effectively tuned by UV laser irradiation
in the presence of Cl gas. In particular, by irradiating ultrathin GO
films with a pulsed laser in the presence of a dopant Cl precursor
gas, a simultaneous reduction and Cl doping of GO lattice was
achieved.618 Following the irradiation process, Cl atoms were
linked to both basal planes and edges of GO. The fW value of
GO was tuned by controlling the laser exposure time.618 In
particular, the fW value of chlorinated GO (GO-Cl) was adjusted
from 4.9 eV in GO to a maximum of 5.23 eV in GO-Cl by
increasing the laser exposure level up to 60 laser pulses (pulse
duration = 20 ns; wavelength = 248 nm; power of 50 mW; beam
profile = 20 � 10 mm2).618 The induced polar character of C–Cl
bonds is responsible for the downward shift in EF in the VB of GO-Cl
and the subsequent increase in fW compared to pristine GO.618

Fig. 9 (a) Chemical structures of the PTB7 donor polymer, PC71BM acceptor, and GO HTL. Schematic of a standard OSC indicating the location of CTLs.
Comparative PV performance of PTB7:PC71BM-based OSC with PEDOT:PSS or GO HTLs. Adapted with permission from ref. 609, Copyright 2011,
American Chemical Society. (b) Schematic of the OSC structure. I–V curves of OSCs based on different HTLs. Adapted from ref. 616. (c) Schematic of the
inverted-type OSC incorporating a MoS2 HTL. Schematic of the structure of the thin-layer MoS2 buffer layer (side view) and schematic of the monolayer
flake of MoS2 along the 0001 direction (top view). Adapted from ref. 620.
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This fW tuning determined the energy matching between GO-Cl
and the PCDTBT donor, allowing the resulting OSC to reach an Z
value higher than that of PEDOT:PSS-based reference.618 Phos-
phorylated GO was recently used as HTL in PTB7:PC71BM-,
PBDTTT-C:PC71BM-, and P3HT:PC61BM-based OSCs, enhancing
their Z from 6.28%, 5.07%, and 2.78% (in pristine GO-based
devices) to 7.90%, 6.59%, and 3.85%, respectively.620 The
proposed phosphate ester modification increased the GO film
roughness and hydrophobicity, while the p-doping of the GO
increased fW from 4.24 to 4.70 eV, providing better matching
with the HOMO level of the polymer donor.619

In addition to graphene-based materials, solution-processed
TMDs have also been widely investigated as HTL materials. For
example, Gu et al.621 exploited a film of MoS2 flakes, produced by
the chemical Li intercalation method, as the HTL in P3HT:
PC61BM- and PTB7:PC71BM-based OSCs. The resulting MoS2-based
OSCs achieved Z values of 4.02% and 8.11% for P3HT:PC61BM and
PTB7:PC71BM active layers, respectively (Fig. 9c).620 These Z values
were higher than those measured for the reference OSCs using
thermally evaporated MoO3 HTLs.620

The superior HTL performance of MoS2 compared to that of
vacuum-evaporated MoO3 was attributed to the inferior trap
density compared to the MoO3 reference, providing higher hole
concentration at VOC (i.e., B1016 cm�3 in MoS2 vs. B1016 cm�3

in MoO3).620 In addition, at the MoS2/P3HT interface, the
presence of a surface dipole with the negative charge end
pointing toward the active film electrode and positive charge
end pointing toward the Ag electrode reinforces the actual built-in
potential across the device, suppressing charge recombination and
leading to a more effective charge extraction capability.620 Like-
wise, Yun et al. prepared a p-type MoS2 (p-MoS2) layer by HAuCl4�
3H2O doping.622 This process increased the MoS2 fW value from
4.52 to 4.76 eV.621 As a result, P3HT:PC61BM-based OSCs using
p-MoS2 HTL exhibited an Z value of 3.4%, which was higher than
that of pristine MoS2-based OSCs (Z = 2.8%), owing to the better
energy-level matching between the P3HT HOMO level and HTL
fW.621 In the research activity of energy-level optimization of HTL,
Le et al. further increased the fW value of MoS2 up to 4.9 eV by UV/
ozone (UVO) treatment, providing excellent matching with the
HOMO level of P3HT (B5 eV).623 The resulting MoS2-based OSCs
achieved an Z value of 2.44%, which was similar to that of the
PEDOT:PSS-based reference (Z = 2.81%).622 Moreover, the use of
MoS2 HTL extended the device stability in air by protecting the ITO
surface from the hygroscopic nature of PEDOT:PSS.622 An increase
in MoS2 fW was also achieved by introducing O atoms inside the
lattice of MoS2 flakes (O-MoS2) via UVO post-treatment.624 The
optimized O-MoS2 flakes were used as HTLs in PTB7:PC71BM-
based OSCs, which displayed an Z value of 7.64%—53% higher
than that of the cell using pristine MoS2 and comparable to that
obtained using PEDOT:PSS (7.6%).623 In addition, the Rs value of
the device with O-MoS2 was considerably lower (1.88 O &�1) than
that obtained using MoS2 (4.03 O&�1).623 The incorporation of O
atoms into the MoS2 lattice can act as a type of doping or alloy,
reducing structural defects by the filling of vacancies, as well as
increasing fW (up to 4.93 eV) to match the HOMO level of
P3HT.623 Liu et al. proposed a further surface modification

pathway of MoS2 with a hydrophilic surfactant via electrostatic
interaction.625 Subsequently, they fabricated PTB7:PC71BM-based
OSCs with a modified MoS2 HTL, achieving Z4 7%.624 Yang et al.
decorated MoS2 flakes with Au NPs in order to create localized
surface plasmon resonance effects to boost Z.626 In fact, Au NPs act
as plasmonic near-field antennas,627,628 increasing the absorption
cross-section of the photoactive layer.625 As a result, PTB7:PC71BM-
based OSCs using the MoS2-Au hybrid as the HTL, exhibited an Z
value of 7.25%, which represents a 17.3% increase compared to
that of pristine MoS2 HTL-based devices (Z = 6.18%).625 Zheng
et al. proposed a graphene–MoS2 heterostructure (GMo) as an
interlayer between the ITO and PEDOT:PSS HTL in OSCs based on
a binary PTB7-Th:PC71BM system.629 GMo was hydrothermally
synthesized using thiourea/glycerol, LPE-produced graphene, and
phosphomolybdic acid as the precursors.628 The few layers of
oxygen-incorporated MoS2 contained both 2H and 1T phases.628

GMo-based OSCs reached Z = 9.5%, while retaining more than
93% of the initial Z over 1000 h.628 Beyond MoS2, other TMDs have
been investigated as HTLs. Kwon et al. used WS2 treated with UVO
as the HTL in P3HT:PC61BM-based OSCs.630 The UVO treatment
modified the fW value of WS2 from 4.75 to 4.95 eV, improving the
alignment with the LUMO level of P3HT in addition to the removal
of surface contaminants.629 The combination of these effects
allowed the achievement of Z = 3.08% (comparable to that of the
PEDOT:PSS-based reference (3.23%)).629 UVO treatment was also
used for TaS2 nanosheets, used both as the HTL and ETL in
P3HT:PC61BM-based OSCs.631 The fW value of TaS2 changed from
4.4 eV to 5.1 eV and Z = B3.06% could be achieved. This value was
similar to that measured for the PEDOT:PPS-based OSCs as the
reference (3.28%).629 Gu et al. introduced NbSe2 HTL in inverted
PTB7:PC71BM- and P3HT:PC61BM-based OSCs, reaching Z of
B8.10% and B3.05%, respectively.632 These Z values were higher
than those of OSCs based on vacuum-deposited MoO3 (7.54%) and
spin-coated PEDOT:PSS (2.7%).631

The enhancement of Z was attributed to the flake-like 2D
structure, which exhibits a lower trap density, as well as to the
existence of surface dipoles, which promote charge extraction
processes. Lastly, layered bismuth selenide nanoplatelets (L-Bi2Se3)
were implemented as the HTL in inverted P3HT:PC61BM-based
OSCs.633 The corresponding OSCs reached Z = 4.37%, which was
higher than the Z value of OSCs based on evaporated MoO3 HTL
(3.91%).632 The Z improvement was ascribed to the high
conductivity of L-Bi2Se3.632 Moreover, the L-Bi2Se3 fW was found
to increase with aging under the ambient conditions due to
O-induced p-doping, resulting in improved VOC and FF.632 More
recently, Li et al. demonstrated the use of LPE-produced few-
layer WS2 and MoS2 nanosheets as the HTL materials for high-
efficiency NFA-based OSCs (Fig. 10).634 The cells used Y6471 or
IT-4F635 as small-molecule NFAs and PBDB-T-SF636 or PBDB-T-2F634

as the polymer donors. Binary PBDB-T-SF:IT-4F and ternary
PBDB-T-2F:Y6:PC71BM OSCs based on WS2 as the HTL exhibited
an Z value of 15.8% and 17.0%, respectively, which were higher
than the corresponding reference OSCs based on PEDOT:PSS, i.e.,
Z of 13.5% and 16.4%, respectively.633 The observed performance
enhancement was attributed to a reduction in bimolecular recom-
bination losses (i.e., losses determined by the recombination of an
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electron with a hole, thus directly depending on both electron and
hole concentrations) compared to PEDOT:PSS-based OSCs.633 The
lower bimolecular recombination in WS2-based devices compared
to MoS2 and PEDOT:PSS devices was ascribed to the deeper fW

value of WS2 on ITO (i.e., 5.5 eV vs. 5.4 eV and 4.8 eV for MoS2 and
PEDOT:PSS on ITO, respectively).633 The optimal WS2 fW allowed
charge collection to be improved and surface energy to be reduced,
leading to quasi-ideal phase separation.633

Table 3 summarizes the main results achieved with OSCs
using HTLs based on GRMs.

ETLs. For the use of GRMs as ETLs, proper functionalization
routes have been used to decrease the fW values close to that of
the HOMO level of fullerene acceptors, aiming to facilitate
efficient electron transport from the electron acceptor to the
ETL. Liu et al. first reported GRM-based ETLs based on Cs2CO3-
functionalized GO in P3HT:PC61BM-based OSCs.637 By replacing
the -COOH groups of GO with -COOCs groups through charge
neutralization, fW was decreased from 4.7 to 4.0 eV. Consequently,
fW of Cs2CO3-functionalized GO matched the LUMO level of
PC61BM, thereby facilitating electron collection.636 An Z value of
3.67% and 2.97% were obtained using normal and inverted
OSC structures, respectively.636 The PV performance were
similar to those measured for the reference cell using LiF as
the standard ETL.636

Similar Cs2CO3-based functionalization was applied to GQDs
(GQDs-Cs2CO3), which were then used as the ETL in inverted
P3HT:PC61BM-based OSCs.638 The OSCs exhibited an Z value of
3.23%, which was 56% higher than that of OSCs using pristine
Cs2CO3 HTL.637 In addition, while GQDs-Cs2CO3-based devices

retained 50% of their original Z under ambient conditions
(exposition for 1200 h), the Z value of pristine Cs2CO3-based
device decreased to 17% of its initial value.637 The high Z and
stability of GQDs-Cs2CO3-based OSCs were attributed to both
optimal electron extraction and suppression of leakage current,
as well as the immobilization of Cs+ ions on GQDs in the HTL,
delaying their diffusion into the P3HT.637 Meanwhile, n-doped
GO was produced through chemical Li intercalation, leading to
functionalized GO-Li with fW of 4.3 eV.639

The low fW value of GO-Li was ascribed to the presence of Li
atoms with low electronegativity.638 In detail, Li atoms bonded
to GO release their valence electrons to GO, leading to the
formation of an electric dipole induced by Li+.638 The charge
transfer from Li to GO plane shifts the Fermi level toward the
vacuum, inducing a difference between the Fermi level of the
two materials of 0.67 eV, explaining the decrease of fW.638 In
PCDTBT:PC71BM-based OSCs, the GO-Li layer, which is inserted
between TiOx and photoactive blend, acts as an interfacial
engineering material, increasing Z up to 6.29% (4.89% in
GO-based OSCs and 5.51% in interlayer-free OSCs).638 These
results prove the bifunctional role of GO-Li acting as (1) an
interfacial engineering material that improves the ohmic con-
tact between the cathode and the ETL, while increasing the
internal electric field amplitude;638 (2) a protection layer against
humidity and oxygen, enhancing the device stability during
prolonged illumination.638

Beyond the intercalation of alkali metals in GO, an alter-
native n-doping strategy of RGO was developed by producing
RGO-ZnO and RGO-TiO2 nanocomposites, which were then

Fig. 10 (a) Chemical structure of PBDB-T-2F, Y6, and PC71BM and the corresponding LUMO and HOMO energies. (b) Schematic of the standard OSC
architectures employed. (c) J–V curves of OSCs based on PBDB-T-2F:Y6 and PBDB-T-2F:Y6:PC71BM with different HTLs. (d) EQE curves of OSCs based
on a PBDB-T-2F:Y6:PC71BM active layer for different HTLs. (e) A comparison of the performances of previously reported OSCs with 2D material
interfaces. Adapted from ref. 633.
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used as the ETL in inverted PTB7:PC71BM-based OSCs.644 The
RGO-ZnO- and RGO-TiO2-based OSCs achieved Z values of
7.50% and 7.46%, respectively.643 These values were compar-
able to those obtained using pristine ZnO (7.39%) and TiO2

(7.22%).643 The authors also compared their RGO-metal oxide
(MO)-based OSCs with devices containing thermally evaporated
bathocuproine (or 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline)
(BCP) as ETLs, obtaining fairly comparable Z (7.47%) due to the
capability of RGO to balance hole and electron mobilities of
the devices.643 Subsequently, RGO-MO ETLs were also exploited
in PCDTBT:PC71BM-based,645 P3HT:PC61BM-based,646 and low-
bandgap quinoxaline-based D-A copolymer:PCBM-based647 OSCs.

A RGO-PC61BM composite was produced by Qu et al. by
anchoring PC61BM onto GO through a pyridine moiety to be used
as the ETL in P3HT:PC61BM-based OSCs.648 The RGO-PC61BM
nanocomposite exhibits higher solubility compared to RGO and a
low fW value of 4.4 eV, which matched the LUMO level of the
electron acceptor.647 Therefore, the modified PC61BM OSCs signifi-
cantly improved the Z value (3.89%) compared to OSCs using
pristine RGO or pyrene-PC61BM ETLs.647

Hu et al. used GQDs functionalized with ammonium iodide
at the edge as a thickness-insensitive ETL with high optical
transparency.649 PCDTBT:PC71BM-based OSCs using functionalized

GQDs exhibited an Z value of 7.49%, which was significantly higher
than that of the reference cells using calcium as the ETL.648

Importantly, the performance of OSCs was insensitive to the thick-
ness of the GQD layer (i.e., 2–22 m).648

Solution-processed BP flakes in ethanol were also recently
demonstrated as an effective interfacial layer between the ZnO
ETL and PTB7:PC71BM active layer in inverted OSCs.650 The
addition of the BP interlayer enhanced the Z value by 11%,
reaching the maximum value of 8.25%.649 The improvement of
Z was attributed to the formation of a cascaded band structure
between PC71BM, ZnO, and BP flakes, which facilitates the
electron transport and suppresses the carrier recombination
near the cathode.649 Furthermore, the BP-incorporated OSC has
shown superior air stability, exhibiting a degradation of 5.82%
after two days, compared to the reference device, which exhibited
a degradation of 9.29% in the same timeframe.649 Konios et al.
demonstrated the simultaneous use of fW-tuned functionalized
GO derivatives as both HTL and ETL in PCDTBT:PC71BM- and
PTB7:PC71BM-based OSCs.651 The fW tuning of GO took place
by either photochlorination618 or Li neutralization638 for fW

increase or decrease, respectively. Consequently, it was possible
to match the GO-Cl fW with the HOMO level of both PCDTBT
and PTB7 donor, as well as GO-Li fW with the fullerene LUMO

Table 3 Summary of the PV performance of OSCs using GRMs as the HTL

Material Usage Device structure

Cell performance

Ref.JSC (mA cm�2) VOC (V) FF (�) Z (%)

GO HTL ITO/ZnO/PTh4FBT:PC71BM/VOx/GO/Ag 13.2 0.76 0.67 6.7 606
Partial reduced GO HTL ITO/pr-GO/PCDTBT-PC71BM/TiOx/Al 11.18 0.89 0.59 5.96 607
UV-O3 treated GO HTL ITO/UV-O3 treated GO/PTB7:PC71BM/LiF/Al 15.21 0.72 0.68 7.39 609
Sulfonic acid-functionalized RGO HTL ITO/sr-GO/PTB7:PC71BM/Ca/Al 15.3 0.75 0.63 7.18 610
GO-SWCNT HTL ITO/GO-SWCNT/P3HT:PC61BM/Ca/Al 10.82 0.6 0.63 4.1 612
GQDs HTL ITO/GO/P3HT:PC61BM/Ca/Al 10.20 0.52 0.66 3.51 614
Fluorine-functionalized RGO HTL ITO/FRGO/P3HT:PC61BM/Ca/Al 8.78 0.6 0.7 3.64 616
Partial oxidized GO (pr-GO) HTL ITO/pr-GO/P3HT:PC61BM/LiF/Al 10.40 0.61 0.59 3.74 617
Photochlorinated GO (GO-Cl) HTL ITO/GO-Cl/PCDTBT:PC71BM/TiOx/Al 13.65 0.88 0.55 6.56 618
Phosphorylated GO HTL ITO/P-GO/PTB7:PC71BM/Ca/Al 16.12 0.71 0.68 7.9 619
MoS2 HTL ITO/ZnO/PTB7:PC71BM/MoS2/Ag 15.9 0.72 0.71 8.11 620
p-Doped MoS2 HTL ITO/p-doped MoS2/P3HT:PC61BM/Ca/Al 8.62 0.59 0.66 3.38 621
UV/ozone-treated MoS2 (UVO MoS2) HTL ITO/UVO MoS2/P3HT:PC61BM/LiF/Al 7.97 0.52 0.68 2.81 622
Oxygen-incorporated chemical
exfoliated MoS2 (O-ceMoS2)

HTL ITO/O-ceMoS2/PTB7:PC71BM/PFN/Al 14.98 0.73 0.7 7.64 623

Modified ce-MoS2 (m-MoS2) HTL ITO/m-MoS2/PTB7:PC71BM/PFN/Al 14.71 0.73 0.67 7.26 624
MoS2 decorated with Au NPs (MoS2@Au) HTL ITO/MoS2@Au/PTB7:PC71BM/PFN/Al 15.44 0.72 0.65 7.25 625
Graphene-MoS2/PEDOT:PSS HTL ITO/Graphene-MoS2/PEDOT:PSS/

PTB7-Th:PC71BM/Ca/Ag
17.2 0.77 0.72 9.4 628

UV-O3 treated MoS2 HTL ITO/UV-O3 treated MoS2/P3HT:PC61BM/LiF/Al 7.81 0.6 0.63 2.96 629
UV-O3 treated WS2 HTL ITO/UV-O3 treated WS2/P3HT:PC61BM/LiF/Al 7.87 0.61 0.64 3.08 629
UV-O3 treated TaS2 HTL ITO/TaS2/P3HT:PC61BM/LiF/Al 7.87 0.61 0.64 3.06 630
NbSe2 nanosheets HTL ITO/ZnO/PTB7:PC71BM/NbSe2/Ag 16.04 0.72 0.7 8.1 631
Layered bismuth selenide
(L-Bi2Se3) nanoplates

HTL ITO/ZnO/P3HT:PC61BM/L-Bi2Se3/Ag 9.91 0.65 0.68 4.37 632

WS2 HTL ITO/WS2/PBDB-T-SF:IT-4F/PFN-Br/Al 20.6 0.88 0.74 13.5 633
WS2 HTL ITO/WS2/PBDB-T-2F: Y6: PC71BM/PFN-Br/Al 26 0.84 0.78 17 633
UV treated Ti3C2Tx HTL ITO/UV-MXene/PBDB-T:ITIC/Ca/Al 15.98 0.89 0.64 9.02 651
GO HTL ITO/GO/P3HT:PC61BM/GOCs/Al 10.30 0.61 0.59 3.67 636
GO-Cl HTL ITO/GO-Cl/PTB7:PC71BM/GO-Li/TiOx/Al 19.59 0.76 0.62 9.14 650
PEDOT:PPS-GO HTL ITO/PEDOT:PSS-GO/PM6:Y6/PDINO–G/Al 25.65 0.85 0.76 16.5 652
PEDOT:PSS:GO HTL ITO/PEDOT:PSS/SPGO/PTB7:PC71BM/Al 17.3 0.67 0.41 4.82 640
g-C3N4-doped PEDOT:PSS HTL ITO/g-C3N4-doped PEDOT:PSS/PM6:Y6/PFN-Br/Ag 26.71 0.84 0.73 16.38 641
a-In2Se3 nanosheets HTL ITO/a-In2Se3/PBDB-T:ITIC/Ca/Al 16.69 0.88 0.65 9.58 642
WS2 nanosheets HTL ITO/WS2/PBDB-T-2F:Y6:PC71BM/PFN-Br/Ag 26.0 0.83 0.72 15.6 643
MoS2 nanosheets HTL ITO/WS2/PBDB-T-2F:Y6:PC71BM/PFN-Br/Ag 25.3 0.81 0.71 14.9 642
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level, enabling the balance between me and mh.650 As a result,
both graphene-based OSCs significantly outperformed the
reference ones, leading to Z improvement of 30% and 19%
for PCDTBT- and PTB7-based devices, respectively.650 In particular,
the champion device exhibited an Z value of 9.14%, which was a
record-high value for OSCs using a graphene-based buffer layer.650

In the same context, Yu et al. demonstrated the use of fW-tuned
MXenes, particularly Ti3C2Tx, as both HTL and ETL in NFA-based
OSCs using PBDB-T:ITIC as the active layer.652 The fW tuning
took place through UVO or hydrazine treatments for fW increase
and decrease, respectively.651 Therefore, the fW value was tuned
in the 4.08–4.95 eV range.651 The fW modification mechanism
was ascribed to the oxidation or reduction of the C element of
Ti3C2Tx by UVO or N2H4, respectively.651 The UVO-and N2H4-
treated MXenes were used as the HTLs in conventional OSCs and
as the ETL in inverted OSCs, respectively.651 The resulting cells
exhibited an Z value of 9.02% or 9.06% respectively, both
comparable to the performance achieved with PEDOT:PSS-based
references.651 Pan et al. developed an n-doped graphene ETL
for OSCs by adding micromechanically exfoliated single-layer
graphene to (N,N-dimethyl-ammonium N-oxide)propyl perylene
diimide (PDINO).653 The conductivity of graphene was increased
by n-doping with the nitroxide radical of N-oxide in PDINO.652

The resultant n-doped graphene (PDINO-G) possessed increased
conductivity, lower fW, reduced charge recombination, and
increased charge extraction rate compared to pristine PDINO.652

The OSCs based on PTQ10:IDIC-2F with PDINO–G as the ETL
exhibited an Z value of 13.01%, which was superior to that
achieved by OSCs without graphene.652 Furthermore, PM6:Y6-
based OSCs using PEDOT:PPS-GO as the HTL and PDINO–G as
the ETL displayed an Z value as high as 16.52%, significantly
higher than that for OSCs without GO and graphene (15.1%).652

The observed performance enhancement was attributed to the
higher (by two orders of magnitude) conductivity of graphene-
based ETL compared to that of graphene-free ETL, suitable fW,
and optimal charge extraction.652

More recently, Lee et al. used MoS2 nanoflakes, with an
average diameter of 27 nm, as an effective electron transporting

interlayer between polyethylenimine ethoxylated (PEIE) and the
photoactive layer in OSCs.654

MoS2 nanoflakes acted not only as an ETL but also as a sub-
photosensitizer (i.e., additional light-absorbing layer), enhancing
Z by 27%, 11%, and 15% compared to P3HT:PC60BM-, PTB7:
PC71BM-, and PTB7-Th:PC71BM-based reference cells, respectively.653

The observed performance enhancement was attributed to effective
electron transport via MoS2 nanoflakes supported by an increased
Förster resonance energy transfer375,655,656 efficiency of 67% from
PTB7:PC71BM to MoS2 nanoflakes.653

Table 4 summarizes the main results achieved with OSCs
using ETLs based on GRMs.

Interconnection layers (ICLs). Tandem OSCs stack two or
more single-junction sub-cells (with complementary Eg values)
to harvest light from the entire solar spectrum.657 Ideally, the
VOC value of the tandem devices is the sum of the VOC values of
the sub-cells, while the ISC value is the lowest ISC of the two sub-
cells, the latter being in series.

An ICL collects electron and holes from the respective sub-
cells, acting as a recombination site between them.658,659 There-
fore, ICL is a critical component in tandem architectures. In
addition, an optimal ICL should be uniform, transparent, highly
conductive, and resistant to solvents.660 So far, PEDOT:PSS/
TiO2,661 PEDOT:PSS:ZnO,662 and LiF/Al/Au/PEDOT:PSS663 have
been the most established ICLs, despite the well-known draw-
backs attributable to the acidic and aqueous nature of PEDOT:
PSS, which have a huge impact on OSC stability.664 In the
development of ICL, GRMs have been used both to improve
the stability of PEDOT:PSS and in combination with other
materials as an alternative to PEDOT:PSS.

Tung et al. used GO:PEDOT:PSS nanocomposite as the ICL
in a tandem OSCs consisting of two identical P3HT:PC61BM-
based sub-cells.665 The tandem OSCs were fabricated by a direct
adhesive lamination process enabled by the sticky GO:PEDOT
film.664 An Z value of 4.14 and VOC of 0.94 V (B84% of the sum
of the VOC of the two sub-cells) were reported.664 Surprisingly,
the presence of GO in the composite increased the PEDOT:PSS
electrical conductivity by altering its chain conformation and

Table 4 Summary of the PV performance of OSCs using GRMs as the ETLs

Material Usage Device structure

Cell performance

Ref.JSC (mA cm�2) VOC (V) FF (�) Z (%)

GO & Cs-neutralized GO (GOCs) ETL ITO/GO/P3HT:PC61BM/GOCs/Al 10.30 0.61 0.59 3.67 650
Cs2CO3 functionalized GQDs-Cs2CO3) ETL ITO/GQDs-Cs2CO3/P3HT:PC61BM/V2O5/Au 9.18 0.58 0.61 3.23 637
Lithium-neutralized GO (GO-Li) ETL ITO/PEDOT:PSS/PCDTBT:PC71BM/GO-Li/TiOx/Al 12.51 0.89 0.57 6.29 638
ZnO-RGO hybrids ETL ITO/PEDOT:PSS/PTB7:PC71BM/ZnO-RGO/Al 15.19 0.72 0.69 7.5 643
TiO2-RGO hybrids ETL ITO/PEDOT:PSS/PTB7:PC71BM/TiO2-RGO/Al 14.99 0.74 0.67 7.46 643
TiOx:RGO composites ETL ITO/rGO:TiOx/P3HT:PC61BM/MoO3/Ag 9.85 0.64 0.61 3.82 646
RGO-pyrene-PC61BM ETL ITO/PEDOT:PSS/P3HT:PC61BM/RGO-pyrene-PC61BM/Al 9.78 0.64 0.62 3.89 647
GQDs functionalized with
ammonium iodide (GQD-NI)

ETL ITO/PEDOT:PSS/PCDTBT:PC71BM/GQD-NI/Al 10.98 0.93 0.73 7.49 648

n-Doped MoS2 ETL ITO/n-doped MoS2/P3HT:PC61BM/PEDOT:PSS/Ag 8.16 0.59 0.55 2.73 621
Black phosphorus (BP) ETL ITO/ZnO/BP/PTB7:PC71BM/MoO3/Ag 18.78 0.72 0.61 8.25 649
N2H4 treated Ti3C2Tx ETL ITO/N2H4-Ti3C2Tx/PBDB-T:ITIC/MoO3/Al 17.36 0.87 0.6 9.06 651
Small sized MoS2 ETL ITO/PEIE/MoS2/PTB7-Th:PC71BM/MoO3/Ag 17.02 0.8 0.66 9.08 653
GO-Li ETL ITO/GO-Cl/PTB7:PC71BM/GO-Li/TiOx/Al 19.59 0.76 0.62 9.14 650
PDINO-G ETL ITO/PEDOT:PSS-GO/PM6:Y6/PDINO–G/Al 25.65 0.85 0.76 16.5 652
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morphology. Moreover, GO increased the PEDOT:PSS dispersion
viscosity, leading to a beneficial effect on the adhesion
properties.664 Overall, the addition of GO effectively improved
charge extraction at the interface between the HTL and active
layer.664

Yusoff et al. incorporated a GO/TiO2 recombination layer into a
tandem OSC.491 The overall VOC (1.62 V) was approximately the
sum of those of the individual sub-cells (0.94 V and 0.68 V).491 This
result indicated that the incorporation of GO in traditional recom-
bination layers can allow the realization of ideal resistance-free
interconnection between the front and rear cell, while preserving
the optical transparency of the same recombination layers (e.g.,
TiO2).491 Notably, all the tandem OSCs were solution-processed
and stable.491 Finally, Cs-functionalized GO was used in GO-Cs/
Al/GO/MoO3 ICL between two PCDTBT-based sub-cells.666 The
ICL based on GO promoted recombination between the electrons
and holes generated from the front and rear cells, owing to the
energy-level matching of the interfaced materials.665 In fact, after
MoO3 modification, the fW value of GO increased up to 5.3 eV,
matching the HOMO level of PCDTBT, while that of Al-modified
GO-Cs decreased to 4 eV, matching the LUMO level of PCBM.665

The resulting Z and VOC values were 3.91% and 1.69 V,
respectively.665 The VOC was almost equal to the sum of the two
sub-cells, proving the beneficial role of GRM-based ICLs.665

Table 5 summarizes the main results achieved with tandem
OSCs using ICLs based on GRMs.

4.4 Summary and outlook

The effort for OSC commercialization has recently seen a renaissance
after the development of BHJ single-junction devices based on low-
bandgap polymer donors and NFAs,474–476 which reached Z values
exceeding 17%,474–476 up to the record value of 18.3%.477 Impor-
tantly, the LCOE for organic solar modules with an Z value of 10% in
a 20 year range has recently been estimated to be between 0.185 and
0.486 f kW h�1 (i.e., between 2.7 and 7.3 US cent kW h�1),667

which is competitive with the LCOEs afforded by current PV
technologies (less than 5 US cents kW h�1)131–133 and fossil
fuels.134,135 In this context, the incorporation of solution-
processed 2D materials enabled the OSCs to further increase
their performance up to Z values of more than 17%.584,633 In ref.
633, this achievement was attained by replacing a traditional
HTL, i.e., hygroscopic PEDOT:PSS, with solution-processed WS2

flakes. More generally, several solution-processed GRMs have
been proven to combine all the key attributes required by ideal
CTLs and/or buffer layers for OSCs. In particular, the energy
levels of 2D materials can be tuned on demand to conceive

advanced interface engineering at the device heterojunctions,
enhancing the exciton dissociation, while providing optical
transparency and high carrier mobilities for efficient charge
transport toward the electrodes. Meanwhile, solution-processed
2D materials have tunable energy levels to act as an additive in
ternary blends together with NFAs and low-bandgap polymer
donors. In addition, solution-processed 2D materials have been
demonstrated to regulate the morphology of the active layer,
improving device Z (up to 17.3%) as well as reproducibility.584

Therefore, we are looking forward to seeing the implementation
of 2D materials into the most efficient reported OSC architec-
tures to achieve Z over 20% in the near future.668

Despite the progress seen in 2D materials as CTLs, additives for
photoactive layers, and buffer layers, the printing of 2D materials
over a large scale in air using either R2R or sheet-to-sheet (S2S)
processes is still unreported for the practical realization of large-area
(41 cm2) OSCs and modules.669–673 The establishment of scalable
LPE methods for the production of 2D materials with controlled size
and thickness can stimulate research toward the realization of
commercially competitive large-area OSC technologies, including
flexible devices, with Z exceeding 14%.674–678

Moreover, OSCs based on solution-processed 2D materials can
find applications for solution-processed tandem PVs.679 For exam-
ple, the latter can be fabricated using a PSC and OSC as the sub-cells,
both produced through R2R methods. The solution processability of
efficient tandem SCs is a very attractive alternative to perovskite/Si
tandem SCs,678 which recently gained enormous interest for off-grid
power generation.680 In the scenario involving flexible and bifacial
OSCs, (semi)transparent and flexible electrodes based on solution-
processed graphene and graphene derivatives are still not com-
petitive with commercially established TCO-based technologies
(see additional discussion in Section 8). Lastly, OSCs are attrac-
tive for indoor applications,681–683 such as ideal power sources for
indoor IoT devices. In this context, Z over 21% has been
reached,680,682 and the exploitation of 2D materials may rapidly
contribute toward further improving these performances.

Overall, we believe that the use of cost-effective solution-
processed 2D materials as CTLs, buffer layers, and additives in
OSCs, coupled with the development of low-bandgap donors
and NFAs, can be the key to unlock their spread in both large-
scale and niche (i.e., indoor) applications.

5. DSSCs

DSSCs are an intriguing alternative to the more conventional
Si-based PV technology, owing to their potential low-cost

Table 5 Summary of the PV performance of tandem OSCs using GRM-based ICLs

Material Usage Device structure

Cell performance

Ref.JSC (mA cm�2) VOC (V) FF (�) Z (%)

GO:PEDOT:PSS composite ICL Glass/ITO/PEDOT:PSS/P3HT:PC61BM/ZnO/GO:PEDOT:PSS/
P3HT:PC61BM/Ca/Al

7.2 1 0.58 4.14 490

GO ICL Glass/ITO/GO/PSEHTT:ICBA/TiO2/GO/PSBTBT:PC71BM/ZnO/Al 8.23 1.62 0.63 8.4 491
Cesium neutralized GO
(GO-Cs) & GO

ICL Glass/ITO/PEDOT:PSS/PCDTBT:PC71BM/GO-Cs/Al/GO/MoO3/
PCDTBT:PC71BM/Ca/Al

5.03 1.69 0.46 3.91 492
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production and compatibility with flexible design.684–686 In a
typical DSSC, a dye—sensitizing nanocrystalline TiO2 on a TCO
glass—absorbs the solar energy.52,687 The photoexcitation of the
dye promotes electron injection toward the CB of nanocrystalline
TiO2.52,686 The electrons flow in the direction of the transparent
electrode where they are collected for powering a load.52,686

After flowing through the external circuit, the electrons are
reintroduced into the cell on a metal electrode on the back,
called CE, where they are transferred to an electrolyte (also
called the mediator).52,686 Then, the electrolyte transports the
electrons back to the dye molecules.52,686 Thus, the original
state of the dye is recovered. The mediator can be either an
electrolyte containing a redox couple (such as I�/I3

� 688 and
Co2+/Co3+,689 for liquid-state DSSCs) or a HTL such as 2,20,7,70-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,90-spirobifluorene (spiro-
OMeTAD) for solid-state DSSCs.690–692

The theoretical maximum VOC value of a DSSC is regulated
by the energy difference between the Fermi level of the metal
oxide (typically TiO2) semiconductor on the photoanode and the
redox potential of the mediator.52,686 However, at a nonzero
current, the output voltage is inferior to VOC. In detail, the overall
overpotential of the CE determines a voltage loss attributable to
the delivery of current through the electrolyte/CE interface
(kinetic overpotential or charge transfer overpotential) and
through the electrolyte (mass transfer overpotential).693 The mass
transfer overpotential is mainly affected by the ionic conductivity
of the electrolyte and the transport of mediator species from the
CE to the photoanode.694,695 Instead, the catalytic activity of the
CE for the mediator reduction reaction defines the magnitude of
charge transfer overpotential.693,694 Detailed descriptions of each
component of a DSSC, as well as recent advances in DSSCs, can
be found in several reviews.686,696,697

To improve the performance and reducing the cost of DSSCs,
the incorporation of new materials as well as the development of
solution-processing techniques are actively pursued. In this con-
text, GRMs have been extensively exploited in different DSSC
components.698–702 In detail, they were first used as a transparent
electrode to replace FTO at the photoanode.701 Subsequently,
they have been used as light absorbers,703 additives for improving
charge transport through both TiO2

704–710 and electrolyte,711,712

and CE material for Pt replacement.699,713,714 Herein, we will
overview the use of solution-processed GRMs in different com-
ponents of DSSCs.

5.1 TCEs and photoanodes

TCEs, as well as entire photoanodes, are the key components in
DSSCs. Traditionally, ITO (RS B 10–30 O &�1, Tr (550 nm) 4
90%, fW B 4.8 eV)715 and FTO (Rs B 15–20 O &�1, Tr B 85%
(300 o l o550 nm), fW B 4.4–5 eV)716–719 have been the most
frequently used TCEs. However, ITO- and FTO-based electrodes
have economic and technical issues, such as scarcity of In and
high production/processing costs,720 as well as their crack
susceptibility under tensile stress and structural defects.715,721

In this framework, pristine graphene and its derivatives promise
to be ideal alternatives to traditional TCEs507,722 due to their
high s and Tr.

73 In particular, the preparation and processability

of GRMs, with controlled size,723 thickness,118 and chemical
functionalities,119 by solution-based methods130,333 have provided
simple and scalable ways to fabricate TCEs, compatible with high-
throughput printing processes.333,724 In order to design DSSC
photoanodes, several strategies have been pursued to minimize
competition between light absorption, electron transport, and
charge recombination processes: (i) the formulation of a compo-
site of metal oxides with appropriate Eg to guarantee the ideal Tr

value, allowing light to be effectively absorbed by the dye;725,726

(ii) the design of 1D metal oxides such as nanowires, nanorods,
and nanotubes for (1) reducing the electron transport pathway (i.e.,
increasing the electron diffusion coefficient (Dn)); (2) increasing
the electron lifetime (t) (i.e., reducing the charge recombination
losses);727–731 (iii) engineering 3D-metal-oxide-based light-trapping
scaffolds for enhancing the light absorption, while reducing the
photoanode thickness.732–734

The first attempt to exploit graphene-based materials to
replace conventional TCEs in DSSCs can be tracked back to the
pioneering work of Wang et al.701 The authors used transparent
and conductive ultrathin (10 nm) graphene-based films, pro-
duced through graphite oxide exfoliation followed by a thermal
reduction treatment.701 However, poor PV performance was
achieved as a consequence of both Rseries and electronic inter-
facial changes introduced by defected edges in graphene plate-
lets, which limited the hopping mechanism of electrons during
their transport.735–739 Therefore, large graphene sheets are
beneficial to reduce the number of boundaries and thus the
contact resistances through the entire graphene film. These
conclusions were very similar to those drawn in the field of
OSCs. In the context of DSSCs, major efforts focusing on the
incorporation of GRMs into DSSC photoanodes were aimed to
form 2D bridges within mesoporous/nanostructured electrodes
and to improve the electron collection efficiency.702,703,708,740–748

In fact, graphene and its derivatives can hold energy levels
between those of photoanode metal oxide (typically TiO2 or
ZnO) CBs and fW of FTO (Fig. 11a).749 Consequently, graphene
acts as an extended current collector (or electron transfer
channel) for a rapid collection/transfer of the photogenerated
electrons to the conductive substrate before the electrons
recombine by interacting with the dye and/or the redox species
(Fig. 11b).750 In addition, graphene insertion into photoanode
metal oxides introduces hierarchical structures (i.e., structures
with a multiscale nanostructural ordering), which enhance light
scattering.751,752 Thus, graphene effectively acts as light-capture
centers to improve the overall Z of DSSCs.747,753 Based on the
aforementioned considerations, Yang and co-workers reported
the use of TiO2/graphene front electrode for enhancing DSCC Z
and JSC by approximately 39% and 45%, respectively, compared
to the reference DSSC using nanocrystalline TiO2.703 Similar
effects have also been reported by Gao and co-workers.739 In
particular, Nafion (C7HF13O5S�C2F4)-functionalized graphene
dispersion and commercial TiO2 NPs (P25) were used to prepare
a graphene/TiO2 nanocomposite-based TCE with a continuous
2D conductive network.739 The hydrophobic fluorine backbones
of Nafion avoided the agglomeration of graphene flakes and
conferred stability through electrostatic interactions between
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the composite materials.754 It was proposed that this TCE
morphology strongly influenced dye absorption, modulating
the incident light harvesting, as well as the number of photo-
induced electrons injected from the excited dye to the TiO2

CB.753 Consequently, the DSSC incorporating 0.5 wt% graphene
in the TiO2 photoanode demonstrated an Z value of 4.28%,
which was 59% higher than that of the reference DSSC.753 Tsai
et al. demonstrated that graphene-incorporated TiO2 photo-
anode, prepared by spin coating, suppresses electron recombi-
nation, as well as enhances dye absorption onto the electrode
surface.755 By using 1 wt% graphene, a 15% improvement in Z
(from 5.98% to 6.86%) was demonstrated.754

Xu et al. developed a highly conductive graphene scaffold
incorporated into ZnO hierarchically structured NPs (HSN) capable
of capturing and transporting photogenerated electrons.752 The
DSSCs, with a 1.2 wt% of graphene into the ZnO photoanode,
exhibited an Z value of B5.86%, higher than that of DSSCs without
graphene.752 Performance improvement due to graphene addition
could be attributed to the combination of fast electron transport
and long electron lifetime, which reduced the electron recom-
bination losses (Fig. 12).752

Kusumawati et al. prepared a composite TiO2/RGO porous
photoanode in order to investigate the influence of RGO con-
tent (0.6, 1.2, and 3 wt%) on dye (N719) loading, as well as on
the charge extraction transport properties of TiO2 NPs.740 The
authors found that RGO incorporation increased the film SSA,
thereby promoting dye loading.740 This effect improved the
light absorption, increasing JSC and Z (by B12%) as compared
to those of the reference DSSC.740 The Z enhancement was also
ascribed to the optimized electron transport (B60% increase in
s compared to bare TiO2) in the TiO2/RGO (1.2 wt%) composite
photoelectrodes film.740 Hayashi et al. fabricated a multistep
electron transfer system based on organic–inorganic ternary
composites of Zn–porphyrin (ZnP), ZnO NPs, and RGO onto a
FTO/SnO2 electrode.756 The RGO flakes randomly distributed in
the composite film acting as a 2D network, which assists the
electron flow from ZnO-NP/ZnP composite to the FTO/SnO2

electrode.755 This effect limited the charge recombination at the
electrolyte interface and improved the photocurrent generation,
resulting in an IPCE value of B70% over the absorbed
wavelength.755 The authors assessed that RGO can act as electron
acceptor from ZnO-NP/ZnP composite, as well as a medium to
store and shuttle electrons within the composite film.755 Fang et al.
introduced different GO contents in TiO2 NPs by ball milling and
reported an Z value of 5.09%, which was remarkably higher than
that of the reference DSSC (Z = 4.43%).757 Sun and co-workers
reported DSSCs based on graphene–TiO2 composite photoanodes,
achieving an Z value of 4.28%, which was 59% higher than the

Fig. 11 (a) Schematic of light capture and electron transfer pathway from
TiO2 to the FTO, in TiO2/graphene-based DSSC photoanodes. (b) Sche-
matic of the electron cascade route in DSSC using TiO2/graphene-based
photoanodes.

Fig. 12 Operating principle and energy diagram of the DSSC using ZnOHSN (left) or Gr/ZnOHSN (right.). Electron injection from the excited dye into the
nanostructured ZnO semiconductor, electron transport to the collection electrode, and the recombination (1) and back transfer (2) pathways are also
shown. Reprinted with permission from ref. 752, Copyright 2013, American Chemical Society.
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reference DSSC.739 It was found that the incorporation of graphene
caused both increased dye adsorption and significantly longer
electron lifetime compared to the graphene-free case.739

Chemically exfoliated graphene sheets (GS), incorporated by
the grafting method in TiO2 NP films, were synthesized by Tang
et al. and used as the photoanode scaffold.758 Both high s of
reduced GS and optimum attachment of TiO2 NPs on the GS
were achieved by regulating the oxidation time during the
chemical exfoliation process.757 Uniform films of GS/TiO2

composite with large SSA were prepared on a conductive
glass by electrophoretic deposition, and the integration of GS
substantially increased the s value of the film of TiO2 NPs by
more than two orders of magnitude.757 In addition, DSSCs
based on GS/TiO2 composite films reached Z that is 5 times
higher than that based on TiO2 alone.757 The better PV performance
of GS/TiO2-based DSSC was also attributed to the higher dye loading
of the GS/TiO2 film compared to the GS-free case.757 Durantini et al.
reported graphene–TiO2 composite electrodes fabricated by hydro-
thermal synthesis or simple deposition by the spin-coating techni-
que of TiO2 paste onto a graphene layer.709 In both cases, no
significant morphological differences were observed in the electro-
des prepared with and without graphene.709 The DSSCs containing
the graphene composite or layered films, enhanced both the JSC

(from 11.6 mA cm�2 to 14.0 mA cm�2) and Z (from 5.8% to 7.3%)
values compared to the reference devices.709 Similar results have
been reported by Chen et al. who developed a TiO2/graphene/TiO2

sandwich structure used as the photoactive layer in DSSCs, reaching
Z that was B60% higher than the reference cell.759

It was speculated that electrons from the photoexcited dye
are rapidly and efficiently transported to the CB of TiO2 through
the graphene-layer bridge, which both enhances the s value of the
photoelectrode and reduces charge recombination and back-
reaction processes compared to the reference photoanode.703 In
addition, the sandwich structure allowed light to be absorbed over
a wide spectral range, enhancing the VOC of DSSCs from 0.55 V to
0.6 V.703 Xiang et al. fabricated DSSCs based on TiO2 photoanodes
modified by GO and N-RGO, revealing better PV performance for
N-RGO TiO2 photoanode compared to the case based on GO.760

The DSSCs using N-RGO TiO2 photoanode reached a 13.23%
higher Z compared to that of conventional TiO2-based DSSCs.759

In particular, the VOC value increased with N-RGO addition due to
the suppression of electron recombination, while JSC exhibited its
maximum value at N-RGO content of 0.2 wt% owing to the
synergistic effects of electron transfer efficiency, light scattering,
and dye adsorption.759

Ding et al. produced RGO-TiO2 composite films by mixing
TiO2 NPs with flakes of GO and ascorbic acid (vitamin C).742

The latter enabled GO to be reduced at ambient temperature.742

After treatment in a TiCl4/H2O solution followed by sintering at
450 1C, the RGO-TiO2 NPs were sensitized by N719 dye and used
as the photoanode in DSSCs.742 The influence of RGO on
the DSSC PV performances was evaluated at different RGO
contents, varying from 0.25 to 0.75 wt%.742 For a content of
0.75 wt%, the DSSCs reached the best PV performance with an Z
value of 7.89%, which was B30% higher compared to that of its
RGO-free device (6.06%).742 This performance improvement

was attributed to the remarkable electric transport properties of
RGO,761 which captures and transports electrons, decreasing
the overall charge recombination rate.742 Notably, an excessive
content of RGO (40.75 wt%) caused the restacking of flakes,
which were then ineffective in covering the TiO2 NPs, eliminating
their beneficial effects on the PV performance of DSSCs.742 Meh-
mood et al. also studied the dependence of the Z value of DSSC by
GNP content in TiO2/graphene composite-based DSSCs.762 In
particular, they fabricated photoanodes by adding GNPs into
TiO2 NP paste, obtaining the highest Z of 4.03% with a GNP
content of 0.16 wt%.761 Higher GNP content negatively affected
the DSSC performance.761 This was attributed to the reduced Tr

value of the TiO2/graphene film, as well as to the presence of
graphene aggregates inside the TiO2 matrix, which can act as
charge-trapping sites.761 Sacco et al. investigated the charge
transport and recombination properties in GO/TiO2 composite-
based DSSCs.741 Impedance spectroscopy analysis revealed that
GO incorporation into TiO2 led to an increase in both Dn and t,
limiting the charge recombination processes and increasing
the VOC.739,763 He et al. designed and prepared a DSSC photo-
anode based on a RGO-TiO2 heterostructure by cetyl-trimethyl-
ammonium-bromide (CTAB)-assisted hydrothermal method in
order to wrap and anchor RGO with high-density TiO2 NPs,
resulting in a high-SSA (B83 cm2 g�1) composite.764 The inner
RGO flakes ensured a rapid charge carrier transport route for
effective charge collection at the conductive substrate, while the
closely packed TiO2 NPs limited direct contact between the
RGO surface (rich in e�) and electrolyte (rich in h+), preventing
charge recombination processes.763 Because of these multiple
effects, DSSCs based on RGO have shown an Z value enhance-
ment of B40% compared to the reference one.763 Ranganathan
et al. exploited N-doped graphene@nickel oxide (NG/NiO)
nanocomposite-doped TiO2, deposited onto FTO substrates by
screen printing, as the photoanode.765 The corresponding
DSSCs have shown Z up to 9.75%, which was higher than those
of DSSCs using GO/TiO2-, TiO2-, and NiO/TiO2-based photo-
anodes (8.55, 8.69, and 9.11%, respectively).764

Graphene was also used in QD-based DSSCs (QDDSSCs),766

also named QD-sensitized solar cells (QDSSCs) (see additional
discussion in Section 6), to realize graphene–TiO2 hybrid
photoanodes. For example, Zu et al. fabricated CdS–QDDSSCs
based on a graphene–TiO2 film photoanode (0.8 wt% of graphene),
improving the Z value by B55% compared to a reference DSSC with
a pristine TiO2-based photoanode.767

Yan et al. synthesized—via stepwise solution chemistry—
large, soluble graphene QDs with 1,3,5-trialkyl-substituted phenyl
moieties covalently attached at the edge of graphene QDs and used
as sensitizers in DSSCs.702 However, despite the higher molar
extinction coefficient (k) (B1� 105 M�1 cm�1) of GQDs compared
to that of N719 dye (B1.5 � 104 M�1 cm�1),702 the fabricated
QDDSSC exhibited suitable VOC (0.58) and FF (0.48 V) values, but
small JSC (0.2 mA cm�2) due to low affinity between GQDs and
TiO2 surface.702 Subsequently, the incorporation of both 3D
graphene structure and GSs into TiO2 was evaluated to clarify
their influence on charge transport through the graphene/TiO2

interface in QDDSSCs using CdS/CsSe QDs.768 From the I–V
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curve analysis, as a function of GQD content in photoanode
formulation, it was observed that Z and JSC reached the max-
imum value at a graphene content of 1.5 wt%, and then
decreasing at higher contents.767 On the contrary, both FF and
VOC have shown no correlation with the GQD concentration.767

These features highlighted the strong correlation between JSC

and Z739,741,766,767 with graphene content, while it was suggested
that the composite semiconductor EF

52 and device series
resistance769 are not affected by the incorporation of graphene.

In a recent work, a novel approach based on graphene has
been used to fabricate a DSSC with an Z value of 10.4%,
representing an B28% improvement compared to the reference
cell based on conventional TiO2-based photoanodes (Z = 7.5%).770

In detail, graphene dispersed in o-dichlorobenzene was uni-
formly incorporated in a semiconducting polymer with com-
mensurate band edges (P1) (see chemical structure in ref. 771)
and the resulting composite (P1-graphene) solution was spin
coated over the cell photoanode to act as a barrier layer limiting
the back-transfer process of electrons (Fig. 13).769 At a graphene
concentration of 0.9 wt%, experimental data proved the favor-
able influence of the P1-G barrier layer in improving the dye
regeneration ability.769 In detail, graphene effectively acts as a
scavenger for electrons at P1, directing the electrons to the
HOMO of the dye for the regeneration process.769 The P1-G-
based device has shown higher recombination resistance (Rrec)
compared to that of the reference device.769 In addition,
P1-G-based device displayed a t value of 113 ms at the photo-
anode, more than double that of the reference device (i.e.,
45 ms).769 Finally, cyclic voltammetry (CV) and photoluminescence
measurements revealed that the use of P1-G resulted in charge
injection from the redox electrolyte to the HOMO level of the dye
that was higher than that exhibited by the standard device
(TiO2 surface). Moreover, the addition of graphene in P1
decreased the photoluminescence intensity from 9.3 � 104 in
the P1 film to 5.2 � 104 counts in P1-G films. This last feature
further testified that graphene acts as a scavenger for electrons
at P1, leading the electrons to the HOMO of the dye for the
regeneration process.

Fig. 14 summarizes the J–V curves of representative DSSCs
using TiO2-GRMs composite-based photoanodes, compared to
those of the equivalent TiO2-based cells, and the corresponding
Dn and t data.

Table 6 lists the experimental results achieved in DSSCs
using solution-processed GRMs as the photoanode material.
For each case, the Z value is compared with that of the TiO2-
based photoanode reference.

5.2 CEs

5.2.1 Graphene and graphene derivatives. In DSSCs, the CE
collects the photogenerated electrons from the external circuit
and catalyzes the oxidized electrolyte regeneration.52 The
reduction in the overall overpotential of CE (i.e., decrease of
RCT), attributable to the delivery of current through the electro-
lyte/CE interface, is crucial for limiting the voltage loss
within the DSSCs.52 An effective CE should have high s and
exhibit high electrocatalytic activity toward the mediator

Fig. 13 (a) Schematic of the energy-level diagram and electron transfer process in P1-graphene-based DSSCs. (b) J–V curves and IPCE spectra for
DSSCs with and without a P1-G layer. Adapted with data from ref. 769.

Fig. 14 (a) Typical J–V curves of DSSCs based on different GRM-based
photoactive layers (line and full symbols) compared to those of the
corresponding traditional TiO2-based photoelectrode. (b) Electron diffu-
sion coefficient (Dn) and lifetime (t) dependence on the applied voltage for
DSSCs based on TiO2 photoactive layers with and without GRMs. Adapted
from ref. 741,742,758,759.

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

02
5/

11
/2

 1
8:

36
:1

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00106j


This journal is © The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 11870–11965 |  11901

reduction reaction. For the case of liquid-state DSSCs, the
reduction reaction involves the redox couple I�/I3

� and is
I3
� + 2e - 3I�. Thus, in order to minimize the charge transfer

overpotential, high s for charge transport and electrocatalytic
activity for reducing the redox couple, as well as electrochemical
stability, are fundamental requirements for CE materials.792

Noble metals, (e.g., Pt, Au, and Ag) have been largely used as
CE materials, with Pt representing the most popular one.793

However, noble metals are expensive and their corrosion in DSSC
liquid electrolytes is a critical shortcoming that hinders the
commercialization of DSSC technology. Therefore, research
activities have been focused on the development of metal-free

Table 6 Summary of the PV performance of DSSCs using 2D material-based photoanodes

Photoanode structure Dye

Cell performance

DZ (%) Ref.JSC (mA cm�2) VOC (V) FF (�) Z (%)

TiO2 N3 11.26 0.69 64.5 5.01 39.1 703
TiO2/GO (0.6 wt%) 16.29 0.69 62.0 6.97
TiO2 N719 18.83 0.684 46.48 5.98 14.7 754
TiO2/graphene (1 wt%) 19.92 0.704 48.86 6.86
TiO2 N719 11.0 0.71 74.1 5.78 29.6 740
TiO2/graphene (1.2 wt%) 14.4 0.68 76.80 7.49
TiO2 nanofibers N719 13.9 0.71 63 6.3 20.6 772
TiO2 nanofibers/graphene (0.7 wt%) 16.2 0.71 66 7.6
TiO2 N719 8.69 0.77 66 4.42 36.9 773
TiO2/graphene (1.0 wt %) 12.89 0.68 69 6.05
TiO2 N3 8.787 0.606 65.97 4.43 14.9 756
TiO2/GO 10.284 0.616 63.75 5.09
TiO2 N3 9.58 0.82 62 4.89 32.7 707
TiO2/graphene (0.5 wt%) 12.78 0.82 62 6.49
TiO2 N719 10.99 0.68 71.3 5.3 34 774
TiO2/graphene (0.2 wt%) 13.93 0.70 73.4 7.1
TiO2 N719 13.2 0.691 52.4 4.78 60.1 775
TiO2/RGO (1.6 wt%) 18.39 0.682 61.2 7.68
TiO2 N719 10.75 0.686 56.6 4.2 31.0 776
TiO2/RGO (0.75 wt%) 12.16 0.668 67.7 5.5
TiO2 N719 6.18 0.606 71 2.67 110.5 741
TiO2/RGO (0.25 wt%) 13.04 0.645 67 5.62
TiO2 N719 12.5 0.669 66.0 5.52 17.6 777
TiO2/graphene (0.5 wt%) 13.7 0.685 69.2 6.49
TiO2 N719 16.13 0.62 65.3 6.57 778
N-Doped TiO2 16.71 0.74 61.6 7.64 16.3
N-Doped TiO2/GO (0.1 wt%) 19.65 0.74 64.70 9.32 41.9
TiO2 N719 10.30 0.64 73 4.81 29.3 779
TiO2/GQDs 11.72 0.68 78 6.22
TiO2 N719 12.59 0.704 65.07 5.77 780
TiO2/RGO (0.6 wt%) 14.52 0.697 68.22 6.91 19.8
TiO2/graphene sheets (0.6 wt%) 17.31 0.690 69.04 8.24 42.8
Pristine TiO2 N719 11.1 0.693 67.7 5.21 45.1 781
TiO2/graphene (0.03 wt%) 16.5 0.703 65.2 7.56
TiO2 N719 10.7 0.75 76.82 6.13 11.7 782
TiO2 RGO (3.12 wt%) 12.9 0.76 69.20 6.85
TiO2 nanotubes (TT) N719 9.19 0.71 61.3 4.00 33.3 783
TT/RGO (2 wt%) 10.7 0.78 63.9 5.33
TiO2 N719 15.5 0.71 0.68 7.51 38.9 769
TiO2/P1-graphene 19.8 0.74 0.71 10.43
TiO2 N719 17.46 0.75 0.66 8.69 764
TiO2/GO 16.70 0.74 0.68 8.55 �1.6
TiO2/NiO/NGE 19.04 0.76 0.67 9.75 12.2
TiO2 N719 11.51 0.72 0.66 5.52 37.1 784
TiO2/RGO 16.75 0.74 0.65 7.57
ZnO N719 3.0 0.45 — 3.7 76.2 785
ZnO/B-doped GQDs 7.5 0.43 — 2.1
TiO2 N719 9.30 0.68 0.48 3.0 173.3 786
TiO2/graphene 27.49 0.67 0.45 8.2
TiO2 nanofibers N719 14.0 0.73 0.72 7.3 21.9 787
TiO2 nanofibers/graphene 18.0 0.73 0.68 8.9
TiO2 N719 13.3 0.82 0.58 6.32 36.4 788
TiO2/RGO 20.6 0.79 0.53 8.62
TiO2 Mimosa pudica 0.059 69.5 789
TiO2/RGO 16.085 0.248 — 0.1
SnO2:TiO2 N719 7.76 0.67 0.56 2.91 15.8 790
Graphene-doped SnO2:TiO2 9.03 0.65 0.58 3.37
MoS2 N719 9.32 0.67 0.52 3.36 165 791
MoS2/graphene nanocomposite 15.82 0.82 0.71 8.92
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CEs for low-cost DSSCs. In this framework, carbon-based
materials (e.g., CNTs,794–796 GNPs,713,797–799 functionalized
graphene sheets (FGSs),712 hybrid structures, GNPs/RGO/
CNT,700,800 graphene/SWNT composite,801 and N-doped GNPs
(NGNPs)802,803) and scalable solution-based processes for elec-
trode fabrication methods (e.g., spin coating,804 flexographic
printing798 electrophoretic deposition (EpD)805) have been devel-
oped and exploited with the aim to replace traditional, expensive
Pt-based CEs. Graphene-based materials have been used as the CE
in the DSSC ambience since 2008806 and some investigations have
shown that combinations of two carbon materials (e.g., CNTs/
graphene807 or porous carbon/CNTs808) can enhance the electro-
chemical activity of CEs. In particular, CE based on micrometer-
thick graphene films can show RCT approaching to those of
Pt-based CEs, which can even be inferior to 1 O cm2 for the
reduction of I3

�.809–811 For example, Kaniyoor and Ramaprabhu
used thermally exfoliated graphene (TEGr) as a novel electro-
catalyst material for I3

� reduction.812 Their TEGr-based CE has
shown a RCT of B11.7 O cm2 that, although higher than that of
their Pt-based CE (B6.5 O cm2), was lower than that reported for
graphite-based CE.813 Counter electrodes based on thin-film
GRMs have been demonstrated to be extremely effective for
DSSCs using mediators different than traditional I�/I3

�, parti-
cularly the Co(bpy)3

2+/3+ redox couple.697 For example, thermally
reduced graphene oxide (TRGO)-based CEs allow flexible DSSCs
to be realized with an Z value of B5%, comparable to that
obtained using platinized FTO (5.5%), suggesting that the
functional groups and defects of graphene can play an impor-
tant role in catalysis.712 More recently, a printable graphene-
based ink obtained by the LPE of graphite has been spray-coated
onto a TCO substrate to replace Pt in a large area (Z90 cm2)
semitransparent (Tr = 44%) CE.405 A large-area DSSC module
(43.2 cm2 active area) using the constructed CE achieved an
Z value of 3.5%, VOC of 711 mV, JSC of 14.8 mA cm�2, and FF
of 34.7%.405 Yen et al.814 prepared a composite dispersion of
graphene/metal NPs via the H2O/(CH2OH)2 synthesis method.815

Then, they fabricated a graphene/Pt NP-based CE on the FTO
substrate.813 The Pt incorporation improved the graphene reduction
degree, and the composite materials synergistically enhanced the
electrocatalytic properties of the CE.813 The DSSC based on the as-
produced CE afforded an Z value of 6.35% (JSC of B12 mA cm�2,
VOC of B0.8 V, and FF of B0.7), which is B20% higher compared
to the reference DSSCs.813 Ju and co-workers developed heteroatom-
doped graphene nanomaterials for DSSC CEs.801 In detail, they
used N-doped GNPs, deposited onto FTO/glass substrates
through electrospray coating, as the CEs in a DSSC using a
Co(bpy)3

3+/2+ redox couple and JK225 organic dye sensitizer
containing bis-dimethylfluorenyl amino group as the electron
donor and cyanoacrylic acid as the electron acceptor and
bridged by an indeno[1,2-b]thiophene unit.816 N-doping induced
a structural deformation in the hexagonal lattice of the graphene
layer of the GNPs via local strains, as well as produced additional
electron/ion pair with electrocatalytic activity.817,818 There-
fore, the DSSCs based on N-GNP CE reached an Z value of
9.05%, which outperformed that obtained using Pt-based
CE (8.43%).801 By means of N-GNP CE, the measured RCT

(1.73 O cm2) was significantly lower than that obtained with
Pt-based CE (3.15 O cm2).801

Functionalized graphene sheets (FGSs), containing lattice
defects and oxygen functional groups (e.g., OH, CQO, and
epoxides), were thermally treated at a temperature of 1000–
1500 1C to heal the lattice defects and tune the C/O ratio and
used as the CEs.712 FGS-based inks were directly cast on a
nonconductive plastic substrate without the need of a conductive
substrate.712 The corresponding DSSCs based on FGS/surfactant/
polymer network produced via the thermolysis process displayed
an Z value of 4.99%, which was close to that of Pt-based DSSCs
(5.48%).712 Electrochemical impedance spectroscopy (EIS) and CV
measurements suggested that RCT increases with decreasing
O-containing functional groups, lowering the PV performance.712

Therefore, CE with C/O ratio of o7 was not sufficiently conductive
for use as a CE material.712

In addition, it was proved that a low C/O ratio gives rise to a
coarse film structure because of increased agglomeration.712 All
these results proved that the optimization of functionalization/
morphology is crucial to control the RCT, realizing low-cost and
flexible CEs. By applying graphene-based CEs (namely, GNP-
based CES) to the most advanced DSSC configurations, Kakiage
et al. reached the current record Z value for DSSCs, i.e.,
14.7%.830 Noteworthily, the previous record Z of 13.0% was
also achieved using graphene-based CEs.831

Table 7 summarizes the PV parameters of selected DSSC
configurations using solution-processed graphene-based CEs.

5.2.2 Two-dimensional TMDs. Among the GRMs, TMDs
such as MoS2, MoSe2, WS2, and WSe2 have been the most
studied 2D materials to be used as CEs for low-cost Pt-free
DSSCs.832,833 Wu et al. proposed MoS2 and WS2 as the CE
materials in I3

�/I�-, T2/T�-, and S2/S�-based DSSCs.834 CV
measurements revealed that both MoS2- and WS2-based CEs
hold a catalytic activity, for the redox couple regeneration,
comparable to that of the Pt-based CE.833 Consequently, the
DSSCs using MoS2- and WS2-based CEs have shown an Z value
of 7.59% and 7.73%, respectively, which were comparable to
that of the reference DSSC using a Pt-based CE.833 EIS analysis
estimated RCT values of 0.5 and 0.3 O for MoS2- and WS2-based
CE, respectively, together with large electrode capacitances
(134 and 198 mF, respectively) (i.e., large SSA).833 These values
outperformed those of Pt-based CE (RCT of 3 O and capacitance
of 2.1 mF).833

Freitas et al. prepared MoS2 through a hydrothermal route to
be used as the CE material using I�/I3

� as the redox couple.835

MoS2-based DSSCs reached an Z value of 2.9%, while DSSCs
based on Pt CE has shown Z = 5.2%.834 Although the Z value of
MoS2-based DSSCs was lower than that of Pt-based DSSCs, the
possibility to dry MoS2-based CE at a temperature of 120 1C was
considered to be an advantage for the manufacturing of low-
cost Pt-free DSSCs.834 Next, Al-Mamun et al. grew ultrathin
MoS2-nanostructured films onto the FTO substrate through a
facile one-pot hydrothermal method.836 It was demonstrated
that the temperature of the hydrothermal reaction and the
molar ratio of reaction precursors have a relevant effect on
the structure of the resulting MoS2.835 An ultrathin MoS2 film
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was obtained through a hydrothermal process with a reaction
solution comprising NH2CSNH2 and (NH4)6Mo7O24�4H2O with
a molar ratio of 28 : 1 at 150 1C for 24 h.835 After calcination at
400 1C in Ar, the resulting MoS2 films were used as CEs for
DSSCs, reaching an Z value of 7.41%.835 This value was superior
to that measured for Pt-based DSSCs (7.13%).835 Meanwhile,
homogeneous CNTs-MoS2-C with ultrathin, uniform lamellar
structure of MoS2 was synthesized by Liu et al. via wet
impregnation and calcination method.837 This work indicated
that the addition of a nonionic surfactant (PEG400) promotes
the dispersion of (NH4)2MoS4 onto the surface of CNTs, inhibit-
ing the formation of independent particles of MoS2. The DSSCs
using CNTs-MoS2-C composite-based CE achieved an Z value of
7.23%, which was higher than that of Pt-based DSSCs (6.19%).
Yue et al. synthetized flower-like structure complexes of MoS2/
SWCNTs with glucose and PEDOT:PSS-assisted in situ hydro-
thermal route.838

Dye-sensitized solar cells based on MoS2/SWCNTs as the CE
exhibited an Z value of 8.14%, superior to that of Pt-based
DSSCs (7.78%).837 Kim et al. used atomically thin 2D MoS2

nanoflakes, produced by a simple intercalation/exfoliation pro-
cess, for fabricating transparent CEs via spin coating of the
MoS2 dispersion followed by thermal treatment.839 The authors
found that DSSCs based on MoS2 thermally treated at 100 1C
exhibited an Z value of 7.35%, which was comparable to that of
the reference one, i.e., Pt-based DSSC (Z = 7.53%).838,840 Solution-
processed mesoporous WO3 films with 3D, rough, and high-
curvature surfaces followed by a rapid sulfurization process to
prepare an edge-oriented WS2 thin film was presented (Fig. 15).
The maximized active edge sites on the high-curvature surface
and electron transfer via continuous WS2 building blocks
enhanced the catalytic activity toward the I3

� reduction reaction
in WS2-based CEs.839 This feature allowed WS2-based DSSCs to
reach an Z value of 8.85%, i.e., superior to that of the Pt-based

Table 7 Summary of the PV performance of DSSCs using graphene-based CEs

Materials Device structure

Cell performance

Ref.RCT (O cm2) JSC (mA cm2) VOC (V) FF (�) Z (%)

Graphene FTO/TiO2/N719/I�/I3
�/graphene 38.0 14.3 0.54 0.653 5.69 819

TiN/graphene FTO/TiO2/dye/I�/I3
�/TiN-graphene 5.67 12.34 0.73 0.643 5.78 802

Pt/graphene FTO/TiO2/N719/I�/I3
�/Pt-graphene 0.67 12.06 0.79 0.67 6.35 813

GNPs FTO/TiO2/Y123/Co2+/3+/GNPs 0.70 12.70 1.03 0.70 9.30 796
Pt-RGO FTO/TiO2/dye/I�/I3

�//Pt-RGO — 14.10 0.72 0.67 6.77 820
GNSs/AC FTO/TiO2/N719/I�/I3

�/GNSs-AC 0.5 C 0.8 13.30 0.76 0.738 7.50 821
NGNPs FTO/TiO2/dye/Co(III/II)/NGNPs 1.73 13.83 0.883 0.742 9.05 801
GNTs/graphene-Rib FTO/TiO2/N719/I�/I3

�/GNT/graphene-Rib — 16.73 0.730 0.670 8.23 806
GQD-PPy FTO/TiO2/N719/I�/I3

�/GQD-doped PPy — 14.36 0.723 0.580 5.27 822
Au/GNP FTO/TiO2/ADEKA-1/LEG4/Co2+/3+/Au/GNP — 19.55 0.995 0.776 14.7 829
NGNPs FTO/TiO2/YD2-o-C8/Co2+/3+/NGNPs 0.45 13.33 0.870 0.720 8.30 823
aGNP FTO/TiO2/N719/I�/I3

�/aGNP 2.68 22.54 0.73 0.47 7.7 824
Pt/GONF FTO/TiO2/Y123/Cu +/Cu + +/Pt/GONF 1.1 14.01 1.02 0.665 9.5 825
PEDOT/RGO FTO/TiO2/N719/I�/I3

�/PEDOT-RGO 18.17 15.82 0.73 0.67 7.79 826
3D graphene networks/RGO FTO/TiO2:RGO/N719/I�/I3

�/3D graphene networks/RGO 9.61 21.0 0.75 0.661 9.79 827
RGO QDs FTO/TiO2/N719/I�/I3

�/RGO QDs 64.8 6.1 0.784 0.52 2.5 828
GO FTO/TiO2/N719/I�/I3

�/GO 52.26 11.83 0.66 0.715 5.6 829
CVD graphene/FLG FTO/TiO2/Y123/Co2+/3+/FLG/CVD graphene — 11.23 0.958 0.47 5.09 406
GNPs FTO/TiO2/SM315Co(bpy)3]2+/3+/GNPs — 18.1 0.91 0.78 13.0 830

Fig. 15 Schematic of the preparation of solution-processed mesoporous WO3 thin film and its conversion to edge-oriented WS2 thin film. Adapted from
ref. 839.
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reference (7.20%).839 More recently, Vikraman et al. proposed a
synthesis route to fabricate MoS2/FTO CE via a simple chemical
bath (pH E 10) deposition process by means of thiourea (CH4N2S,
0.5 M) as the sulfur source and ammonium-heptamolybdate-
tetrahydrate ((NH4)6Mo7O24�4H2O, 0.01–0.03 M), followed by anneal-
ing (450 1C for 600) in a S environment to obtain crystalline MoS2.841

Under these conditions, the following reactions have been
suggested: (1) CH4N2S + 2H2O - CO2

m + 2NH3
m + H2Sm;

(2) (NH4)6Mo7O24�4H2O + 28H2S + 8NH3 - 7(NH4)2MoS4 +
28H2O; (3) (NH4)2MoS4 + 2N2H4 - MoS2 + N2

m + 2(NH4)2S.840

Raman spectroscopy, XPS, and scanning electron micro-
scopy (SEM) analyses evidenced the presence of tri- and tetra-
layered MoS2 and agglomeration effects, depending on the
molybdate concentration and deposition time, respectively.840

Mo precursor concentration of 0.01 M and bath temperature
and deposition time of 90 1C and 50, respectively, led to the
optimal morphology of MoS2 layers with spherical-shaped
grains and absence of agglomeration effects.840 In addition,
agglomerations of uniform spherical grains provide large SSA
with numerous edge sites, thereby promoting the electrocataly-
tic activity.840 In this context, a deposition time of 30 min
resulted in the optimal performance of DSSCs using the MoS2/
FTO CE.840 Under longer deposition times (B45 min), MoS2

changed from the layered to bulk structure, showing a phase
transformation from MoS2 to Mo2S3.840 These effects lowered
the catalytic activity of the CE due to the presence of an
insufficient number of sulfur active sites in the material
structure.840 In addition, MoS2/FTO CE has shown an electro-
catalytic activity toward I3

� reduction, corresponding to RCT

(B8.3 O &�1) comparable to that of Pt/FTO (B7.2 O &�1).840

The PV performance of optimized MoS2/FTO-based DSSCs ( JSC =
15.92 mA cm�2, VOC = 0.73 V, FF = 0.61, and Z = 7.14%) almost
reached that of the reference one based on Pt/FTO CE ( JSC =
17.84 mA cm�2, VOC = 0.71 V, FF = 0.69, and Z = 8.73%).840

Fig. 16 compares the J–V curves of the MoS2/FTO and Pt/FTO CE-
based DSSCs under the same illumination conditions.840 The
anodic and cathodic branches of the Tafel polarization curves
(Fig. 16, inset) indicate that the catalytic activity of MoS2/FTO

and Pt/FTO CEs is comparable.840 In fact, larger the slope in
the anodic/cathodic branch, higher are the exchange current
densities on the electrode, which then shows higher electro-
catalytic activity and lower RCT at the electrolyte/CE interface
(see eqn (3.5)).842

Recently, MoSe2/WS2 heterostructures on FTO have been
proposed as the DSSC anode, providing a simple route to
optimize interfacial transport for enhancing the electrocatalytic
properties of DSSC anodes. By optimizing the thickness of the
WS2 layer, a maximum Z value of 9.92% was reached, proving the
potential of combining TMDs in advanced functional structured
anodes.843

Table 8 summarizes the PV performance obtained in DSSCs
using solution-processed TMD-based CEs.

5.2.3 Two-dimensional material-based hybrids. The hybri-
dization of different materials is, in principle, an effective
method to produce advanced CE composites with enhanced
synergistic electrocatalytic activity in comparison to the single
counterparts. In fact, Wen et al. developed a metal-nitride/
graphene nanohybrid (i.e., TiN-decorated N-doped graphene)
to be used as a CE material for DSSCs.802 The latter exhibited
higher Z (5.78%) than that of the Pt-based reference (5.03%),
demonstrating the potential role of these hybrid structures to
replace Pt-based CEs, with the added value of cost reduction
and easy cell fabrication.802 Tjoa and co-workers developed a
low-temperature route to synthesize hybrid GO/Pt NP compo-
sites by light-assisted spontaneous co-reduction of GO and
chloroplatinic acid.819 The hybrid composites were used as
CE materials in DSSCs, achieving an Z value of 6.77%, which
was higher than that of Pt-based references (6.29%).819 In
addition, the hybrid materials were compatible with flexible
plastic substrates, yielding flexible DSSCs with an Z value of
4.05%.819 Lin et al. produced hybrid MoS2/GNS through EpD
onto a FTO substrate to be used as the CE material in DSSCs.844

The resulting DSSCs achieved an Z value of 5.81% and low RCT

(2.34 O cm2), which was the result of a synergic effect derived by
the combination of the single material components.843 In fact,
DSSCs using only GNS or MoS2 as the CE exhibited poor Z
(4.68% and 4.15%, respectively) and higher RCT (6.24 and
3.65 O cm2, respectively), testifying the occurrence of synergistic
catalytic effects in the hybrids.843 MoS2/graphene hybrid as the
CE for DSSCs have also been reported by Yue et al. showing
performance comparable to that of Pt CE.845 The hybrid electro-
des were more efficient than those based on MoS2, with MoS2/
graphene-based DSSCs reaching an Z value of 5.98%, which was
similar to that of the Pt-based reference (6.23%).844

Liu et al. also reported MoS2/graphene hybrid as the CE
material.864 The hybrids were synthesized by mixing GO nano-
sheets with ammonium tetrathiomolybdate and converting the
solid intermediate into MoS2/RGO hybrid by flowing H2 at
650 1C.863 The DSSCs using MoS2/RGO hybrid CE have shown
excellent electrocatalytic activity toward I3

� reduction, together
with optimal electrochemical stability.863 CV and EIS measure-
ments evidenced the superior electrocatalytic activity and lower
RCT (0.57 O cm2) of the MoS2/RGO-based CE compared to the CEs
based on RGO, MoS2, and sputtered Pt.863 The DSSCs assembled

Fig. 16 J–V curves of DSSCs with MoS2/FTO and Pt/FTO CEs. Inset
shows the Tafel polarization curves of symmetrical cells with MoS2/FTO
and Pt/FTO CEs. Adapted from ref. 840.

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

02
5/

11
/2

 1
8:

36
:1

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00106j


This journal is © The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 11870–11965 |  11905

with MoS2/RGO CEs have shown PV characteristics (Z = 6.0%, JSC =
12.51 mA cm�2, VOC = 0.73 V, and FF = 0.66) comparable to those
of Pt-based DSSCs (JSC = 13.42 mA cm�2, VOC = 0.72 V, FF = 0.66,
and Z = 6.38%).863 Li et al. prepared RGO-NiS2 NP hybrids to
develop CEs with excellent electrocatalytic activity toward I3

�

reduction.865 The fabricated DSSCs using the NiS2/RGO-based CE
exhibited an Z value of B8.55%, which was higher than that of the
DSSC using either NiS2-based (B7%) or RGO-based (B3.14) CE, as
well as Pt-based CE (B8.15%).864

The DSSCs using CE based on NiO NPs/RGO hybrids have
shown an Z value of B7.42%, which was comparable to that of
a conventional Pt-based DSSC (B8.18%).866

The NiO NPs/RGO hybrids exhibited lower Rct value (1.93 O cm2)
compared to those based on NiO-based (44.39 O cm2) and GO-based
(12.19 O cm2) CEs.865 Experimental investigations indicated that the
synergic effects of two different low-dimensional carbon materials,
such as CNT/graphene nanoribbons (CNT/graph-nRib), can be
used to further amplify the CE catalytic activity of the single
nanomaterial.806

More recently, Zhai et al. obtained an Z value of B8.3% in
porphyrin-sensitized DSSCs using N-doped GNP-based CE
[Co-(bpy)3]3+/2+ redox complexes.822 The obtained result was
the consequence of better electrocatalytic activity in comparison
to that of the Pt-based CE, whose corresponding cell reached an Z
value of 7.95%.822 The performance increase was ascribed to a
higher number of catalytic sites, due to the introduction of
pyridinic and pyrrolic N into the carbon-conjugated lattice,
compared to the GNPs.822

Shen et al. synthesized NiS/RGO-based CE with a material mass
ratio varying from 0.2 up to 0.6 through a low-temperature
hydrothermal method.867 The NiS/RGO hybrid-based CE exhibited
the best catalytic property for the NiS:RGO mass ratio of 0.4%,
yielding a DSSC with an Z value of 8.26%, a value much higher
than that of pristine RGO-based or NiS-based references (1.56%
and 7.41%, respectively).866 The obtained results demonstrated
that a correct load of NiS hinders the agglomeration of RGO flakes,
favoring the diffusion of electrolyte into the NiS/RGO network.866

Zhou et al. synthesized graphene-wrapped CuInS2 hybrids to
be used as the CE material.868 The DSSCs based on CuInS2/RGO
as CE achieved an Z value of 6.4%, which was comparable to
that of Pt-based CE (6.9%).867 Huo et al. developed a sponge-
like CoS/RGO-based CE with a low RCT value of 3.59 O cm2.869

The corresponding DSSCs have shown an Z value of 9.39%.868

Li et al. synthesized a nanostructured architecture of 3D
bismuth sulfide (Bi2S3) microspheres on RGO through a solvo-
thermal route.877 The as-produced architecture was used as the
CE for DSSCs.876 By combining the characteristics of direct-
bandgap Bi2S3 semiconductor (low bandgap of 1.7 eV and
absorption coefficient of the order of 104–105 cm�1) with out-
standing carrier transfer properties of RGO, an Z value B3 times
greater than that of DSSCs with 3D Bi2S3 without RGO (1.9%)
was achieved.

Chen et al. prepared GQDs through a chemical oxidation
approach to dope conductive polymers (polypyrrole (PPy)) on
FTO glass as the CE for DSSCs.821 The as-prepared DSSCs
displayed an Z value (i.e., 5.27%) lower than that of Pt-based

Table 8 Summary of the PV performance of DSSCs using TMD-based CEs

Material Device structure

Cell performance

Ref.RCT (O cm2) JSC (mA cm�2) VOC (V) FF (�) Z (%)

MoS2 catalyst FTO/TiO2/N719/I�/I3
�/MoS2/FTO 0.50 13.84 0.76 0.73 7.59 833

WS2 catalyst FTO/TiO2/N719/I�/I3
�/WS2/FTO 0.30 14.13 0.78 0.70 7.73 833

Carbon-coated WS2 FTO/TiO2/N719/I�/I3
�/WS2/FTO 5.0 13.10 0.67 0.62 5.5 846

NbSe2 nanorods FTO/TiO2/N719/I�/I3
�/NbSe2/FTO 6.21 13.94 0.76 0.64 6.78 846

NbSe2 nanosheets FTO/TiO2/N719/I�/I3
�/NbSe2/FTO 2.59 15.04 0.77 0.63 7.34 847

NbSe2 nanosheets FTO/TiO2/N719/I�/I3
�/NbSe2/FTO — 16.85 0.74 0.62 7.73 848

NbSe2 nanorods FTO/TiO2/N719/I�/I3
�/NbSe/FTO — 14.85 0.74 0.46 5.05 847

NbSe2 nanoparticles FTO/TiO2/N719/I�/I3
�/NbSe2/FTO — 14.93 0.75 0.55 6.27 847

Porous MoS2 sheets FTO/TiO2/N719/I�/I3
�/MoS2/FTO 1.73 15.40 0.763 0.53 6.35 849

MoS2 nanoparticles FTO/TiO2/N719/I�/I3
�/MoS2/FTO 93.0 14.72 0.745 0.490 5.41 850

MoS2 FTO/TiO2/N719/I�/I3
�/MoS2/FTO 18.50 18.46 0.680 0.580 7.01 851

MoS2 nanosheets FTO/TiO2/N719/I�/I3
�/MoS2/FTO 0.619 18.37 0.698 0.578 7.41 835

MoSe2 FTO/TiO2/N719/I�/I3
�/MoSe2/FTO 229.8 13.0 0.67 0.68 5.90 852

NiS2 FTO/TiO2/N719/I�/I3
�/NiS2 50.40 14.70 0.72 0.52 5.50 851

NiSe2 FTO/TiO2/N719/I�/I3
�/NiSe2 45.00 14.30 0.75 0.68 7.30 851

CoSe2 FTO/TiO2/N719/I�/I3
�/CoSe2 10.70 13.50 0.72 0.68 6.60 851

MoSe2 FTO/TiO2/N719/I�/I3
�/MoSe2 2.43 14.11 0.73 0.65 6.70 853

WSe2 FTO/TiO2/N719/I�/I3
�/WSe2 0.78 15.50 0.73 0.66 7.48 852

TaSe2 FTO/TiO2/N719/I�/I3
�/TaSe2 1.89 15.81 0.73 0.64 7.32 852

MoS2 FTO/TiO2/N719/I�/I3
�/MoS2/FTO 30.98 16.90 0.727 0.517 6.35 854

MoS2 FTO/TiO2/N719/I�/I3
�/1 T-MoS2/FTO 19.0 8.76 0.730 0.520 7.08 855

MoS2 FTO/TiO2/N719/I�/I3
�/MoS2/FTO 15.29 14.94 0.718 0.67 7.19 856

MoS2 FTO/TiO2/N719/I�/I3
�/MoS2/FTO 12.9 16.96 0.74 0.66 8.28 857

MoS2 FTO/TiO2/N719/I�/I3
�/1T-MoS2/FTO 19.60 11.54 0.80 0.65 6.0 858

TiS2 FTO/TiO2/N719/I�/I3
�/TiS2/FTO 0.63 17.48 0.73 0.603 7.66 859

MoS2 FTO/TiO2/N719/I�/I3
�/MoS2/graphite paper 2.16 13.34 0.696 0.698 6.48 860

MoS2 FTO/TiO2/N719/I�/I3
�/MoS2/FTO 2.77 15.68 0.72 0.634 7.16 861

MoS2 FTO/TiO2/N719/I�/I3
�/MoS2/FTO 25.77 15.92 0.73 0.615 7.14 862

MoS2 FTO/TiO2/N719/I�/I3
�/MoS2/FTO 2.86 19.6 0.795 0.36 6.6 863

MoSe2/WS2 FTO/TiO2/N719/I�/I3
�/MoSe2/WS2/FTO 18.3 23.1 0.69 0.651 9.92 842
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reference devices (Z E 6.02%), but B20% higher compared to
that of DSSCs based on PPY as the CE (4.46%).821

Murugadoss et al. grew NiSe NPs on GNSs with different
mass ratios to obtain NiSe/GNSx (x = 0.25 to 1.00) nanohybrids
by an in situ hydrothermal process.878 This method takes
advantages of the high SSA of GNSs to homogeneously immo-
bilize NiSe NPs on top of them acting as the catalytic sites.877

The nanohybrid with a mass ratio of 1 : 0.50 (NiSe/GNS0.50)
exhibited the highest electrocatalytic activity and electrolyte
diffusion among the different hybrid compositions.877 Thus,
the DSSC with NiSe/GNS0.50 CE exhibited an Z value of
8.62%, which is higher compared to a standard Pt-based DSSC
(Z = 7.68%).877 The NiSe/GNS0.50 CE exhibited a superior PV
performance compared to both Pt and pristine NiSe CEs.877

Compared to the hybrid NiSe/GNS0.50 CE, the lower performance
of the NiSe electrode, when integrated in a DSSC (Z = 7.18%),
was attributed to the aggregation of NiSe NPs and the poor
connections between the NPs, which decrease the number of
electrocatalytic active sites as well as the electrical conductivity of
the CE.877 The optimal performance of NiSe/GNS0.50 CE is
determined by the interfacial electron transfer pathways of GNSs
and the exceptional catalytic activity of NiSe toward I3

� reduction
at the CE/electrolyte interface.877

Table 9 summarizes the PV performance of DSSCs using 2D
material-based hybrid CEs.

5.2.4 Bifacial DSSCs using 2D material-based transparent
CEs. Research on transparent and cost-effective CEs is a persistent
objective in the development of bifacial DSSCs. Transparent or
semitransparent electrodes can be used for building-integrated
photovoltaics (BIPVs) to make use of light from the interior of the
building as well as the outside.879–881 So far, efficient solution-
processed transparent CEs have been reported using both PEDOT
and binary-alloy transition metal chalcogenides (M–Se; M = Ni, Co,
Fe, Cu, and Ru). For example, bifacial DSSCs with CEs composed

by a metal selenide achieved front Z values of 8.3%, 7.8%, 6.4%,
7.6%, and 9.2% for Co0.85Se, Ni0.85Se, Cu0.50Se, FeSe, and Ru0.33Se,
respectively, which were even higher than that of a cell with an
electrode based on standard Pt (6.1%).882 The corresponding rear Z
values were 4.6%, 4.3%, 4.2%, 5.0%, 5.9%, and 3.5% for devices
based on Co0.85Se, Ni0.85Se, Cu0.50Se, FeSe, Ru0.33Se, and Pt,
respectively. Besides, PEDOT can provide an optimal conductiv-
ity–transparency trade-off, while being suitable for large-scale and
cost-effective production.883 However, the catalytic performance of
PEDOT CE alone is inferior compared to those of Pt CE or other
metal-based CEs. Therefore, PEDOT has been combined with
other catalytic materials to improve the performance of bifacial
DSSCs. In this context, Chen et al. developed transparent CEs of
PEDOT/N-doped graphene (NG) for bifacial DSSCs, achieving an Z
value of 8.3%, which is higher than that of DSSCs using Pt CE
(8.17%).884 In a recent study, Xia et al. prepared layered CoSe2

nanorods with lengths of 70–500 nm and widths of 20–60 nm by a
one-step hydrothermal reaction and used them as the CE
material.885 The resulting bifacial cells using a PVDF quasi-solid-
state electrolyte revealed that the Z values for the front and rear
irradiation of CoSe2 CE-based devices reached 8.0% and 4.2%,
which are higher than those achieved with Pt CE (7.4% and 4.0%,
respectively). More recently, Xu et al. reported the preparation of
transparent organic–inorganic hybrid composite films of MoS2/
PEDOT to take full advantage of the conductivity and electrocata-
lytic properties of the two components.886 Researchers synthesized
MoS2 by the hydrothermal method. MoS2 dispersions were spin
coated to form an MoS2 layer and subsequently prepared PEDOT
films deposited on top of the MoS2 film by the electrochemical
polymerization to form composite CEs.885 DSSCs using the MoS2/
PEDOT composite CE exhibited an Z value of 7% under front
illumination and 4.82% under rear illumination.885 Compared
with other DSSCs based on PEDOT CE or Pt CE, DSSCs using
MoS2/PEDOT composite CE improved the front Z by 10.6% and

Table 9 Summary of the PV performance of DSSCs using 2D material-based hybrid CEs

Material Device structure

PV parameters

Ref.RCT (O cm2) JSC (mA cm�2) VOC (V) FF (�) Z (%)

MoS2/graphene FTO/TiO2/N719/I�/I3
�/MoS2/graphene 24.42 12.41 0.71 0.68 5.98 844

GNS FTO/TiO2/dye/I�/I3
�/GNS 6.24 11.99 0.754 0.30 2.68 843

MoS2/GNS FTO/TiO2/dye/I�/I3
�/MoS2/GNS 2.34 12.79 0.773 0.59 5.81

RGO/NiS2 FTO/TiO2/N719/I�/I3
�/NiS2/RGO 2.90 16.55 0.749 0.69 8.55 864

Bi2S3/RGO FTO/TiO2/N719/I�/I3
�/Bi2S3/RGO 9.2 12.20 0.75 0.60 5.5 876

RGO/NiO FTO/TiO2/N719/I�/I3
�/NiO/RGO 1.93 15.57 0.763 0.624 7.42 865

CuInS2/graphene FTO/TiO2/N719/I�/I3
�/CuInS2/graphene 2.30 14.20 0.743 60.7 6.40 867

CoS/RGO FTO/TiO2/N719/I�/I3
�/CoS/RGO 3.59 19.42 0.764 0.633 9.39 868

NiS/RGO FTO/TiO2/N719/I�/I3
�/NiS/RGO 7.06 17.05 0.778 0.623 8.26 866

MoS2/graphite FTO/TiO2/dye/I�/I3
�//MoS2/graphite 8.05 15.64 0.685 0.67 7.18 870

TiS2/graphene FTO/TiO2/N719/I�/I3
�/TiS2-graphene 0.63 17.76 0.72 0.685 8.80 858

WOx/carbon FTO/TiO2/N719dye/I�/I3
�/WOx/carbon/FTO 12.70 14.30 0.705 0.591 6.00 871

WOx@WS2/carbon FTO/TiO2/N719dye/I�/I3
�/WOx@WS2/carbon/FTO 0.88 15.48 0.720 0.695 7.71 870

MoS2/graphene FTO/TiO2/N719dye/I�/I3
�/MoS2/graphene/FTO 34.02 20.5 0.800 0.42 8.1 862

MoS2/SnS2 FTO/TiO2/N719/I�/I3
�/MoS2/SnS2/FTO 0.32 15.99 0.73 0.65 7.6 872

NiSe/GNS0.50 FTO/TiO2/N719/I�/I3
�/NiSe2-graphene (1 : 0.50) 1.92 16.73 0.75 0.68 8.62 877

WSe2/MoS2 FTO/TiO2/N719/I�/I3
�/WSe2/MoS2/FTO 44.42 16.89 0.69 0.724 8.44 873

Polyaniline/graphene FTO/TiO2/N719/I�/I3
�/polyaniline/graphene 20.1 15.5 0.787 0.62 7.45 874

NiO/NiS/graphene FTO/TiO2/N719/I�/I3
�/NiO/NiS/graphene 23.2 4.86 0.76 0.56 2.10 875

Co–Mo–S anchored on
nitrogen-doped graphene (NG)

FTO/TiO2/N719/I�/I3
�/Co–Mo–S anchored

on nitrogen-doped graphene (NG)
— 7.22 0.49 0.44 1.18 876

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

02
5/

11
/2

 1
8:

36
:1

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00106j


This journal is © The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 11870–11965 |  11907

6.4%, respectively.885 As discussed above, the DSSCs assembled
with transparent CEs based on TMDs and graphene-like materials
exhibit Z comparable or even higher than those of semitransparent
Pt-based DSSCs. Such performances achieved with Pt-free CEs are
promising to reduce the power-to-weight ratio and total cost of
bifacial DSSCs, paving the way toward 2D material-based DSSCs
for smart windows, power generators, and panel screens.

5.3 Summary and outlook

The global DSSC market size was valued at USD 90.5 million in
2019 and is expected to grow at a compound annual growth rate
(CAGR) of 12.4% from 2020 to 2027.887 The global DSSC market
is segregated into portable charging, BIPV, embedded electro-
nics, outdoor advertising, and automotive. In this scenario,
BIPV represents a strategic sector, in which DSSCs reached an Z
value higher than 25% (up to a record-high value of 32% at
1000 lux).888–890 Regarding outdoor applications, the advent of
PSCs has outclassed the use of DSSCs as single-junction
devices, the Z value of DSSC being significantly inferior to that
of PSCs.897 However, DSSCs still represent an interesting PV
technology to make cost-effective and efficient tandem systems,
including those based on PSCs as sub-cells. Overall, the
advancements achieved in DSSCs using 2D materials might
be applied to the most promising configuration for convenient
applications, as discussed above. In fact, the current record-
high Z value of DSSCs was reached using GNPs as the CE829

(previous record of 13% was also achieved using graphene-
based CEs),830 unequi VOC ally proving the potential of 2D
materials for both improving the PV performance and decreas-
ing the cost of traditional PV based on Pt CEs.891,892 Prospec-
tively, lifecycle assessment can provide a useful methodological
framework to calculate the eco-profiles of solution-processed
2D material-based DSSCs with a future-oriented perspective.
Importantly, DSSCs are the third-generation hybrid–organic
technology that reached the highest maturity in terms of
manufacturing, reporting several pilot-line semi-industrial pro-
duction lines.893,894 Overall, the synergistic use of 2D materials,
novel dyes, and advanced anode structures are expected to play
a major role in the further optimization of DSSC technology,
both in the indoor and outdoor PV market.

6. PSCs

During the last few years, the rapid emergence of perovskite PV
technology in the global energy scenario has strongly attracted
efforts from the scientific community.895–897

Perovskite semiconductors have been used in SCs since the
pioneering work of Kojima et al. who proposed the perovskite
as a sensitizer in a DSSC, achieving an Z value of 3.8%.894

Thereafter, much progress has been achieved in the last 12 years,
achieving certified Z exceeding 25%,898 which makes PSCs among
the most promising class of devices in the broad context of 3rd-
generation PV technologies.897

The term perovskite refers to a broad class of crystals
sharing the crystalline structure of calcium titanate (CaTiO3).900

Generally, the crystallographic structure is indicated with the
chemical formula ABX3, where A is a small organic or inorganic
cation that occupies a cube-octahedral901 site, B is a metal
cation in the center, and X is a halogen anion in an octahedral
site.899

The perovskite structure widely used in SCs is an organic–
inorganic hybrid based on an organometallic halide material.
In particular, A can be methylammonium CH3NH3

+ (MA),
formamidinium (FA), or Cs; B is commonly the lead ion Pb2+

(even though ions of Sn, Ge, Sb, Bi are also used), and X is an
halide, typically iodide or bromide (I� or Br�).902 Thus, in the
perovskite structure, A, located in a cage, is surrounded by four
BX6 octahedra, and can partially move inside the cage901

(Fig. 17). Organic–inorganic halide perovskites offer attractive
prospects in developing high-performance SCs,903–905 low pro-
cessing costs and facile fabrication processes.906,907 In fact, due
to their particular crystallographic structure and the peculiar
choice of components,908 organic–inorganic halide perovskites
exhibit outstanding and unique optoelectronic properties,
including large and broad absorption spectrum,909 immediate
charge generation within the bulk material (due to very low
exciton binding energy),910 optimal ambipolar charge transport
with a long charge diffusion length (B100 nm for CH3NH3PbI3

and B1 mm for CH3NH3PbI3�xClx),911 efficient charge injection
into the CTLs, and low trap density, which points them as
‘‘defect-tolerant’’ materials.906,912–914 In addition, chemical
modifications of the constituents enable the tuning of the
material properties, for example, the Eg, which spans over a
range wider than 1 eV. The architecture of a PSC consists of a
perovskite active layer sandwiched between an HTL and an
ETL. More specifically, two PSC structures have been mainly
developed, i.e., mesoscopic894,906 and planar905 structures, and
both of them can be found in n–i–p (direct) or p–i–n (inverted)
configurations (Fig. 18).915 The mesoscopic architecture is so
called because a mesoporous oxide layer is used as the ETL in
which the perovskite is infiltrated.

In detail, mesoscopic PSCs are composed of different
layers.894,906,916 The first one is a TCE (e.g., FTO or ITO),

Fig. 17 The basic perovskite structure (ABX3). Adapted from ref. 899.
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deposited on the bottom of the glass surface and acting as the
front transparent electrode. Subsequently, a compact ETL is
deposited onto the TCE. The compact ETL is typically made of
TiOx

906 or ZnO917,918 (thickness ranging from 10 to 400 nm,
depending on the material), which can be deposited using
different techniques (e.g., spray pyrolysis,919 sol–gel,920 DC
magnetron sputtering,921,922 electrodeposition,923,924 electron-
beam evaporation,925 and pulsed laser deposition926,927). Then,
a layer of mesoporous oxide is obtained by depositing a paste
typically containing colloidal NPs (preferably TiO2,894,906

ZrO2,928,929 Al2O3,930 and SiO2
931,932) using various techniques

(e.g., sol–gel,933,934 doctor blade,935 spin coating,936 spray
coating,937 electrospray deposition,938 slot-die coating,939,940

inkjet printing,941 and pulsed laser deposition733,942,943). For
glassy substrates, the device is subsequently heated (e.g., at
450–550 1C for 30 min for the calcination of TiO2) in order to
evaporate the organic binder and to create an electromechanical
connection between the NPs.902,944 For heat-sensitive plastic
substrates, the mesoporous layer is alternatively formed by means
of low-temperature processes, such as microwave sintering,945

laser sintering,946,947 intense pulsed light sintering,948 and NIR
sintering.949,950 Thereafter, a perovskite layer (generally formed by
one or more organic cations, such as methylammonium (MA) and
formamidinium (FA), and one or more inorganic compounds,
such as PbI2Cl, Pb3, or PbI2Br) is infiltrated in the mesoporous
electrodes by various techniques,951 e.g., spin coating,902,952–955

spray casting,956–959 physical vapor deposition,960,961 thermal
evaporation,962 dip coating,963 slot-die coating,964 roller
coating,965 and bar coating.966 Subsequently, the resulting film
is often crystallized through a heating step at 70–100 1C for
10–30 min, depending on the perovskite composition and
deposition method.950 On the so-formed photoelectrode, an HTL
(e.g., P3HT,967–969 spiro-OMeTAD,970,971 PTAA,972 PEDOT,973

copper thiocyanate (CuSCN),974,975 and triphenylamine-based
molecules976,977) is deposited, typically via solution-based techni-
ques, e.g., spin coating, spray casting, inkjet printing, and slot-die
coating. Lastly, the mesoscopic PSC is completed by depositing a
metal contact as the CE (e.g., Au, Ag, and Al). Alternatively, a planar

architecture can be used as a simpler PSC structure.905 The main
difference between a planar direct configuration (n–i–p structure)
and mesoscopic devices is the use of a single compact n-type metal
oxide layer (e.g., TiO2,978 ZnO,979–981 and SnO2

982–986) in the former
rather than a combination of both compact and mesostructured
scaffolds.987,988 Differently, in an inverted planar configuration
(p–i–n structure),905 a p-type material (e.g., NiOx,989–991 PEDOT:
PSS,992,993 CuSCN,994 CuI,995 Cu oxides,996,997 and V2OX

998) is
used as the bottom HTL, while PCBM is the typically used
ETL.999–1001 As a matter of fact, several potential material/
structure combinations can be designed to implement new
PSC structures. In fact, on one hand, the correct choice of
materials is crucial for determining both optical and electronic
properties (e.g., bandgap and commensurate absorption spectra, m,
charge diffusion lengths, etc.). On the other hand, material
arrangement in the different architectures plays a crucial role in
the overall PSC performance.

Despite the undoubted interest in perovskites, mainly owing
to their low cost and efficiency compared to the technologies
currently in the market, PSCs currently suffer from low stability,
a big challenge for their market uptake.1002 Perovskite instability
has been correlated to both intrinsic1003–1006 and extrinsic
factors,1005 mainly associated with moisture1007,1008 and oxygen
exposure,1006,1007 as well as UV radiation,1009,1010 high-temperature
exposure,1011 and electrical biases.1012,1013 In detail, under
prolonged working conditions, PSCs often exhibit structural
degradation of perovskites (as well as other component layers).
For example, ion migration from the perovskite to metal and
vice versa, as well as perovskite decomposition through the
volatilization of perovskite species can cause the rapid failure of
PSCs.1005,1014

Although some extrinsic degradation factors, such as oxygen,
moisture, and UV exposure can be avoided by means of new
strategies to encapsulate the assembled device,1015–1017 the
intrinsic structural instability can be addressed by designing
more stable perovskites1018–1021 or by adding crosslinking
additives,1022–1025 ionic liquids additives,1026–1028 dopants,1029–1031

and interlayers1032–1035 that can stabilize the crystal structure.

Fig. 18 (a) Mesoscopic n–i–p, (b) planar n–i–p, and (c) planar p–i–n and mesoscopic p–i–n PSC structures.
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Recently, pressure-tight polymer (polyisobutylene)/glass stack
encapsulation has been shown to inhibit intake moisture, while
preventing the outgassing of decomposition products of the
perovskite.1016 Consequently, the decomposition reaction for a
prototypical Cs-containing triple-cation perovskite, namely,
Cs0.05FA0.8MA0.15Pb(I0.85Br0.15)3, were suppressed, permitting the
devices to pass the International Electrotechnical Commission
(IEC) 61215:2016 Damp Heat and Humidity Freeze tests.1016

In this context, (1) the exploitation of solution-processed
GRMs to engineer the device interface1036–1040 and (2) the
introduction of 2D perovskites as active materials111,1016,1041–1043

have recently been revealed as two main routes for the realization
of highly efficient and durable PSCs. In the first case, the possi-
bility to chemically or thermally modify GRMs allows their oxygen
vacancy/defect/functional group concentration to be controlled to
attain the desired optoelectronic properties.1044 Recent advances
in the production and processing of GRMs allowed their effective
use in the PSC structures,596,1037 for example, as ETLs1045–1047 or
HTLs1048,1049 as well as interlayers at the perovskite/CTL
interface.1050,1051 In particular, GRM-induced improvement in
charge transport and collection at the electrodes allows the Z value
to be significantly enhanced.1052,1053 Moreover, the use of GRMs in
PSCs results in a remarkable increase in the device’s stability
under several stress conditions, by preventing interfacial perovs-
kite degradation.1039,1054–1059 In the second case, 2D perovskites
have demonstrated superior moisture stability compared to the 3D
counterparts, offering new approaches to stabilize PSCs.111,1060

Owing to their versatile structure, 2D perovskites enable the ad hoc
tuning of their optoelectronic properties through compositional
engineering.111,1061 Finally, recent achievements have demon-
strated the possibility to combine 3D and 2D perovskites to
simultaneously boost the device efficiency and stability, opening
the route toward advanced mixed-dimensional PSCs.111,1062

In the subsequent sections, the use of GRMs and 2D perovskite
layers into CTLs and perovskite, as well as their utilization as
buffer layers and front/back electrodes, will be discussed.

6.1 ETLs

As shown in Fig. 18, the configurations of a PSC require a
perovskite light-absorbing layer interposed between a wide-
bandgap ETL and HTL, which assist charge carrier transport
to the negative and positive electrodes, respectively.1063,1064

Meanwhile, the CTLs must prevent charge transport toward
the undesired electrode.1062,1063

In mesoscopic PSCs, the generated electrons have to travel
through the mesoporous ETL, which plays a crucial role in
terms of efficiency and stability of the whole device.1065,1066 A
large variety of materials have been used as ETLs to efficiently
extract photoexcited electrons in the perovskite layer.1067 It is
worth pointing out that the mesoporous ETL can be conductive
(e.g., TiO2, ZnO, and NiO) or insulating (e.g., Al2O3, ZrO2, and
SiO2). In the first case, the mesoporous layer acts as an ETL,
while in the second one, it provides a scaffold functionality.

Due to the capacity to prevent leakage currents, and hence to
prevent cell shunting, TiO2 is the most established ETL for
PSCs.696,1068 Mesoscopic PSCs using anatase mesoporous TiO2

(mTiO2) with NPs in the 10–30 nm size range have shown Z
often exceeding 21%.902,1069 Nanomaterials based on ZnO could
also be promising semiconducting metal oxides alternative to
TiO2, owing to their wide bandgap (B3.37 eV), large exciton
binding energy (B60 meV), high me, unique photoelectric proper-
ties, optical transparency, electric conductivity, and piezoelectric
properties.1070–1072 To overcome the disruptive effect of moisture
on the perovskite structure and to prolong the lifetime of the
devices, ZnO QDs have also been exploited as an alternative
scaffold to other ZnO nanostructures, owing to their tunable
bandgap and chemical inertness.1073 Lastly, ZnO offers the benefit
to be easily processed at low temperatures, opening the possibi-
lity to develop efficient low-temperature fabricated mesoscopic
PSCs.1074

In order to increase the VOC of PSCs, mesoporous Al2O3,
ZrO2, and SiO2 have been investigated as a scaffold to alternative
mTiO2.1075–1078 For example, a mesoporous Al2O3 (mAl2O3) layer
was used to transport photoexcited electrons throughout the
perovskite layer, allowing Z 4 12% to be reached.1079

Ternary oxides, such as SrTiO3,1080,1081 Zn2SnO4,1082 and
BaSnO3

1083 have also been used to obtain better performing
devices in terms of Z. For example, SrTiO3 exhibits the same
perovskite structure with me and CB higher than those of
TiO2.1084,1085 Thus, SrTiO3-based PSCs showing VOC higher than
1 V have been reported.1080

In order to boost the electrical performance of PSCs, it is
necessary to precisely control the charge carriers’ pathway along
the entire device,1086,1087 by avoiding losses due to photon
thermalization or carrier-trapping processes and improving
faster electron injection. In fact, charge carrier injection at the
perovskite/ETL interface is strongly limited by interfacial charge
recombination when the interfaces are not properly engineered,
such as in presence of nonoptimized energy-level alignment.1088

Likewise, poor charge transport in the CTLs1089,1090 severely
limits charge collection toward the electrodes, reducing ISC and
FF1091–1093 and therefore the Z value.

Several strategies have been reported in the literature to
enhance the charge transport and extraction properties at the
interface between the perovskite/ETL. These strategies include TiO2

doping1094,1095 and the use of different TiO2 nanostructures,1096–1098

as well as the modification of interfacial energy-level alignment
through the incorporation of appropriate buffer layers.1036,1099

In this framework, numerous solutions have been proposed
to facilitate electron extraction and to increase the conductivity
by taking advantage of GRMs.1036,1100–1102

The use of graphene with nanostructured ZnO or TiO2 in
PSCs results in a higher photocurrent density and consequently
better device performance compared to the reference device
without graphene.1099 Wang et al. developed low-temperature-
processed nanocomposites of pristine graphene nanoflakes
and anatase–TiO2 NPs to be used as the ETL in mesoscopic PSCs
(Fig. 19a).1100 The observed decrease in the series resistance, as
well as a decrease in charge recombination, determined an
improvement in the device performance, achieving an Z value
of 15.6% (Fig. 19b).1100 The use of graphene nanoflakes, with an
appropriate fW (i.e., 4.4 eV), reduced the energy barrier between
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the LUMO of TiO2 (4.2 eV) and Fw of FTO (4.5 eV), leading to
better electron collection through the ETL (Fig. 19c).1100 In
addition, the m value of graphene flakes increased the electrical
conductivity of the graphene–TiO2 ETL compared to bare TiO2

(Fig. 19d).1100 GRMs have also been used as the interlayer
between perovskite and mTiO2. Zhu et al. reported that the
insertion of an ultrathin layer of GQDs between the perovskite
and mTiO2 impacts the PSC performance, increasing the Z value
from 8.81% up to 10.15%.1101 The insertion of a GQD interlayer
causes strong quenching of perovskite photoluminescence at
B760 nm due to a reduced electron extraction time (90–106 ps)
in the presence of GQDs.1101 This means that the GQDs permit
an efficient electron transfer from the photo-absorber to the
acceptor, resulting in efficient electron extraction.1101

More recently, Tavakoli and co-workers developed a new and
simple chemical process to synthesize a quasi-core–shell structure
of ZnO NPs/RGO to be used as the ETL in PSCs.1099 In fact, RGO
passivates the ZnO NP surface, preventing degradation reactions at
the perovskite/ETL interface caused by the presence of the hydro-
xide group.1099 Furthermore, the ZnO/RGO ETL improves the
electron transfer at the perovskite/ETL interface, increasing the
EQE and photocurrent density.1099 Thus, the use of RGO increased
Z up to 15.2% on rigid PSCs using FTO-coated substrates, while

flexible devices on ITO-coated PET achieved an Z value of
11.2%.1099 In a subsequent work, Tavakoli et al. reported a very
high performing PSC (Z = 17.2%) using a reduced-graphene
scaffold (rGS) obtained through EpD.1103 The authors fabricated
a porous 3D scaffold of graphene with a large SSA that enabled a
higher loading of perovskite materials.1102 The addition of rGS
improved the carrier transport of the PSC, yielding an Z value
enhancement of B27% compared to the conventional device.1102

Besides, sealed rGS-based devices retained 80% of their initial Z for
a time as long as a month under ambient conditions (B65%
humidity).1102 Ameen and co-workers used a graphene thin film as
the barrier layer between O2 plasma-treated ITO-PET and the ETL
based on ZnO QDs.1104 A subsequent atmospheric plasma jet
(APjet) treatment of ZnO QD ETL improved the interfacial contacts,
modifying the surface properties of the ITO-PET/Gr/ZnO QD
structure.1103 The use of a graphene interlayer and APjet treatment
of ZnO QDs improved the carrier transport and collection
efficiency.1103 Moreover, modification with regard to the surface
area, pore size, and porosity caused by the APjet treatment allowed
perovskite infiltration to be optimized.1103 Thus, the fabricated
ITO-PET/Gr/ZnO QDs/CH3NH3PbI3/spiro-OMeTAD/Ag flexible
PSCs reached a high Z value of B9.73%, along with a JSC value
of B16.8 mA cm�2, VOC of B0.935 V, and FF of B0.62.1103

Fig. 19 (a) Cross-sectional SEM image of a PSC based on a graphene–TiO2 composite as the ETL. (b) J–V curves measured for PSCs with different ETLs
under solar irradiation and in the dark (c). Energy levels of a PSC based on a graphene–TiO2 composite as the ETL. (d) Series resistances of PSCs using
pristine TiO2 and graphene–TiO2 composite as the ETLs. Reprinted with permission from ref. 1100, Copyright 2013, American Chemical Society.
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These performances outperformed those of the PSCs fabri-
cated with ITO-PET/graphene and ZnO-QDs/graphene/ITO-PET
structures.1103 Graphene-based interface engineering through
the incorporation of an additional buffer layer represents an
effective strategy to improve the PV performance while over-
coming oxygen- and moisture-induced instability. For example,
Agresti et al. proposed a new, efficient PSC structure by including
a GO-Li interlayer between TiO2 and the perovskite.1051 The main
effect of the GO-Li interlayer is the enhancement—compared to
the reference devices—of both JSC (+10.5%) and FF (+7.5%),
positively affecting both Z and long-term stability.1051 In particular,
this work pointed out to improved charge extraction/injection at the
negative photoelectrode when GO-Li was used as the ETL.1051 In
fact, the GO-Li interlayer favors the passivation of oxygen defects/
vacancies in mTiO2, eliminating reactive centers susceptible to
moisture attack. Such an effect improved the stability of devices,
which have shown an enlarged lifetime without encapsulation
during aging tests. A similar interface strategy was used to further
increase the Z and stability of PSCs using mTiO2 doped with
graphene flakes (mTiO2 + G) and GO as an interlayer between the
perovskite and HTL.1036,1105 These PSCs achieved a remarkable Z
value of 18.2% as a consequence of the improved charge-carrier
injection/collection.1036 In addition, the optimized PSCs improved
their stability under several aging tests compared to the reference
devices. In fact, when mTiO2 + G was used, the PSCs retained more
than 88% of their initial Z under prolonged 1 sun illumination at
MPPT for a time as long as 16 h (Fig. 20a). Recently, time-of-flight
secondary ion mass spectrometry (ToF-SIMS) 3D imaging and XPS
depth profile analysis were used to evaluate the light-induced
degradation of layers and interfaces both in mesoscopic PSCs with
mTiO2 + G and graphene-free PSCs (Fig. 20b).1106 These results

demonstrated that the incorporation of graphene within mTiO2

improves the stability of PSCs by limiting the light-induced back-
conversion of CH3NH3PbI3 into PbIx and PbOx species.1105 There-
fore, the formation of iodine species was also reduced, impeding
them to diffuse across the interface until modifying the Au electrode
and mTiO2 through the A–I and Ti–I bond formation.1105 Even more
recently, femtosecond transient absorption measurements proved
that the incorporation of graphene can stabilize the PSCs owing to
the potential exploitation of the contribution of hot carriers to the Z
value of PSC (Fig. 20c).1107 In particular, these results demonstrated
that the insertion of graphene flakes into mTiO2 leads to stable
values of carrier temperature.1106 In graphene-free PSCs aged
over 1 week, the carrier temperature decreased from 1800 to
1300 K, while the graphene-based cell reported a reduction
inferior to 200 K after the same aging time.1106 The stability of
carrier temperature was associated to the stability of the per-
ovskite embedded in mTiO2 + G. Overall, all these results
involving mTiO2 + G have opened the way for scalable large-area
PSC production due to the use of GRMs in the form of dispersions
and inks.205 In fact, by means of graphene and GRMs, Agresti et al.
realized large-area (50.6 cm2) perovskite-based solar modules
(PSMs) with a remarkable Z value of 12.6%.1108

Recently, a similar approach was followed by Cho et al.,
which systematically investigated the role of RGO in PSCs by
dispersing RGO into the mTiO2 matrix to obtain highly efficient
PSC (Z = 19.54%).1109 Moreover, the role of RGO has been
demonstrated to be crucial to improve the transport and injection
of photoexcited electrons.1108 Previously, several authors also
used RGO as the dopant into a TiO2 layer. Umeyama and
co-workers doped both compact TiO2 (cTiO2) and mTiO2 with
RGO to increase the Z value from 6.6% to 9.3%.1046 To maximize

Fig. 20 (a) Graphene-based PSC energy-level alignment representation and Z stability trends under prolonged light-soaking condition (1 sun) for both
standard and graphene-engineered devices.1036 (b) ToF-SIMS 3D analysis showing the reconstructed XZ distribution of PbI3

� (from the CH3NH3PbI3
absorber) in the as-deposited (upper part) and 24 h light-aged (lower part) PSCs. The PbI3 signal decay suggests the progressive decomposition of the
perovskite absorber material, which was always more severe in the reference PSC structure. Adapted from ref. 1105, Copyright 2018, Elsevier. (c)
Transient absorption spectra acquired at a pump–probe time delay of 0.75 ps for (a) as-prepared and (b) aged PSC with mTiO2 + G (PSC-G) and
graphene-free PSC (PSC-NoG). The photobleaching signal exhibits two peaks at 1.64 eV and 1.66 eV attributed to the absorption bleaching in large
crystals of the capping layer and in small crystals of the mesoporous layer, respectively. Hot electron lifetime from the transient absorption
measurements related to the degradation of small perovskite crystals wrapped in the mesoporous TiO2 layer. When graphene is embedded into the
mTiO2 layer, the hot-carrier temperature is preserved over aging time by improving the device stability. Adapted from ref. 1106, Copyright 2019,
American Chemical Society.
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the charge transport properties in TiO2 layers, the authors mixed
TiO2 with small quantities of GO, which was reduced to RGO
during the subsequent calcination process.1046

Han et al. reported RGO/mTiO2 nanocomposite ETL to
reduce film resistivity and to increase the electron diffusion of
pristine mTiO2.1044 Consequently, they achieved an Z value that
was B18% higher compared to the RGO-free reference PSC.1044

Recently, GQDs have been similarly proposed for doping
TiO2.1110 To improve the ISC value of SrTiO3-based PSCs, Wang
et al. successfully incorporated graphene in mesoporous SrTiO3,
reaching an Z value of 10%, which is 46.0% higher than that
achieved by the reference device.1080 Mali et al. proposed RGO-
grafted porous zinc stannate (ZSO) scaffold-based PSCs, which
achieved a VOC value of 1.046 V, JSC of 22.5 mA cm�2, Z of
17.89%, and FF of 76%.1111 The performance of the proposed
PSCs was ascribed to the presence of RGO in the ZSO scaffold,
where it served as a highway track for the photogenerated
electrons, facilitating electron injection from the perovskite into
the ZSO CB.1110

Recently, GRMs have been used to dope SnO2 in planar
PSCs. Zhu et al. proposed the incorporation of graphene into SnO2

to improve the electron extraction efficiency, as well as to attenuate
charge recombination at the ETL/perovskite interface.1112 Conse-
quently, PSCs based on graphene-doped SnO2 ETL exhibited Z over
18% with negligible hysteresis.1111 In addition, the use of graphene
as the ETL dopant enhanced the stability of the device, which
retained 90% of the initial Z after 300 h storage under the ambient
condition with a relative humidity of 40 � 5%.1111

Following a similar strategy, Zhao et al. incorporated
naphthalene diimide–graphene into SnO2 ETLs to increase the
surface hydrophobicity and to generate van der Waals interaction
between the surfactant and perovskite.1113 These effects led to Z
exceeding 20%.1112 As the peculiar interface engineering of
planar PSCs based on SnO2 ETL, 2D g-C3N4 has been recently
proposed as a heat-resisting n-type semiconductor to modify the
interfaces of ETL/perovskite and perovskite/HTL, respectively.1114

The g-C3N4 structure can passivate the surface trap states of the
MAPbI3 light absorber through the formation of Lewis adducts
between N and the undercoordinated Pb, by reducing the
grain boundaries between the perovskite crystal particles. The
as-realized cells reached an Z value exceeding 19.6% with remark-
able FF of over 80%.1113 Moreover, new emerging 2D materials,
including TiS2 and SnS2, were recently used as the ETL in the
n–i–p planar architecture.1044,1115,1116 For example, Huang
and co-workers reported FTO/TiS2/perovskite/spiro-OMeTAD/
Au devices showing an Z value of 18.8% when the TiS2-coated
ITO film underwent UVO treatment.1114 In fact, UVO can shift
the TiS2-coated ITO WF to 4.64 eV, thus speeding up electron
collection.1114 Moreover, UVO-treated TiS2 ETL-based devices also
exhibited excellent device stability, retaining 95.8% of their initial
Z after 816 h of ambient storage (without any encapsulation).1114

In addition, they maintained over 80% of their initial Z after
exposure to a high humidity environment (45–60 RH) for
100 h.1114 Lastly, highly efficient (Z = 21.73%) n–i–p planar PSCs
were fabricated by Huang et al. in 2019, employing a double layer
of SnO2 and 2D TiS2 as the ETL.1115 Highly efficient (Z 4 20%)

n–i–p planar PSCs were also recently demonstrated using SnS2.1044

Intermolecular Pb–S interactions between perovskite and SnS2

were proposed to passivate the interfacial trap states.1044 This
effect can suppress charge recombinations and facilitate electron
extraction, resulting in balanced charge transport at the ETL/
perovskite and HTL/perovskite interfaces.1044 Solution-processed
BP quantum dots (BPQDs) with ambipolar conductivity were
developed to be used as a dual-functional ESL material in plastic
PSCs.1117 BPQD-based ESL formed a cascade energy level for fast
electron extraction and controlled the crystallization of the per-
ovskite, thereby yielding compact high-quality (low-defect density)
perovskite films with an ordered orientation.1116

The resulting plastic planar PSCs exhibited an Z value of
11.26%, owing to the efficient electron extraction and suppression
of both radiative and trap-assisted nonradiative recombinations.1116

More recently, phosphorene nanosheets, produced through vortex
fluidic-mediated exfoliation under NIR pulsed laser irradiation, were
also used as dopants for TiO2 ETLs, resulting in low-temperature
(100 1C) processed, planar n–i–p PSCs with a maximum Z value of
17.85%.1122

Tsikritzis et al. recently proposed a two-fold engineering
approach for inverted PSCs, where ultrathin Bi2Te3 flakes were
used (1) to dope the ETL and (2) to form a protective interlayer
on top.1123 This approach improved the electron extraction rate,
increasing the overall Z by +6.6% compared to the reference
cells. These effects were associated with an optimal alignment
between the energy levels of the perovskite, cathode, and ETL.
Furthermore, the interlayer of Bi2Te3 promoted efficient elec-
tron transport, while chemically protecting the underlying
structure.1122 By combining the two engineering approaches,
the optimized PSCs reached an Z value as high as 19.46%, while
retaining more than 80% of their initial Z value (after the burn-
in phase) over 1100 h under continuous 1 sun illumination.1122

A complete replacement of the ETL with 2D materials was
also presented for inverted planar PSCs by Castro et al. using
functionalized GNRs.1124 Compared to PC61BM, the functionalized
nanoribbons were hydrophobic and exhibited higher LUMO
energy levels, thus providing superior Z and stability.1123

In addition, transition metal carbides, nitrides, and carbo-
nitrides (i.e., MXenes) have just started to be used for the design
of high-performance ETLs.1125,1126 Ti3C2 MXenes have been
used as the dopant for SnO2 ETLs to improve the Z value from
17.23% to 18.34%.1124 The superior performance recorded for
MXene-incorporated SnO2-based PSCs was explained by both
faster electron extraction and enhanced electrical conductivity
compared to those exhibited in MXene-free ETLs.1124 Very
recently, Agresti et al. used Ti3C2 MXene-based ETLs to improve
PSCs using perovskite absorbers modified with MXenes.1125 The
resulting cells exhibited a 26% increase in Z and hysteresis
reduction compared with the reference cells without MXenes.1125

Meanwhile, other less established 2D materials are also emerging as
novel ETL material candidates. For example, Bi compounds,
namely, Bi2O2Se nanoflakes, have recently been used as hydropho-
bic and smooth ETLs to improve the electron collection/transport
while promoting the formation of large perovskite crystals,
achieving Z value of up to 19.06%.1120 Metallic group-5 TMDs,
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namely, 6R-TaS2 flakes, were exfoliated and incorporated as a
buffer layer in inverted PSCs to simultaneously enhance their Z,
lifetime, and thermal stability.1127 In detail, a thin buffer layer of
6R-TaS2 flakes on top of the ETL facilitated electron extraction,
allowing the device to reach the maximum Z value of 18.45%
(+12% vs. the reference cell).1126 In addition, stability tests using
ISOS-L2, ISOS-D1, ISOS-D1I, and ISOS-D2I protocols proved that
the TaS2 buffer layer retards the thermal degradation of PSCs,
which retained more than 80% of their initial Z over 330 h under
continuous 1 sun illumination at 65 1C.1126

Table 10 summarizes the main results achieved by PSCs
using ETLs based on GRMs.

6.2 Perovskite layers

Beyond optoelectronic properties, the key factors influencing
the performance of a perovskite absorber are the morphology
and grain size.1128–1130 Several works have highlighted the need
to control the perovskite crystal morphology in order to obtain
large grains that maximize charge photogeneration at the active
layer.1128,1129,1131–1133 In fact, on one hand, an accurate control
of the crystallization process is an essential step to improve the
perovskite film morphology for correct device operation. On the
other hand, the perovskite grain interfaces play a crucial role to
influence charge transport and recombination phenomena. In
this context, the incorporation of graphene derivatives into a
perovskite layer seems a practicable way to improve the quality
of perovskite layer morphology.1134 Hadadian et al. first reported
the addition of N-doped reduced graphene oxide (N-RGO) into
mixed organic–inorganic halide perovskites in order to increase
the perovskite grain size.1135 This effect was tentatively attributed
to the slowing down of the crystallization process.1135 Meanwhile,
N-RGO decreased charge recombination owing to the surface
passivation effect (Fig. 21a–e).1134 Therefore, the presence of
N-RGO in the perovskite layer improved JSC (B21 mA cm�2),
VOC (B1.15 V), and FF (B0.73%), increasing Z from 17.3% to
18.7%, compared to the reference PSC (Fig. 21f).1134 Alternatively,
GO was used as both HTL and additive in the perovskite absorber
in an inverted PSC.1136 The resulting PSC exhibited an Z value as
high as 15%, which was attributed to the hole acceptor role of GO
in the hybrid GO:perovskite composite.1135 Moreover, the use of
GQDs within the perovskite layer was reported as a promising
strategy to passivate perovskite grain boundaries, improving the
overall device performance.1137 In fact, conductive GQDs were
used to facilitate electron extraction and simultaneously passivate
dangling bonds and eliminate electron traps at the perovskite
grain boundaries.1136 These effects enhanced the Z value up to
17.6%.1136 Alternatively, 2D BP was proposed as an additive in the
absorber precursor solution to obtain large (4500 nm) perovskite
grains and to improve the Z value up to 20.65%.1138

The enhanced PV performance was attributed to the improved
charge extraction and transport of MAPbI3 perovskite in the presence
of BP nanosheets.1137 This approach was successfully applied to
MAPbI3-based n–i–p1137 and p–i–n configurations,1138 demon-
strating the maximum Z value of 20.65% and 20.0%, respectively.

Moreover, the BP-doped n–i–p PSCs presented excellent
photostability under prolonged light soaking, preserving 94%

of the initial Z after irradiation time of 1000 h,1137 while p–i–n
PSCs have shown encouraging thermal stability, maintaining over
80% of their initial Z value after aging for 100 h at 100 1C.1139 As a
further demonstration of the emergent role of BP in PSCs, X. Gong
and co-workers demonstrated the use of BPQDs as an additive for
inorganic CsPbI2Br perovskite films.1140 In that work, BPQDs were
proposed as effective seed-like sites to modulate the nucleation
and growth of CsPbI2Br perovskite crystals, affording device Z
above 15%.1139 Despite these results, the instability of few-layer
phosphorene under ambient conditions1141 still represents a
major concern hampering its massive use in PSCs.

In terms of the intrinsic stability of perovskites, Ag NP-
anchored reduced graphene oxide (Ag-RGO) was used as an
additive in perovskite films to suppress ion migration by
improving the thermal and light stability.1142

Recently, Guo et al. used MXenes as a perovskite additive in
mesoscopic PSCs.1143 In particular, the authors have shown
that the termination groups of Ti3C2Tx can retard the perovskite
crystallization rate, thereby increasing the perovskite crystal
size.1142 After optimization, a 12% enhancement in Z compared
to the reference PSCs was obtained with 0.03 wt% MXenes.1142

Agresti et al. used Ti3C2 MXenes as perovskite WF modifier
to design n–i–p mesoscopic devices with Z exceeding 20%.1125

Density functional theory calculations demonstrated that the
formation of an interface dipole at the perovskite/Ti3C2Tx inter-
face strongly depends on Tx terminations.1125 For example, in the
case of OH-terminated MXene, a larger interface dipole than O
terminations was demonstrated.1125 The overall reduction in
perovskite WF upon MXene addition and the optimization of
MXene-based ETL led to a 26% increase in Z, together with
hysteresis reduction, compared with the reference cells without
MXenes.1125 The possibility to vary the MXene WF on demand
and control the band-energy alignments with other layers form-
ing an electronic device represents a winning strategy to enlarge
the design parameter space and improve the device performance.

The attempt from Hu et al. toward stabilizing the a-phase of
Cs0.1FA0.9PbI3 perovskite by using 2D phenyl ethyl ammonium
lead iodide ((PEA)2PbI4) nanosheets as the additive deserves a
separate discussion, see Section 6.5.1144 Because of the 2D
(PEA)2PbI4 nanosheets, the MA-free perovskite-based device reached
a high Z value of 20.44% and retained 82% of its initial efficiency
after 800 h of continuous white light (1 sun) illumination.

Table 11 summarizes the main results achieved by PSCs
integrating GRMs as perovskite additives.

6.3 HTLs and back electrodes

The main role of HTLs is to extract positive charges from the
perovskite layer, by minimizing charge recombination losses,
and to efficiently transport them at the corresponding current
collector.1062,1063 Depending on the device’s structure, HTLs
have additional functions: in direct planar structures, HTLs
also act as a perovskite protective layers against environmental
factors (e.g., moisture and oxygen) and can even contribute to
heat dissipation,1145,1146 improving the long-term stability of
devices. In inverted planar structures, HTLs are often used as a
scaffold layers for the growth of perovskites. Therefore, specific
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morphology and structural properties are required, especially
for low-temperature solution-processed device fabrication on
flexible substrates.1147 Moreover, because in such a configu-
ration, sunlight comes from the p-type electrode, HTLs must be
thin to prevent optical losses, while impeding short-circuiting
between the conductive oxide (FTO or ITO for rigid and flexible
substrates, respectively) and perovskite active layer.1148–1150 In
addition, the HTLs need to ensure efficient hole transport
toward the electrode by minimizing the series resistance, as
well as charge recombination processes.1147–1149

Finally, HTL-covered substrates should exhibit optimal
wettability and compatibility with the solvent used for the
perovskite deposition step. In this context, PEDOT:PSS has
been the most frequently used HTL material in inverted PSCs,
due to the following properties: (1) energy-level (HOMO level at
5.25 eV)1151 matching with ITO jW (4.9 eV)1152 and perovskite
HOMO level (5.4 eV);1153 (2) excellent m; (3) simple solution
processability.1154 The doping with GRMs has been used to
improve the physical, mechanical, and electrical features of
PEDOT:PSS. For example, RGO was added into PEDOT:PSS.1155,1156

An Z improvement of B22% was observed in RGO-doped
PEDOT:PSS (RGO:PEDOT:PSS)-based device compared to the
nondoped HTL-based reference due to the suppression of
leakage current.1155 Giuri and co-workers investigated the coop-
erative effect of GO and glucose inclusion in the PEDOT:PSS
matrix.1157 Chemically functionalized GO with the glucose
molecule was used to modify the chemical properties of the
PEDOT:PSS surface, changing the wettability, as well as improving
the electrical conductivity of PEDOT:PSS.1156 Concurrently, glucose
molecules favored the reduction of GO1158 and enhanced the
wettability of the PEDOT:PSS substrate due to the presence of
numerous hydroxyl terminations. Consequently, the GO-doped
glucose/PEDOT:PSS HTL increased the VOC value compared to the
PEDOT:PSS-based devices, indicating minimal losses, high hole
selectivity, and reduced trap density at the optimized HTL/perovs-
kite coverage.1156 The use of a chemical approach to control the
optical and electrical properties of GO was also reported by Liu et al.,
who used silver trifluoromethanesulfonate (AgOTf) as an inorganic
dopant for single-layer GO.1159 In particular, the spin coating of
AgOTf in a nitromethane solution over a GO-doped PEDOT:PSS
layer allowed the HTL jW to be finely tuned, thus lowering the
energy barrier for hole transfer at the PEDOT:PSS:AgOTf-doped
GO/perovskite interface.1158 This effect led to an Z improvement
for both flexible and rigid PSCs in comparison to the reference
devices based on PEDOT:PSS.

Li et al. demonstrated that GO can also be used as an efficient
interlayer between the conductive layer and PEDOT:PSS HTL.1160

In fact, the high conductivity of PEDOT:PSS combined with the
electron-blocking capability of GO suppressed current leakage in
the PSC structure, while improving the carrier injection and
perovskite film morphology.1159 The as-realized device has shown
a maximum Z value of 13.1%, which was higher than that
reached by the reference PSC based on PEDOT:PSS (Z = 10%).1159

The insertion of a buffer layer between ITO and PEDOT:PSS
has been demonstrated to significantly increase the long-term
stability of nonencapsulated devices under atmospheric conditionsT
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(temperature of 21–24 1C and humidity of 38–55%).1058 In fact, the
GO buffer layer can prohibit direct contact between the ITO and
highly acidic PEDOT:PSS by slowing down photoelectrode
degradation.1058 The improved Z and stability achieved with
2D interlayers was clearly demonstrated by Kakavelakis and
co-workers, who used a MoS2 interlayer between PTAA (HTL)
and perovskite.1039 The introduction of MoS2 flakes afforded a
device with an Z value of 16.42% and a prolonged lifetime,

corresponding to an 80% retention of their initial performance
after 568 h of continuous illumination.1039 By following this
approach, Tang and co-workers demonstrated planar inverted
PSCs with the glass/ITO/PTAA/MoS2/perovskite/PCBM/BCP/Ag
structure exceeding Z of 20%.1161 In this case, the in-plane
coupling between epitaxially grown CH3NH3PbI3 and MoS2

crystal lattices led to perovskite films with a large grain size,
low trap density, and preferential growth orientation along the

Fig. 21 (a) Schematic showing the N-RGO-doped perovskite solution and PSC with a structure of FTO/TiO2/N-RGO/perovskite/spiro-OMeTAD/Au.
(b and c) SEM images of perovskite films before and after the incorporation of N-RGO. (d) Photographs of perovskite films during the annealing process at
100 1C. (e) 1H NMR spectra of perovskite and N-RGO/perovskite solution. (f) J–V characteristics of the control device and N-RGO-incorporated device.
Adapted from ref. 1134.

Table 11 Summary of the PV performance of PSCs incorporating GRMs in the perovskite active layerab

Material Usage Device structure

Cell perfomance

Ref.
JSC

[mA cm�2] VOC [V] FF Z [%]

N-Doped RGO nanosheets Additive in perovskite (FTO)/cTiO2/mTiO2/FA0.85MA0.15Pb(I0.85Br0.15)3/
spiro-OMeTAD/Au

21.8 1.15 0.74 18.73 1134

Graphene quantum dots
(GQDs)

Additive for perovskite FTO/cTiO2/mTiO2/MAPbI3/spiro-OMeTAD/Au 22.91 1.05 0.76 18.34 1136

2D BP Additive for perovskite FTO/cTiO2/SnO2/perovskite:2D BP/Spiro-OMeTAD/Ag, 1.82 23.31 0.82 20.65 1137
Silver nanoparticle-
anchored reduced
graphene oxide
(Ag-rGO)

Additive in perovskite FTO/bl-TiO2/m-TiO2/Al2O3/MAPbI3�xClx/Ag-rGO/
spiro-OMeTAD/Au

0.929 23.501 0.74 16.101 1141

Ti3C2 MXenes Additive in perovskite FTO/SnO2/MAPbI3:MXenes/spiro-OMeTAD/Au 1.03 22.26 0.76 17.41 1142
Ti3C2 (MXene) ETL, interlayer at ETL/

perovskite, additive in
perovskite

FTO/cTiO2:MXenes/mTiO2:MXenes/Mxenes/
Csx(MA0.17FA0.83)(1�x)Pb(I0.83Br0.17)3:MXenes/
spiro-OMeTAD/Au

1.09 23.82 0.78 20.14 675

Black phosphorus
quantum dots (BPQDs)

Additive in perovskite ITO/PTAA/MAPbI3-BPQDs/PCBM/BCP/Ag 21.9 1.10 0.83 20.0 1138

BPQDs Additive in perovskite FTO/SnO2/BPQDs + CsPbI2Br/spiro-OMeTAD/Au 15.86 1.25 0.78 15.47 1139
2D (PEA)2PbI4 nanosheets Additive in perovskite FTO/cTiO2/mTiO2/Cs0.1FA0.9PbI3 + 2D

(PEA)2PbI4/spiro-OMeTAD/Au
24.8 1.05 0.78 20.27 1143

g-C3N4 Additiver in perovskite FTO/cTiO2/MAPbI3:g-C3N4/spiro-OMeTAD/Au 24.31 1.07 0.74 19.49 282

a MA = CH3NH3. b FA = HC(NH2)2.
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(110) direction normal to the MoS2 surface. Very recently, Zhang
et al. replaced the MoS2 interlayer with 2D antimonene.1162 This
new 2D material exhibits a thickness-dependent bandgap that
can be advantageous in PV and other optoelectronic devices.1161

In particular, antimonene-based PSCs displayed an outstanding
Z value of 20.11% with a remarkable VOC value of 1.114 V, while
the reference device has shown an Z value of 17.60% with a
VOC value of 1.065 V.1161 Antimonene provided sufficient nucleation
sites, promoting perovskite crystallization and therefore speeding-
up hole extraction at the photoelectrode.1161

Moreover, Cao et al. proposed the use of WS2 flakes as an
efficient interlayer at the PTAA/perovskite interface, acting as a
template for the van der Waals epitaxial growth of mixed
perovskite films.1163 The WS2/perovskite heterojunction has
shown an engineered energy alignment, boosting charge extraction
and reducing interfacial recombination.1162 Inverted PSCs with
WS2 interlayers reached Z values up to 21.1%, which is among
the highest value reported for inverted planar PSCs.1162 A further
evolution in the use of 2D interlayers for planar PSCs was proposed
by Wang and co-workers using a double interlayer approach: GO
was used at the interface between PEDOT:PSS and perovskite, while
MoS2 was used at the interface between PCBM and the Ag
electrode.1164 The PSC with GO and MoS2 layers has shown an
increase in VOC from 0.962 to 1.135 V, and Z from 14.15% to
19.14%.1163 However, despite the extensive use of PEDOT:PSS in
PSCs, PEDOT:PSS suffers from hygroscopicity and acidic properties,
which cause faster degradation of both organic layers and organo-
lead halide perovskites layer.1165 Thus, several efforts have been
made in order to replace PEDOT:PSS with the most stable HTL
based on graphene or other 2D materials, including TMDs.1166,1167

In fact, the lone pair of electrons of the carbon and chalcogen
atoms in the structure of graphene (and derivative) and TMDs,
respectively, improves the m value of HTL, due to the demonstrated
ballistic transport.1168–1170 Moreover, chemical doping and simple
surface treatment allow the easy modulation of the energy levels of
both (R)GO1171,1172 and TMD films.1173,1174 For example, Kim and
co-workers demonstrated the feasibility to replace PEDOT:PSS with
polycrystalline structure of MoS2 and WS2 layers, which were
synthesized through a chemical deposition method.1150 The
devices with a planar inverted architecture of ITO/MoS2 or WS2/
perovskite/PCBM/BCO/LiF/Al exhibited Z of 9.53% and 8.02% for
MoS2 and WS2 cases, respectively, comparable to that measured
for PEDOT:PSS-based devices (9.93%).1150 In the same work, the
use of GO as the HTL resulted in an Z of 9.62%, demonstrating
the effectiveness of GRMs in PSCs.1150 The use of TMDs for HTL
in inverted PSCs has been recently optimized by Huang and co-
workers, who achieved an Z of 14.35% and 15.00% for MoS2- and
WS2-based PSCs, also demonstrating enhanced stability com-
pared to the PEDOT:PSS-based reference devices.1175

Following the aforementioned studies, GO and RGO in both
pristine and functionalized forms have been extensively tested
as HTLs, yielding valuable results in terms of Z and stability. For
example, Wu et al. improved the Z of ITO/HTL/CH3NH3PbI3�xClx/
PCBM/ZnO/Al PSCs from 9.2% to 12.4% by replacing PEDOT:PSS
with a GO layer.1050 In particular, by tuning the concentrations
of GO in neutral aqueous suspensions from 0.25 mg mL�1 to

4 mg mL�1, the authors were able to deposit a GO layer with a
thickness in the range of B2–20 nm, finely controlling the PV
performance of the devices.1050

More recently, GO has been exploited as the HTM even in
the form of nitrogen-doped nanoribbons (NGONRs) by Kim and
co-workers.1176 The NGONRs were synthetized starting from
MWCNTs and subsequently doped by pyrolyzing nanoribbons/
polyaniline (PANI) composites at 900 1C for 1 h in an Ar
atmosphere.1175 Different from the case of PEDOT:PSS, the deposi-
tion of perovskite films onto NGONRs allowed the perovskite film
to grow into large textured domains, yielding an almost complete
coverage.1175 Thus, small-area devices reached an Z value of
12.41%, which was higher than that of the PEDOT:PSS-based
reference (9.70%).1175 Notably, NGONR-based cells demonstrated
negligible current hysteresis along with improved stability under
ambient conditions (average temperature and humidity of 20 1C
and 47%, respectively), since the absence of the PEDOT:PSS layer
prevented perovskite degradation caused by the acidic nature of
the polymer.1175 A significant Z of 16.5% and extraordinary
stability was also achieved by using GO as the HTL in an
inverted PSC.1177 Long-term aging test under ambient humidity
with a relative humidity of 60% was carried out on the encap-
sulated devices.1176 After initial J–V measurements, the devices
were continuously illuminated and then stored in the dark under
standard laboratory conditions.1176 The GO-based devices reported
long-term stability compared to PEDOT:PSS-based PSCs.1176 In
particular, their Z decreased by only 10% after nearly 2000 h.1176

The improvement in device stability was demonstrated
using a RGO nanosheet as the HTL in the inverted structure
of ITO/RGO/perovskite/PCBM/BCP/Ag.1049 The RGO/perovskite
junction induced faster charge transfer across its interface,
resulting in reduced charge recombination compared to the
PEDOT:PSS-based PSCs.1049 Furthermore, the perovskite grains
(100–200 nm grains) of the perovskite film grown on the RGO
layer reduced the total number of grain boundaries, increasing
the cell FF, compared to the PEDOT:PSS-based reference (per-
ovskite with grain size of o100 nm).1049 RGO-based devices
have shown promising stability, retaining 62% of the initial Z
even after 140 h of light exposure, while PEDOT-PSS-based
devices failed.1049 The stability of cells with RGO stemmed
from the quasi-neutral properties of RGO with few surface
oxygen functionalities and the inherent passivation ability of
RGO against moisture and oxygen.1049 With the aim to further
enhance the stability of PEDOT:PSS-based inverted PSCs,
GO1178 and ammonia-modified GO (GO:NH3)1179 were reported
as efficient interlayers between the HTL and perovskite active
layer. In the latter case, a thin GO:NH3 layer of B2 nm was spin
coated onto the PEDOT:PSS surface and subsequently annealed
at 120 1C for 10 min.1178 Similar to the results reported using
the RGO nanosheet,1049 the perovskite film realized onto the
PEDOT:PSS/GO:NH3 substrate displayed improved crystallization
with a preferred orientation order and nearly complete coverage,
improving its optical absorption.1178 Furthermore, the optimal
energy-level matching between the PEDOT:PSS-GO:NH3 HTL
and perovskite led to an Z value up to 16.11%, which was
significantly superior compared to the values measured for bare
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PEDOT:PSS-based PSCs (Z = 12.5%).1178 Notably, the highly
ordered perovskite structure led to a marked improvement in
the structural stability of the active film, extending the device
lifetime in ambient conditions.1178 Organo-sulfonate graphene
(oxo-G) was reported to replace PEDOT:PSS in inverted PSCs,
significantly enlarging the device’s lifetime.1180 In fact, the use
of oxo-G as the HTL effectively prevented the access of water
vapor into the device stack, without penalizing the overall Z of
the devices, which reached valuable Z of 15.6%.1179 Noteworth-
ily, the unencapsulated devices retained B60% of the initial Z
after B1000 h light soaking under 0.5 sun and ambient
condition.1179 The obtained results confirmed the use of func-
tionalized graphene-based materials as a viable route to stabi-
lize inverted PSCs.1179

In the archetypical mesoscopic structure of cTiO2/mTiO2 (or
Al2O3)/perovskite/spiro-OMeOTAD/Au, GRMs have been widely
used to replace traditional HTMs, as well as interlayers, mainly
aiming to solve certain issues related to the spiro-OMeOTAD
HTL, such as instability and high cost ($170–475/g).1181 In
particular, spiro-OMeTAD needs to be doped to increase the
intrinsic low electrical conductivity of its pristine amorphous
form.1182 To this end, lithium bis(trifluoromethanesulfonyl)imide
(Li-TFSI)1183,1184 and tert-butylpyridine (TBP)1185 are the most
frequently used dopants to increase mh and to improve contact at
the spiro-OMeTAD/perovskite interface, respectively. However,
major instability drawbacks must be considered when the afore-
mentioned dopants are used. In fact, Li-TFSI exposed to ambient
conditions is deliquescent1186 and tends to dissociate from the
spiro-OMeTAD, negatively affecting its performances.1185 In
addition, TBP corrodes the perovskite layer due to its polar
nature.1187

With the aim to replace common dopants of the spiro-OMeTAD
layer, Luo and co-authors recently proposed the use of GO
reduced by a ferrous iodide acidic solution as an alternative
HTM dopant.1188 The devices prepared using iodine-RGO/spiro-
OMeTAD HTL displayed an Z of 10.6%, which was lower compared
to that of doped spiro-OMeTAD-based devices (13.01%).1187 How-
ever, the cell stability was significantly improved.1187 In particular,
the Z value of the RGO-based devices retained above 85% of the
initial value even after 500 h of storage in air, while the Z value of

the device fabricated with doped spiro-OMeTAD decreased to 35%
under the same aging conditions.1187

An alternative strategy to enhance cell Z by preventing
perovskite/spiro-OMeTAD interface degradation involves the
use of an interfacial layer based on 2D materials. As a recent
example, phosphorene has been used at both mTiO2/perovskite
and perovskite/spiro-OMeTAD interfaces in mesoscopic n–i–p
PSCs, achieving a remarkable Z of 19.83%.

Solution-processed phosphorene has shown ambipolar car-
rier transport behavior and can be considered as a viable route
for enabling great advances in PSC performance via judicious
interfacial positioning of phosphorene in the cell structure.1189

Regarding the perovskite/spiro-OMeTAD interface stability,
Capasso et al. showed that the insertion of few-layers MoS2

retarded PSC degradation with higher lifetime stability, of over
550 h, compared to the reference MoS2-free PSC (DZ/Z =�7% vs.
DZ/Z =�34%).1190 The authors justified the extended lifetime to
the role of MoS2 flakes that act as a protective layer, preventing
the formation of shunt contacts between the perovskite and Au
electrode.1189 The enhanced stability of the mesoscopic device
using an MoS2 interlayer was recently demonstrated even under
prolonged light soaking condition at 1 sun illumination.1105,1191

However, the MoS2 VB does not perfectly match with the
perovskite HOMO level, possibly forming an energy barrier for
the hole extraction process that causes VOC reduction. In order
to fully exploit the potential of MoS2 as an interlayer, Najafi et al.
produced MoS2 quantum dots (MoS2 QDs), derived by LPE-
produced MoS2 flakes and hybridized with functionalized reduced
graphene oxide (f-RGO), to provide both hole extraction and electron
blocking properties (Fig. 22).1192 In fact, the intrinsic n-type doping
of the MoS2 flakes introduce intraband gap states that can extract
holes through an electron injection mechanism.1191 Meanwhile,
quantum confinement effects increase the Eg of MoS2 (from 1.4 eV
for flakes to more than 3.2 eV for QDs), rising its CB minimum
energy from�4.3 eV to �2.2 eV. The latter value is above the CB
of CH3NH3PbI3. Therefore MoS2 QDs exhibit electron-blocking
properties.1191 In addition, the hybridization of MoS2 QDs with
f-RGO, obtained by chemical silanization-induced linkage
between RGO and (3-mercaptopropyl)trimethoxysilane, pro-
moting the deposition of a homogeneous interlayer onto the

Fig. 22 (a) Schematic of mesoscopic MAPbI3-based PSC using MoS2 QDs:f-RGO hybrids as both HTL and active buffer layer. (b) Schematic of the energy
band edge positions of the materials used in different components of the assembled mesoscopic MAPbI3-based PSCs. Reprinted with permission from
ref. 1191, Copyright 2018, American Chemical Society.
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perovskite film.1191 In fact, the f-RGO flakes plug the pinholes
of MoS2 QD films.1191 The as-prepared PSCs achieved Z values
of up to 20.12% (average Z of 18.8%).1191 As an alternative to
MoS2 QDs, Agresti et al. proposed a chemical functionalization
of the MoS2 flakes (fMoS2), by linking a thiol group of 3-mer-
captopropionic acid (MPA) moieties to the MoS2 surface via S–S
van der Waals physisorption and/or S-vacancy passivation
(Fig. 23).1193 Apart from chemically and electronically repairing
the defective lattice of the MoS2 flakes, MPA-based function-
alization is effective to upshift the MoS2 energy bands.1192 The
upshift of the MoS2 energy bands aligns the VB edge of MoS2

with the HOMO level of the perovskite, improving the hole
extraction process.1192 In addition, the MPA-based function-
alization shifts the CB edge of MoS2 above the LUMO level of
the perovskite, hindering undesired electron transfer (i.e.,
providing electron blocking properties).1192 Owing to these
effects, the MPA-based functionalization of MoS2 flakes, when
integrated in PSCs, improved the Z value of the reference
devices without MoS2-based interlayer by +11.6%.1192

Recently, another mechanism has been proposed by Shi
et al. to explain the hole extraction properties of 2D MoS2.1194

This mechanism relies on the presence of intrinsic S vacancies
at the MoS2 edges that stabilize halide vacancies at the per-
ovskite/MoS2 interface.1193 This process induces an interface
dipole moment, which reverses the offset of the VB maxima.1193

Overall, this effect can lead to an ultrafast (picosecond timescale)
hole transport from the perovskite to the current collector,
boosting the performance of MoS2 HTL-based PSCs.

Beyond MoS2, both GO1195 and functionalized GO (fGO)1196

were used as an efficient buffer layer at the perovskite/spiro-
OMeTAD interface. In particular, when GO was deposited onto
the perovskite surface, it performed as a base that absorbed
spiro-OMeTAD onto its surface.1194 Moreover, parts of the O
atoms in GO were demonstrated to connect with unsaturated
Pb atoms in the perovskite, improving adhesion between spiro-
OMeTAD and the active layer.1194 Furthermore, the surface
defect states of the perovskite were dramatically reduced,
leading to an Z increase of 45.5%, from 10.0% in the case of
a standard PSC structure to 14.5% when GO was inserted as the
interlayer.1194

Amino-functionalized N-doped graphene (NG) was tested as
an interlayer between perovskite and undoped spiro-OMeTAD in
the standard mesoscopic structure (FTO/cTiO2/mTiO2/perovskite/
dopant-free spiro-OMeTAD/Au), reaching higher Z (14.6%) com-
pared to the reference device (Z = 10.7%).1195 These results were
explained by the absorption of spiro-OMeTAD from NG-treated
perovskite surface via p–p interactions, ensuring electron-rich
molecules. In fact, N atoms interact with undercoordinated
Pb2

+ ions by donating electron density.1195 Thus, the perovskite
surface is passivated and the charge extraction toward the HTL
is optimized.1195,1197 Consequently, Z enhancement was asso-
ciated with the increase in JSC and FF due to reduced charge
recombination at the perovskite/HTM interface.1195 Functionalized
RGO was also used at the perovskite/spiro-OMeTAD interface in
the planar configuration to reduce interfacial recombination
and enhance hole extraction.1198 An alternative strategy to

Fig. 23 (a) Engineered PSC architecture using chemically functionalized molybdenum disulfide (fMoS2) as the interlayer at the perovskite/HTL interface
for improving the hole injection/collection at the CE and (b) its energy band diagram. (c) Photograph of a representative large-area PSM (108 cm2 active
area, 156.25 cm2 substrate area), showing an Z value of 13.4% under 1 sun illumination, as shown by (d) its J–V characteristic. Adapted with permission
from ref. 1192, Copyright 2019, American Chemical Society.
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replace spiro-OMeTAD is to use more stable and dopant-free
HTMs. To this end, Nouri et al. demonstrated that the use of
copper phthalocyanine (CPC) as an alternative HTM can pro-
duce valuable Z only if an interlayer of GO was used between the
perovskite and HTL.1199 In a recent work, You et al. proposed
the use of solution-processed high-mobility 2D materials,
namely, MoS2 and BP, to conduct holes from the grain boundary
of the perovskite layer to the HTL, proposing a novel strategy to
passivate defects in PSC grain boundaries.1200

An attempt to replace spiro-OMeTAD with sprayed RGO was
reported by Palma et al.1052 Despite the Z values of RGO-based
PSCs (Z = 5%) were lower than that obtained with devices based
on doped spiro-OMeTAD as the HTL (Z = 11%), the authors have
reported an impressive improvement in device stability.1052 In
fact, PSC stability was demonstrated in an endurance test carried
out under both shelf-life conditions (in air, in dark, at ambient
temperature (RT = 23 1C) and relative humidity (RH = 50%)) and
open-circuit load conditions for prolonged light-soaking stress
test (1 sun at 65 1C and ambient RH).1052 In particular, 1987 h of
shelf-life testing revealed that Z increased by more than 30% in
RGO-based-PSCs, while spiro-OMETAD-based PSCs evidenced a
drastic Z reduction (–44%).1052 Notably, the consecutive light-
soaking tests induced a further Z decrease of only 26% in RGO-
based PSCs, while spiro-OMeTAD-based device completely failed
the test.1052

RGO was also used as a dopant for poly-3(hexylthiophene)
(P3HT) polymer, a valid HTM alternative to spiro-OMeTAD
when doped with LiTFSI salts and TBP.1201 The enhanced Z
(B9%) of PSC using RGO-doped P3HT compared to devices
using bare P3HT (6.5%) was complemented by improved shelf-
life stability.1200 The authors demonstrated that RGO doping
introduced additional charge percolation pathways in P3HT
and enhanced the interfacial contacts with the underlying
perovskite layer and Au back electrode.1200 Thus, improved
hole depletion from the perovskite layer limits charge recom-
bination effects by avoiding trapped charges at the perovskite/
HTM interface.1202 The increase in mh of P3HT was reported
as the key point to improve the PSC performance by Ye and
co-workers, who proposed an imidazole-functionalized GO
(IGO) as the HTL dopant.1053 PSCs using IGO-doped P3HT
achieved an Z value of 13.82%, which was among the highest
reported for P3HT-based PSCs.1053 Apart from the increase in
mh, IGO doping allowed the P3HT HOMO level to be shifted
from �5.0 eV to �5.2 eV.1053 Moreover, the hydrophobicity of
the P3HT/graphene layer resulted in excellent stability of the
PSCs, which retained more than 70% of their initial perfor-
mance after 8 weeks of storage in ambient conditions (25 1C,
20–40% RH).1053

The hydrophobicity of GRMs is a peculiar property that
drives their exploitation in the development of new and more
robust HTMs and/or protecting layers for PSCs. Very recently,
Cao and co-workers successfully replaced spiro-OMeTAD with a
perthiolated tri-sulfur-annulated hexa-peri-hexabenzocoronene
(TSHBC)/graphene layer, achieving an Z value exceeding 14%
on small-area devices.1055 Such a tested compound combined
the hydrophobicity of both graphenes and thiols, providing an

effective molecular sealing approach to improve the stability of
complete devices.1055 Moreover, the TSHBC/graphene layer
exhibited an excellent hole extraction capability, ensuing from
the Pb–S coordination bond between TSHBC and perovskite,
together with enhanced mh due to the presence of GNSs in
the HTL.1055 A similar approach was also reported by Wang and
co-authors that used a multilayered buffer layer with the aim to
replace spiro-OMeTAD and to protect perovskite from moisture.1056

The realized SWNT/GO/polymethyl methacrylate (PMMA) layer con-
jugated the SWNT capability in assisting photogenerated carrier
extraction/transport with the electron blocking property of GO.1056

Moreover, the built-in potential across the device drastically
increased upon the insertion of the GO layer, which prevented
carrier recombination losses.1056 With regard to stability, the Z of
spiro-OMeTAD-based PSC significantly reduced from 10.5% to 5.8%
during a ten-day test, while the SWNT/GO/PMMA-based cells exhib-
ited stable performance, showing a decrease of Z from 10.5% to
10.0% in the same timeframe.1056 This result was attributed to the
PMMA layer, which acts as an effective barrier to moisture and
oxygen penetration, preventing the degradation of the perovskite
layer.1056 We should mention that HTM doping was also realized
using 2D materials other than GO.1203 Indeed, effective HTMs
were produced by means of BP,1204,1205 graphene,1206 and function-
alized MoS2

1207 dopants. For example, BP/spiro-OMeTAD blend-
based PSCs have shown a remarkable increase in Z (more than 20%)
compared to PSCs without BP.1203 Lastly, solution-processed 2D-
conjugated polymers have also been proposed as effective dopant-
free HTL materials alternative to spiro-OMeTAD, confirming that
the design of novel 2D materials can prospectively offer advanced
strategies to further boost the Z and the stability of PSCs.1208 In
detail, planar n–i–p-structured PSCs based on 2DP-TDB as a dopant-
free HTM recently achieved champion Z as high as 22.17%, while
showing improved stability under continuous light soaking in an
inert atmosphere compared to control devices.1207

Recently, graphene-based dopants for HTLs have been
demonstrated to have a crucial role in CE replacement.1209 In
fact, one of the main hurdles of PSC technology is that the hole
transporting materials established for state-of-the art Au-based
devices are not compatible with carbon pastes used for the
fabrication of carbon-based PSCs. Thus, Chu et al. proposed the
use of HTL based on solution-processed P3HT/graphene com-
posites, exhibiting outstanding mh and thermal tolerance.1208 In
fact, after annealing at 100 1C, the mh value of this HTL increased
from 8.3 � 10�3 to 1.2 � 10�2 cm2 V�1 s�1, which was two orders
of magnitude larger than that of pure P3HT.1208 As a result, the
authors reported carbon-based PSCs with a record Z value of
17.8% (certified by Newport).1208 This cell was the first PSC to be
certified under a stabilized testing protocol.1208 The P3HT/gra-
phene composite-based HTL device yielded a champion device
with Z of 18.2%.1208 In comparison, the use of sole P3HT as the
HTL resulted in a device with inferior performance, i.e., Z =
11.1%.1208 The outstanding stability of a unencapsulated device
based on P3HT/graphene HTL was demonstrated by only 3%
drop after 1680 h storage in ambient conditions with a relative
humidity of B50%.1208 After encapsulation, the device retained
B89% of its initial Z under continuous 1 sun illumination at RT
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for 600 h in a N2 environment.1208 In comparison, the device
using P3HT HTL exhibited rapid degradation, reaching B25% of
its original Z after B75 h.1208 Device stability improvement using
GRMs was also demonstrated by Bi and co-workers using a
nanostructured carbon layer into the device structure.1210 In
particular, an ETL based on PCBM containing N-doped graphene
coupled with a carbon quantum dot (CQD) interlayer before Ag
CE effectively suppressed the diffusion of ions/molecules within
PSCs, preventing perovskite degradation.1209 In fact, the stable Z
of a CQDs/G-PCBM-based device over 15% was measured when
the device was kept in the dark at RT for 5000 h or under AM 1.5G
simulated solar light for 1000 h.1209 In particular, during the
thermal aging test at 85 1C for 500 h, the devices retained 98% of
the initial Z.1209

Aurora et al. recently reported a breakthrough in the race for
the design and realization of stable PSCs.1038 The authors
demonstrated the possible replacement of expensive spiro-
OMeTAD with CuSCN as the HTL by achieving a remarkable Z
above 20%.1038 The addition of a conductive RGO spacer layer
between CuSCN and Au allowed the PSCs to retain more than
95% of the initial Z after aging at MPP for 1000 h under 1 sun
illumination at 60 1C (Fig. 24).1038

Graphene was demonstrated to play a major role in reducing
the high sheet resistance of PEDOT:PSS used in form of
adhesive CEs.1211 In fact, PEDOT:PSS was easily spin coated
on graphene/PMMA/poly(dimethylsiloxane) (PDMS) substrates
to realize the CE, which was subsequently laminated on the

perovskite substrate.1210 When 4-layer graphene was embedded
in the CE, a remarkable Z value of 12.4% was achieved under
light illumination from the FTO side, while device semi-
transparency was demonstrated by reporting an Z of 4.37%
during illumination from the CE side.1210 However, this work
was conducted using CVD graphene, and a similar approach
based on solution-processed graphene must be consolidated.
Notably, the number of graphene layers was key for the device
performance optimization.1210 In fact, even though a large
number of layers decreases the series resistance, a number of
graphene layers higher than 5 compromises the adhesion
between graphene and spiro-OMeTAD.1210

An effective approach to improve PSC stability is represented
by the replacement of the metal CE with a carbon-based back
electrode, to form the so-called carbon perovskite solar cells
(C-PSCs).1212–1219 In fact, Au is a well-known cause of instability,
since it suffers from metal-ion migration phenomenon degrading
the perovskite and HTLs when the device experiences an operating
temperature above 70 1C.1220 So far, three types of C-PSCs have
been proposed, namely, mesoporous,1221 embedment,1222–1224 and
paintable C-PSCs.1125,1126,1225 In mesoporous C-PSCs, a porous
carbon electrode is first deposited and then the perovskite is
infiltrated within it to complete the structure.1218,1220 To produce
embedment C-PSCs, a porous carbon electrode is deposited onto a
perovskite precursor (e.g., PbI2), followed by the conversion of the
precursor to perovskite by infiltrating a reaction solution.1221–1223

Lastly, the carbon CE can be directly deposited onto the

Fig. 24 (a) Cross-sectional SEM micrograph displaying the thickness of different layers in a complete mesoscopic n–i–p PSC employing rGO as the
buffer layer between CuSCN-based HTL and Au CE, (b) J–V curve of the CuSCN-based device showing Z = 20.4%; the inset shows VOC as a function of
illumination intensity with an ideality factor of 1.50. (c) Stabilities of an unencapsulated device based on CuSCN HTL and an unencapsulated CuSCN-
based device incorporating a thin layer of RGO between the Au and CuSCN layers, evaluated at the MPPs under continuous simulated sunlight
illumination at 60 1C in a N2 atmosphere. Adapted from ref. 1038.
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perovskite layer, HTL, or ETL depending on the device configu-
ration (i.e., CTL-free devices, n–i–p, and p–i–n configurations,
respectively) to obtain paintable C-PSCs. Recent reviews on
C-PSCs summarized the advantages of such technology com-
pared to conventional PSCs,1211–1217 including low cost,
chemical inertness of the carbon-based material to halide ions,
and hydrophobic characteristics. Therefore, we refer the reader
to these earlier reviews, while, here, we will specifically focus on
the progresses achieved in C-PSCs by using solution-processed
2D materials. In particular, Grancini et al. used a 2D/3D
(HOOC(CH2)4NH3)2PbI4/CH3NH3PbI3 perovskite junction as
the active layer to develop 10 � 10 cm2 solar modules by a fully
printable industrial-scale process, delivering a stable Z value of
11.2% for more than 10 000 h with zero loss in performance
measured under controlled standard conditions.1218 However,
due to poor perovskite layer uniformity, the perovskite infiltration
process still represents a critical step, and a facile carbon paste
deposition process onto the perovskite is highly pursued. For this
purpose, Chen et al. recently applied carbon CE over all-inorganic
PSCs based on a CsPbBr3 absorber.1227 In this work, Ti3C2-MXene
nanosheets were used as the interlayer to eliminate energy-level
mismatches, accelerate hole extraction, and reduce the recombi-
nation at the interface of perovskite/carbon electrode.1226 Follow-
ing this approach, PSCs showing an initial Z of 9.0% and long-
term stability in a moisture environment over 1900 h (over 600 h
under thermal conditions) have been demonstrated.1226 As alter-
natives to conventional carbon paste, SLG, FLG, and multilayer
graphene (MLG) have been reported for the realization of metal-
free CEs in mesoscopic PSCs.1228 In particular, an Z value of
11.5% was achieved using reduced multilayered graphene oxide
(MGO) at 1000 1C under an Ar atmosphere.1227 In comparison
to SLG, the better hole extraction of MGO was ascribed to the
as-formed Schottky barrier,1227 while an ohmic contact was
established for the case of SLG.1227 Furthermore, larger transport
coefficient, longer photocarrier lifetime, and twice the diffusion
length have been demonstrated for MGO in comparison with
SLG, opening a new route toward the low-cost production of Au-
free PSCs.1227 N-Doped graphene frameworks (N-GFs), forming
covalently bonded 3D structures, were also used as excellent CEs
in HTL-free PSCs, achieving an Z of 10.32%.1229

Recently, Mariani et al. reported low-temperature graphene-
based carbon pastes in alcoholic solvents compatible with
prototypical PSC materials used in standard configurations,
namely, the triple cation Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3

perovskite and spiro-OMeTAD HTL.1230 The corresponding
graphene-based CEs have been applied to large-area (1 cm2)
mesoscopic devices and low-temperature-processed planar
n–i–p devices that reached Z values of 13.85% and 14.06%,
respectively.1229 Moreover, proof-of-concept metallized mini-
wafer-like C-PSCs over a substrate area of 6.76 cm2 (aperture
area = 4.00 cm2) afforded an Z of 13.86%, which corresponded
to a record-high Z value of 12.10% on the aperture area. These
results proved, for the first time, the metallization compatibility
with such paintable C-PSC configurations.1229

Carbon back electrode mechanically stacked with another
carbon-coated FTO glass under pressure was also proposed to

realize an innovative modular flexible C-PSC design.1231 Among
the different carbon nanomaterials (i.e., carbon black, graphite
sheet, and RGO), RGO has shown Z as high as 18.65%, which
was the record-high value reported for C-PSCs.1230 Further-
more, graphene-based C-PSCs retained 90% of their initial Z
after aging at an elevated temperature of 85 1C for 1000 h
without any encapsulation.1230 Very recently, Ti3C2 MXenes
have been used as the back electrode for mesoscopic n–i–p
PSCs in HTL-free configurations. In particular, Ti3C2 has been
directly deposited over a MAPbI3 perovskite layer by doctor-
blade coating1232 or alternatively by using a simple hot-pressing
method.1233 Despite the highest Z value for PSCs using MXene-
based back electrode was 13.83%, the as-produced devices have
shown improved stability in the ambient atmosphere at RT
(humidity: 30%) compared to gold-based PSCs.1232 Table 12
summarizes the main results achieved by PSCs using HTLs and
back electrodes based on GRMs.

6.4 Front electrodes (ITO replacement)

GRMs have been recently explored in PSCs with the aim to
replace TCOs (e.g., ITO and FTO) used for the TCE in PSC
architecture. In fact, ITO and FTO are difficult to fabricate via low-
temperature solution processes and exhibit poor mechanical flex-
ibility, hindering the development of solution-processed flexible
PSCs.1235–1237 PEDOT:PSS has also been tested as alternative trans-
parent electrodes.1238 However, as a consequence of its hygrosco-
picity, it can absorb moisture, which decomposes the perovskite
layers and rapidly degrades the device performance.1239 In this
context, graphene and graphene-based nanocomposites have been
demonstrated to be reliable alternatives for TCO replacement in
both rigid and flexible PSCs. The highest ever reported Z (17.1%)
on TCO-free rigid devices was claimed in 2016 by Sung and co-
workers using CVD graphene substrates.1240 The tested inverted
planar structure reported a graphene/MoO3/PEDOT:PSS photo-
electrode, in which a 2 nm-thick MoO3 layer improved the
PEDOT:PSS deposition onto the hydrophobic graphene surface.1239

The lower conductivity of the graphene electrode compared to that
of ITO was compensated by the higher transparency and lower
surface roughness, resulting in comparable JSC, higher VOC, and
improvement of Z from 16.9% in ITO/MoO3-based device up to
17.1%.1239 In 2019, Yao and co-workers proposed the use of solution-
processed graphene:ethyl cellulose (G:EC) as a transparent electrode
for both rigid and flexible substrates using a planar inverted PSC
architecture.1241 Apart from the remarkable results achieved on rigid
substrates (Z = 16.93%), the highly dispersed graphene composite-
based transparent electrode satisfied the requirements in terms
of s and Tr for flexible PSCs, resulting in a champion device with
an Z value of 15.71%.1240

A different way to replace the TCO layer can be the deposition of
Ag conductive grids on rigid or flexible transparent substrates.1242

However, during initial attempts, the reaction between Ag and
halide ions in the perovskite caused rapid, permanent device
degradation.1241 To overcome such a limitation, Lu and
co-workers proposed a protective GO coating for the Ag grids,
and remarkable Z of 9.23% and 7.92% were reported for rigid and
flexible substrates, respectively.1241 The optimal Fw alignment and
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surface wetting of Ag nanonetwork compared to PEDOT:PSS HTL
were finely controlled via the reduction degree of GO flakes by
means of a self-assembly approach at room temperature.1241

It is worth noting that the feasible realization of solution-
processed conductive front electrode opens the route toward
large-scale, low-cost fabrication of PSCs exclusively through
R2R technologies.

Table 13 summarizes the main results achieved by PSCs
using graphene-based front electrodes. Some representative
results achieved using nonsolution-processed graphene (i.e.,
CVD graphene) are also reported to facilitate comparison.

6.5 Two-dimensional/three-dimensional PSCs

As discussed in the introduction of Section 6, careful interface
engineering between the perovskite active layer and CTL (ETL/
HTL) is pivotal to push device development and optimization.
Beyond interface engineering with graphene and other GRMs,
the use of a layered perovskite, namely, 2D perovskites, has
recently attracted a lot of interest.1243,1244 This is motivated by
their superior stability against moisture, far exceeding those of
their standard 3D parent structures.111,1242 Layered perovskites
usually possess the general structure R2An�1BnX3n+1, where A, B,
and X are the organic cation, metal cation, and halide anion
typically forming the 3D perovskites, while R is a large organic
cation (for example, aliphatic or aromatic alkylammonium),
functioning as a spacer between the inorganic layers. In the
structure, n determines the number of inorganic sheets held
together (Fig. 25a). By controlling the A/R ratio, the n value
could be adjusted from n = 1 (2D), n 4 1 (quasi-2D), and n = N

(3D).111,1016,1040–1042,1245 For low n, 2D perovskites have large Eg

and stable excitons with large binding energy and limited transport
through the organic spacer.110,111 Such properties limit the PV
effect, leading to poor performances in SCs.111,1246 By increasing
n, the device Z improves (Fig. 25b) in concomitance with a decrease
in bandgap and improvement in charge transport across the
inorganic layers, reaching values up to 17%.111 A large family of R
cations can be inserted forming a layered 2D material, as shown in
Fig. 25c. This family includes, for example, an organic cation
designed ad hoc with additional functional groups or atom (such
as fluorine moieties) to enhance the water repellent characteristics
of the material.1247,1248 Importantly, compared to 3D perovskites, 2D
perovskites show remarkably higher moisture resistance, due to the
hydrophobic nature of the R cation, as well as the highly oriented
crystalline structure and dense packing.1246,1247 These properties
reduce the possibility of direct contact of water or oxygen molecules
within the perovskite grain boundaries.1246,1247

The integration of 2D perovskites into PSCs as a stabilizer
component has become increasingly popular in the last few
years as a tool to increase the lifetimes of PSCs. Beyond that, a
2D perovskite also functions as a surface passivation layer,
significantly improving the device VOC.1249,1250 In detail, the
most common approach intends to combine the high efficiency
of 3D perovskites with the superior stability of 2D perovskites
by means of synergistic interface functionalization. This has
been demonstrated by either mixing the 2D and 3D precursors
together110,111 or by engineering a layer-by-layer depositionT
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method to obtain a clean 2D/3D vertical bilayer architec-
ture.966,1041,1042,1251,1252 The top 2D perovskite layers can
simultaneously act as surface passivators, improving the sur-
face robustness and hydrophobic character of the active layer,
while also reducing surface charge recombination, ultimately
improving the device open-circuit voltage.1040,1041,1059,1247,1253

Cho et al. developed a method for the deposition of a 3D/2D
bilayer composed of mixed halide perovskites and (PEAI)2PbI4

(PEAI = phenethylammonium iodide).1251 The layer-by-layer
growth is induced by the spin coating of PEAI in an isopropanol
solution on the mixed halide 3D perovskite with PbI2 excess.1251

The PbI2 excess has been demonstrated to segregate on top of
the 3D perovskite, reacting in situ with PEAI at the top surface
and forming a thin 2D layer on top of the 3D material (the
model of the device architecture is shown in Fig. 25d and e).

Since the 2D perovskite lies on the top surface at the interface
with the HTM, the interfacial charge carrier recombination is
reduced, increasing Z to values higher than 20%.1251 More
recently, Jung et al. reported a double-layered halide architec-
ture incorporating an ultrathin wide-bandgap halide stacked
onto a narrow-bandgap halide light-absorbing layer. This layer
effectively reduced charge recombinations at the perovskite/
P3HT interface, resulting in an Z value of around 23% and long-
term operational stability.966 In addition to improving the
surface robustness, imparting hydrophobicity, and passivating
the surface, it has been recently demonstrated that the 2D
overlayer is also crucial in preventing ion diffusion at the
interface with the HTM.1040,1041 Sutanto et al. indeed observed
a slower evolution (timescale of months) of the PV character-
istics of 2D/3D PSCs using thiophene alkylammonium-based

Table 13 Summary of the PV performance of PSCs using graphene-based front electrodesab

Material Usage Device structure

Cell perfomance

Ref.JSC VOC FF Z

CVD graphene (CVD-G
)(not solution-proccessed)

Transparent back
electrode

FTO/cTiO2/MAPbI3�xClx/spiro/PEDOT:
PSS:sorbitol/PDMS-PMMA-CVD-G

19.17 0.96 0.67 12.37 1210

CVD-graphene (CVD-G)
(not solution-proccessed)

Front electrode CVD-G/molybdenum trioxide (MoO3)/
PEDOT:PSS/MAPbI3/C60/BCP/LiF/Al

21.9 1.03 0.72 17.1 1239

Single-layer graphene (SLG)
(not solution-proccessed)

Bottom contact
for top cell in tandem
configuration

Bottom cell:crystalline silicon top cell:
SLG/PEDOT:PSS/spiro-OMeTAD/
MAPbI3�xClx/TiO2/FTO/glass

21.9 (Top
cel from
FTO side)

0.96 (Top
cel from
FTO side)

0.56 (Top
cel from
FTO side)

11.8 (Top
cel from
FTO side)

1272

Nano-composite of silver
nano-network and GO

Front electrode Substrate/Ag nanonetwork/GO/
PEDOT:PSS/MAPbI3/PCBM/PFN-P1/Ag

13.78 0.94 0.71 9.23 1241

Graphene:ethyl cellulose
(G:EC)

Front electrode Substrate/G:EC transparent electrode/
perovskite/PCBM/Ag

1.06 20.68 0.77 16.93 1240

a MA = CH3NH3. b FA = [HC(NH2)2].

Fig. 25 (a) Structure of perovskite from 2D to 3D forms. (b) Z versus n. C) Typical cations used as R for the 2D perovskite formulation. (d) Structure of an
n–i–p PSC based on FTO; cTiO2, mTiO2, 3D/2D perovskite, organic HTM, and Au CE. (e) Schematic of the 3D/2D active perovskite layer. (f) Cross-
sectional SEM image of the 2D/3D device.
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organic cations as the building blocks for the 2D perovskite
(Fig. 25c).1040,1041 A boost in Z has been associated with the slow
structural rearrangement of the 2D/3D interface, which
depends on the ‘‘softness’’ of the 2D perovskite overlayer that
can act as an ion scavenger.1040 Because of the movement of
ions in the 3D perovskite, small MA cations accumulate at the
interface.1040 The 2D structure can incorporate the MA cations
by altering its pristine layered structure into a mixed (or quasi-
2D) phase.1040 In addition, a ‘‘more robust’’ 2D layer can
prevent such structural changes, mechanically blocking the
movement of ions.1040 This ion blockage leads to a dramatic
increase in device stability, while maintaining high device Z.1040

In addition, these 2D modifiers also dramatically improve the
thermal stability of PSCs,1040 demonstrating that a conscious
choice of proper 2D components can control the structural,
physical, and energetic properties of the 2D/3D interfaces, a key
element to be controlled for the design and realization of
efficient and stable devices.11While defining the interface
structure–function relationship is of utmost importance to
control ion and charge accumulation and dynamical effects,
the exact knowledge on interface energetics is also pivotal. To
this end, it has been recently demonstrated that such
thiophene-based cations form a p–n junction at the 2D/3D
interface, which is the key to enable efficient charge transfer.
As a consequence, electron accumulation at the interface is
reduced, nullifying interfacial recombinations. This beneficial
effect is reflected in the device VOC, which reached 1.19 V,
among the highest reported so far in the literature.1254 As an
illustrative example, an intact 2D/3D heterojunction, realized
by growing a stable and highly crystalline 2D (C4H9NH3)2PbI4

film on top of a 3D perovskite (using a solvent-free solid-phase
in-plane growth), reached a certified steady-state Z of 24.35%,
while retaining 94% of its initial Z after 1056 h under the damp
heat test (85 1C/85% relative humidity) and 98% after 1620 h
under 1 sun illumination (without any encapsulation).1255

Meanwhile, substantial progresses have been recently achieved
in controlling the film formation of 2D perovskites.1256 For
example, an Z value of 15.81% has been achieved using hot-cast
Dion–Jacobson 2D perovskite ((PDMA)(MA)n�1PbnI3n+1 (PDMA =
1,4-phenylenedimethanammonium; hni = 4)) as the photoactive
layer.1255 Moreover, by elucidating the critical role of additives
in regulating the nucleation and crystallization kinetics of 2D
(PEA)2(MA)3Pb4I13 films with low trap states and desired carrier
transport/collection properties, Yang et al. recently achieved an
Z value up to 18.5%, together with FF of 83.4%.1257

6.6 Tandem SCs based on PSCs

The tunability of the Eg value of perovskites via halide
replacement1258 or cation exchange1259 and their high absorption
coefficient across the entire visible range1260 make these materials
attractive for tandem SCs, particularly in combination with Si sub-
cells.

In a Si/perovskite tandem configuration, higher-energy
photons are absorbed by the perovskite sub-cell, while infrared
photons are transmitted through the perovskite top cell and

absorbed by the Si sub-cell, covering a wide absorption spectral
range defined by the Eg value of Si.1261,1262

Therefore, the perovskite-based tandem configurations
require the stacking of constituent sub-cells, with the perovskite
top cell having two transparent electrodes, one of them directly
processed on top of the charge selective layer (e.g., spiro-
OMeTAD).1263,1264 Both high s and optimal Tr of the top-cell
transparent electrode are the key requirements for the successful
design/realization of tandem devices. Conventional TCOs optically
optimized for single-junction devices cannot be easily deposited
onto the perovskite top cell due to the ion bombardment-
induced degradation of the underlying materials during TCO
sputtering.1265,1266 A strategy to minimize the underlying material
damage is the deposition of additional buffer layers, which can
absorb the energy impact of ions crashing on the device. Either
thermally evaporated sub-stoichiometric molybdenum oxide
(MoOx) buffer layers1267,1268 or ultrathin layers of Au1269 have been
reported to protect spiro-OMeTAD during TCO sputtering. How-
ever, the aforementioned strategies inevitably add complexity to
the perovskite top-cell fabrication process or cause additional
optical losses. Moreover, the simplest solution offered by the MoOx

buffer raises concerns on long-term stability, since the iodide of
the perovskite layer can chemically react with MoOx, resulting
in an unfavorable interface energy-level alignment for hole
extraction.1270

In order to address these challenges, transparent graphene-
based electrodes are promising for the realization of efficient
and stable bifacial PSCs. Although graphene-based electrodes
for PSC-based tandem SCs produced by solution-processed
methods are still missing, several groups already reported their
practical implementation through other techniques, such as
CVD. For example, Lang and co-workers addressed this chal-
lenge by implementing large-area CVD-graphene as a highly
transparent photoelectrode in a perovskite top-cell.1271 In fact,
the electrodes based on graphene combined an excellent Tr

(97.4%) with Rs of 100 O &�1.1272 Zhou and co-workers
demonstrated two-layer CVD graphene as a transparent contact
for a top cell based on a Cl-doped perovskite film with a
bandgap of 1.59 eV.1273 The graphene electrodes permitted to
achieve a top-cell Z of 11.8%, resulting in a tandem SC with an Z
of 18.1%.1272

Even though solution-processed 2D material-based recom-
bination layers or transparent conductive contacts have not
been demonstrated in tandem devices yet, the use of graphene
in the ETL of the perovskite top-cell was recently reported in a
two-terminal (2T) mechanically stacked Si/perovskite tandem
SCs.1274 With this approach, the sub-cells were fabricated and
independently optimized and subsequently coupled by contacting
the back electrode of the mesoscopic perovskite top-cell with the
texturized and metallized front contact of the silicon bottom
cell.1273 Then, the graphene-doped mesoporous ETL used in the
perovskite top-cell allowed the tandem SCs to improve their Z up to
26.3% over an active area of 1.43 cm2.1273 Overall, the ‘‘mechanical
approach,’’ based on the independent optimization and fabrication
of sub-cells, as well as graphene-based top cell, is ready to synergis-
tically exploit the most recent progress achieved in both PSCs and Si
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cells in order to boost perovskite/silicon tandem SCs beyond current
PV technology established in the market.1273

6.7 Summary and outlook

PSCs are an exciting PV technology aiming to enter a massive
market. In fact, they can be produced through scalable and
cost-effective solution-based techniques compatible with R2R
and S2S manufacturing processes,1275 while reaching outstanding
Z up to certified values of 25.2%.897 This value approach to the
record-high Z of monocrystalline and HIT Si SCs (26.1 and 26.7%,
respectively),897 even superior to those of thin-film PV technolo-
gies, such as CdTe and copper indium gallium selenide (CIGS) SCs
(22.1% and 23.4%, respectively).897 Furthermore, perovskite-based
tandem SCs, namely, perovskite-Si tandem SCs, have reached
certified Z up to 29.1%,897 which is as high as the value of costly
GaAs SCs (that holds the record-high certified Z for single-junction
cells).897 Prospectively, the LCOE of perovskite solar panels has
been estimated to be lower than 5 US cents kW h�1.131–133 This
value is competitive with the LCOEs of fossil fuels,134,135 thus
enabling the achievement of grid parity. However, the instability of
photoactive perovskites1001,1276–1278 and CTLs1001,1277 represents
the main technical barrier for PSC technology. In this scenario,
the use of solution-processed 2D materials in PSCs demon-
strated exciting results in resolving current PSC issues, boosting
both stability and Z by means of scalable and cost-effective
strategies.1037,1279,1280 These advances can be ascribed to the
progresses achieved in the preparation of 2D material inks and
their large-area (i.e., wafer-scale) printing,205,297,1281,1282 addres-
sing controllable optoelectronic properties to be exploited in
PSC structures.1192 By formulating 2D material-based inks in
solvents compatible with materials composing the PSCs, GRMs
have been successfully integrated as both CTLs and inter-
layers,1283 improving the charge collection (while providing
effective barriers against humidity) and migration of ions within
the PSC structures.1037,1284,1285 Graphene and its derivatives
have also been investigated to form efficient back electrodes
(CE) as an alternative to Au or Ag.1217,1227 Beside reaching
relevant Z up to 18.65%,1230 the use of metal-free back electrodes
eliminates the degrading reaction between the perovskite layer and
Au and Ag, which are the cause of device instability.1219,1286,1287

Recent advances in low-temperature processable graphene inks
are promising for the realization of paintable C-PSCs based on
structures that achieved record-high Z using metal-based back
electrodes.1217 Importantly, graphene and other GRMs (e.g.,
MoS2) can also regulate the perovskite crystal over both meso-
scopic scaffolds and planar CTLs,1104,1160 increasing the repro-
ducibility of high-Z devices. Besides, pristine FLG flakes were
used to stabilize perovskite films, slowing down charge
thermalization.1106 The realization of 2D material-enabled hot-
carrier extraction and collection paves the way for the creation
of advanced SC concepts, which are still unexplored.1106

Despite the implementation of GRMs has not been reported
yet for PSCs showing state-of-the-art Z, outstanding results have
been achieved in large-area PSCs and PSMs.1192 The deposition
of 2D material-based inks by means of printing techniques,
such as slot-dye coating, blade coating, spray coating, and

screen printing have been established in a wide range of
applications, including energy storage and conversion systems
beyond SCs.5,207,1288 For the case of PSCs, the printing pro-
cesses of 2D materials can be easily customized and optimized
in combination with a protective layer on top of the perovskite
absorber, such as 2D perovskite1289 or polymeric interlayer (e.g.,
PMMA).1290 As a striking example of PSC scale-up, some
authors of the present review (belonging to University of Rome
Tor Vergata, Hellenic Mediterranean University, Italian Institute
of Technology, and BeDimensional S.p.A.), in collaboration with
the industrial partner GreatCell Solar, realized the first example
of real-time characterized, standalone 2D-material-enabled per-
ovskite solar farm. The latter was installed in 2020 in Heraklion
(Crete), a site with favorable climate conditions. Initially, it
comprised 9 solar panels, each one with an active area of
0.32 m2 (Fig. 26). According to the planned activity, other panels
will be integrated into the solar farm, and the output of the solar
farm will be continuously monitored, providing a clear under-
standing of (1) the correlation of environmental conditions with
the outdoor performance of solar panels and (2) the bench-
marking of 2D material-based perovskite solar panels against
conventional PV technologies (Si, CdTe, and CIGS). The pre-
liminary data, provided to the Commission of the European
Union (project founders),1291 revealed the key advantages of 2D
materials in providing PV FoMs competitive in the market,
bringing PSC commercialization closer to reality. It is note-
worthy that under the umbrella of European Graphene Flagship,
the solar farm project has been recently extended to a graphene-
integrated perovskite–silicon tandem SC technology, involving a
key player of the PV industry, namely, Enel Green Power and
Siemens.1292,1293 Not by chance, the results achieved using 2D
materials on single-junction PSCs have already been exploited
in perovskite-based tandem SCs, namely, a perovskite–Si tan-
dem device.1273 In particular, the doping of TiO2-based ETLs of
PSCs with graphene flakes enabled the tandem devices to reach
Z over 26%.1273 Nevertheless, the incorporation of GRMs in
perovskite-based tandem devices is still at a premature stage.
Prospectively, solution-processed graphene and other metallic
2D materials can play a major role in developing advanced
interconnecting layers with a satisfactory trade-off between
optical transparency and electrical conductivity.

Fig. 26 2D materials-enabled perovskite solar farm installed in Heraklion
(Crete).
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Lastly, it is worth noting that 2D materials can play a
relevant role in developing new encapsulation strategy for
perovskite devices, which are particularly sensitive to oxygen,
moisture, and volatilization of internal species (i.e., decompo-
sition products and dopants).1294,1295 For example, a recent
work demonstrated a cost-effective and scalable flexible trans-
parent lamination encapsulation method based on graphene
films with a PDMS buffer on a PET substrate.1296 Moreover, the
impermeability of graphene or other related materials can be
successfully exploited to create novel encapsulants or edge
sealers, decreasing the water vapor transmission rate (WVTR)
or oxygen transmission rate (OTR) of the current encapsulants
used in PSCs, as well as other PV technologies.

Overall, 2D materials are expected to play protagonists in the
optimization of perovskite-based PV technology, which could
represent a game changer in the PV market for the near future.

7. Other SCs
7.1 QDSCs

QDSCs are an attractive PV technology owing to various advan-
tages,1297 such as cost-effectiveness and simple device manu-
facturing processes.57,1298–1307 As comprehensively discussed in
recent review articles (for example, ref. 1296), such SCs are
based on photoactive semiconductors (organic, inorganic, or
hybrid) QD films, which act as both absorbers and charge
transporting media. Different types of QDSC architectures have
been proposed: (1) Schottky QDSCs, which consist of a hetero-
junction between a planar film of p-type colloidal QDs and a
shallow-Fw metal, which produce a Schottky barrier generating
a depletion region for carrier separation;1308–1313 (2) depleted
heterojunction QDSCs, which use a highly doped n-type metal
oxide (typically, TiO2 or ZnO, but even metal chalcogenides, e.g.,
CdS) in a p–n heterojunction with a p-type QD film;1314–1316 (3)
heterojunction QDSCs, also referred to as QD-sensitized solar
cells (QDSSCs), in which the n-type wideband-gap semiconductor
and QD film form an interpenetrating layer.1296,1301,1317–1325 This
structure is usually obtained by infiltrating QDs into the struc-
tured n-type semiconductors. Since this architecture resembles
that of DSSCs, such cells are often referred to as QD-based DSSCs
(QDDSSCs) (see Section 5); (4) quantum junction QDSCs, which
consist of a homojunction-like architecture where both p- and n-
type materials of the junction are composed of QDs;1326 (5) bulk
nanoheterojunction SCs in which an n-type material and p-type
QDs are mixed similar to a BHJ architecture.1327

The optoelectronic properties of semiconductor QDs, e.g.,
Eg, optical absorption coefficient (a), and charge carrier trans-
port, can be effectively tuned by modulating their size and
shape,1298–1304,1328 offering versatile systems to be used in
graded doping architectures1329–1331 and multijunction (tan-
dem) SCs.1332,1333 Initially, chalcogenide semiconductors, such
as CdX and PbX (X = S, Se, and Te), have been used for QDSCs
due to their ability to harvest light in the visible and IR regions
and their low cost.1300,1304–1306,1327,1334 However, the limited Z
achieved with these inorganic QDs drove researchers to design

novel QDs, including inorganic alloys, organic, and organic–
inorganic hybrid QDs with superior PV capabilities.1304–1306,1327

Therefore, over the past decade, QDSCs have seen rapid improve-
ments, until reaching a certified Z value of 16.6% with mixed Cs
and formamidinium lead triiodide perovskite system1335 (previous
record was 13.4%).1336 These important results are the fruits of
progress achieved in both control of the QD surface chemistry and
the understanding of device physics,1305,1306,1337 and they are now
leading QDSCs toward commercialization.1305,1306

Despite recent progresses, the record-high Z of the QDSCs is
still far from their theoretical maximum Z, which is as high as
33%1338 (or 44%, depending on whether or not multiple exciton
generation of the QDs is considered).1337,1339 Actually, the
major issue in QDSCs is the presence of structural defects or
unpassivated states on the QD surface, which leads to recombination
reactions limiting the overall performance of the devices.1340–1347 To
resolve this issue, several strategies, including the implementation of
atomic ligand/anionic passivation schemes,1348–1350 use of pas-
sivation layers over QD films,1351–1355 and design of core–shell
structures,1356–1363 have been developed in various type of
QDSCs. For example, a hybrid passivation scheme, which intro-
duces halide anions during the end stages of the QD synthesis
process, was used to realize depleted heterojunction QDSCs
with a certified Z value of 7.0%.1347 Sequential inorganic ZnS/
SiO2 double-layer treatment onto the QD-sensitized photoanode
strongly inhibited the interfacial recombination processes in
QDSSCs, which reached a certified Z value of 8.21%.1354 CdSeTe/
CdS type-I core–shell QDSSCs, obtained by overcoating CdS
shells around CdSeTe-core QDs, achieved an Z value of
9.48%.1357 Binary QD films have also been investigated in
heterojunction QDSCs in order to improve the charge separation
using p–n junctions at the nanoscale, while passivating possible
surface defects of QDs.1326,1364,1365 In addition, such junctions
enabled the dissociation of excitons in free carriers, drastically
reducing bimolecular recombination processes.1326,1363,1364 The use
of mixed QD films was targeted to extend the carrier diffusion
length, allowing thicknesses of the photoactive films to become
comparable to the optical absorption length.1363,1364 However,
binary QD systems have limitations in simultaneously controlling
the Eg value as well as CB and VB edges for both charge photo-
generation and collection. Hence, to overcome the limitations of
binary QDs, alloy QDs1366,1367 and hybrid organic–inorganic
QDs1334,1368,1369 have been successfully proposed together with
the abovementioned strategy to passivate surface defects. For
example, Du et al. reported a Zn–Cu–In–Se-alloyed QD sensitizer
to construct Pb- and Cd-free QDSSCs with a certified Z value of
11.61%.1370 Very recently, the Cs1�xFAxPbI3 system in the form of
QDs enabled the realization of QDSSCs with a certified record Z of
16.6%, together with superior stability (94% of the original Z under
continuous 1 sun illumination for 600 h) compared with their
thin-film counterpart.1334

In addition to the aforementioned strategies, the engineering
of various QDSC configurations through the introduction of
interfacial layers and doping of components is crucial to improve
the charge extraction and transport from the photoactive layer to
the metal contacts, thereby achieving performance rivaling those
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of other PV technologies. Especially in this context, solution-
processed graphene and other 2D materials have attracted a primary
interest for QDSCs. Tavakoli et al. reported an in situ solution-based
process to prepare hybrid ZnO/graphene QDs (Fig. 27a and b),
where the graphene shell quenches the PL intensity of ZnO
nanocrystals (size of NPs: 5 nm) by B72%, primarily due to charge
transfer and static quenching.1371 This nanocomposite was used as
a CE material in a PbS/TiO2 depleted heterojunction QDSCs, which
achieved an Z value of up to 4.5%.1370 Fig. 27c shows a schematic of
the architecture of the device, in which fast electron extraction is
achieved by means of ZnO–graphene CE (Fig. 27d).1370 In particular,
the band diagram of device shows the electron extraction process
from PbS to ZnO–graphene-coated TiO2 (Fig. 27e).1370

The authors explained their results by suggesting efficient
electron injection from the CB of ZnO QDs to the LUMO levels
of graphene, which occurs through Zn–O–C bonding, and slow
electron recombination in the presence of ZnO-graphene buffer
layer.1370 Graphene frameworks were incorporated into the TiO2

photoanode as an electron transport medium to improve the PV
performance of QDSSCs (up to an Z value of 4.2%) owing to their
excellent conductivity and isotropic framework structure.1372

Kim et al. reported the use of a hierarchical ZnO nanostructure
array, produced by a two-step solution reaction and composed of
nanosheet branched ZnO nanorods as an efficient anode for
QDSSCs.1373 This 2D (nanosheet)–1D (nanorod) combined
hierarchical ZnO nanostructure considerably enhanced light

Fig. 27 High-resolution TEM images of (a) graphene QDs and (b) ZnO/graphene QDs. (c) PbS QD and ZnO/graphene QD-based depleted
heterojunction QDSCs. (d) Schematic of the electron extraction process from PbS QD to ZnO/graphene QD. (e) Energy-level diagram of PbS QD-
and ZnO/graphene QD-based depleted heterojunction QDSCs (G = graphene). Adapted from ref. 1370.
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capture compared with ZnO thin films and ZnO nanorods,
allowing the corresponding CdSe/CdS-based QDSSCs to achieve
an Z value of 4.4%.1372

Recently, 2D MoS2 nanosheets were used as an efficient HTL
for PbS-based depleted heterojunction QDSCs.1374 All-solution-
processed n–p–p+ architecture was fabricated by sequentially
depositing ZnO NPs, PbS QDs, and 2D MoS2 nanosheets acting
as n-, p-, and p+-type layers, respectively.1373 The incorporation
of MoS2 HTL improved the Z value from 0.92% (in the free-
MoS2 reference) to 2.48%.1373

Noteworthily, 2D MoS2 has recently been coupled to Sn-doped
In2O3 nanocrystals to collect holes from the latter and driving
permanent charge separation across a novel type of ultrathin solid-
state 0D/2D hybrid interface that can store light in the contactless
mode.1375 Therefore, these results further prove the potential of
MoS2 as the HTL in QD-based optical devices.

Jin et al. reported graphdiyne, which is a p-conjugated
structure consisting of sp2- and sp-hybridized carbons in a
typical 2D configuration, as a potential solution-processed hole
transporter for PbS-based QDSCs, which reached an Z value of
10.64%.1376 The use of graphdiyne-based anode buffer layer
improved hole extraction from the QDs to Au anodes, while
providing long-term shelf-life stability over 120 days.1375

Dangling bond-free 2D h-BN with self-terminated atomic
planes, produced through LPE in 2-propanol, was used to passivate
the TiO2 surface in CdSe-based QDSCs.1377 By decreasing the
recombination rate at the TiO2/CdSe interface, the resulting
QDSCs achieved an Z value of 7%, corresponding to a 46%
improvement in Z exhibited by the h-BN-free reference.1376

In addition to the aforementioned roles of 2D materials in
QDSCs, liquid-phase synthetized antimonene QDs have been
applied as the photoactive layer in QDSSCs.1378 Owing to their
strong light–matter interaction, moderate Eg for an optimal
absorption in the visible spectrum, and antioxidation properties,
antimonene QDs enabled the realization of QDSSCs with an Z
value up to 3.07%.1377 Moreover, the as-fabricated SCs have
shown long-term stability, retaining more than 90% of the initial
Z after 1000 h.1377 Therefore, antimonene QDs, as well as other
2D material-derived QDs, may provide a new pathway for a novel
kind of cost-effective solution-processed QDSCs.1377

Although the above examples clearly indicate that 2D materials
can play a significant role in further improving the performance of
QDSCs, their use in this type of SCs is not strongly established as
those for OSCs, DSSCs, and PSCs. However, both the advent of a
novel type of efficient QDSCs and successful implementation of 2D
materials in other PV devices can provide the fundamentals for the
future establishment of 2D material-enabled efficient QDSCs.

7.2 Organic–inorganic hybrid SCs

Organic–inorganic hybrid SCs combine organic and inorganic
materials as the photoactive material. As discussed in previous
reviews in the literature,1379–1385 the rationale of this combination
is to implement the advantages offered by both OSCs and inor-
ganic components. As proposed for OSCs (Section 3), organic
materials are solution-processable and thus compatible with low-
cost and high-throughput deposition methods, including R2R

printing techniques. Moreover, they have high s in the visible
spectrum. Thus, they allow their thin (thickness of a few hundred
nanometers) films to efficiently absorb solar light. Meanwhile,
inorganic materials can be formulated in the form of solution-
processable nanocrystals with tunable optoelectronic properties,
as shown in Section 7.1 for QDSCs. Furthermore, they have a large
dielectric constant (e.g., B10.4 for CdSe),1386 which decreases the
Coulombic attraction between electrons and holes, facilitating
their separation in free charges. Thus, when mixed with organic
photoactive components, they can provide an interfacial force
driving the dissociation of excitons generated in the organic
materials in free charge.1387–1390 Therefore, inorganic nanocrystals
can act as ideal acceptor materials in BHJ OSC-like devices using
either organic polymers or conjugated small molecules as the
donors.1378–1384,1391

The first hybrid SC was reported in 1996 using CdSe nano-
dots as the acceptor and poly[2-methoxy-5-(20-ethylhexyloxy)-p-
phenylene vinylene] (MEH-PPV) as the donor.1392 However, the
corresponding Z was low (o0.5%) as a consequence of the poor
charge transport through the CdSe nanodots.1391 Thereafter,
much effort has been devoted toward improving charge trans-
port by tuning the nanocrystal shapes.1393–1395 Studies on
QDSCs also helped to rapidly advance hybrid SCs.1396 In
2011, Ren et al. reached an Z value of 4.1% with hybrid SCs
based on P3HT and CdS nanocrystals as the donor and acceptor,
respectively.1397 More recently, hybrid SCs based on Si as the
inorganic component have drawn relevant attention due to their
room-temperature, facile, and cost-effective fabrication pro-
cesses, which is promising to lower the cost of conventional Si
SCs.1398–1400 Owing to advances in the synthesis of organic
materials and design of novel device structures, hybrid SCs based
on n-type Si substrate achieved Z higher than 16%,1401,1402 (record
value of 17.4%).1403 Despite the aforementioned results, the Z
value of hybrid SCs is still insufficient to compete with conven-
tional inorganic Si SCs and PSCs (Section 6). Moreover, the
stability of hybrid SCs is also limited compared to conventional
inorganic PV technology.1404–1407 These drawbacks are strongly
hindering the commercialization of hybrid SCs at a large scale. In
this context, the incorporation of GRMs can help resolve both Z
and stability limits of hybrid SCs. For example, RGO has been
proposed to produce a buffer layer in hybrid SCs to improve the
light-induced charge extraction of B50%, as well as to replace the
PEDOT:PSS contact.1408 Recently, GQDs were mixed with PEDOT to
be used in hybrid SCs using PEDOT:GQDs/porous Si/n-Si/TiOx

structure.1409 In detail, GQDs improved the conductivity of PEDOT,
porous Si reduced the overall reflectivity, and TiOx acted as
a passivation layer to reduce the recombination layer.1408 The
as-produced devices reached a maximum Z value of 10.49%, retain-
ing 78% of the initial Z under ambient conditions for 15 days.1408

GQDs, produced through a top-down strategy based on laser
fragmentation in a post-hydrothermal treatment, were also used
as a buffer layer between TiO2 and P3HT to form a cascade energy-
level scheme in hybrid SCs.1410 The introduction of GQDs into a BHJ
hybrid SC led to the enhancement of Z from 2.04% to 3.16%.1409

Although the aforementioned examples demonstrated the
potential of GRMs in hybrid SCs, further studies are needed to

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

02
5/

11
/2

 1
8:

36
:1

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00106j


This journal is © The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 11870–11965 |  11931

formulate 2D materials in overcoming the fundamental issues
exhibited by such type of SCs. Both progresses of 2D material
science and hybrid SC-related technology could help for an
in-depth reconsideration of 2D material-enabled hybrid SCs.

8. Outlook and conclusions

Several progresses have been achieved in the use of graphene
and related 2D materials (GRMs) in solution-processed PVs.
Regarding TCE applications, the implementation of solution-
processed 2D materials is still at a premature stage. In fact,
solution-processed graphene-based films typically exhibit
sheet resistance (Rs) values in the order of kO sq�1 (for Tr Z

80%),1411 which are significantly higher than typical bench-
marks (e.g., less than kO sq�1 for ITO and FTO films). The
origin of such low performance is mainly ascribed to the low
lateral size of the liquid-phase exfoliated graphene flakes (typi-
cally in the order of few micrometers for high-quality graphene
flakes)359 and the high contact resistance between the graphene
flakes composing the electrode. However, the development of
hybrids between solution-processed graphene and metal nano-
wires or CNTs, as well as the use of micromesh structures on top
of the graphene-based films, represent promising approaches to
overcome the current limitations. Prospectively, they could allow
the design/realization of TCEs compatible with R2R large-area
manufacturing. However, the high cost of metal nanowires1412

(several hundreds of dollars per kilogram),1413 CNTs (even more
than 1000 $ kg�1 for single-walled CNTs)1414 and microscale metal
grids ($30–40 m�2)1411 is not lower than the cost of ITO ($5 m�2 for
a film with Rs of 150 O sq�1 films and higher than $20 m�2 for
films with Rs of 10 O sq�1,1415 or 600 $ kg�1),1416 making currently
available graphene-based TCEs not competitive for massive use in
large-area PV devices. Recently, transparent electrodes have also
been demonstrated by spin coating 2D Ti3C2 from an aqueous
dispersion for photodetector applications.1417 However, as for the
case of solution-processed graphene, such a transparent electrode
shows high sheet resistance, still being ineffective in collecting
current density in the order of tens of milliamperes, as those
displayed by PV devices. In addition, it should be noted that 2D
materials have been used to develop efficient, transparent CEs for
bifacial DSSCs, which emerged as interesting systems for both
BIPVs and tandem SCs.878–880,889

The most successful applications of GRMs in PV technolo-
gies rely on their use in the form of CTLs for both holes and
electrons (or interlayers in tandem PV architectures). For exam-
ple, GRMs effectively act as dopants to improve the properties
of traditional CTLs. The amount of GRMs needed for this
purpose is often minimal, in the order of few weight (volume)
percentages of the overall material (dispersion). For example, just
1.6 mL of graphene flakes dispersion at a concentration of 1 g L�1

is sufficient to realize 1 m2 of advanced ETLs for PSCs.1107,1192,1273

By considering Z higher than 18% in single-junction SCs,1107,1192

and even higher than 25% in tandem SCs,1273 only a few grams of
graphene flakes are needed for the realization of a 1 MWp PV
plant. This amount of graphene flakes corresponds to a negligible

added marginal cost, in the order of tens of dollars per megawatts-
peak.205,328,359 Thus, the integration of graphene and other metal-
lic 2D materials,1418 including group-5 TMDs (e.g., TaS2, TaSe2,
NbS2, NbS2, VS2, VSe2, etc.), group-6 TMDs (e.g., the 1T polytype of
MoS2 and WS2), topological insulators (e.g., Bi2S3, Bi2Se3, and
Bi2Te3), and MXenes, as dopants in the CTL is an approach that
can be immediately implemented on different solution-processed
PV technologies at the industrial scale, without increasing the
overall costs. Beyond their use as dopants, GRMs have been
successfully used for the realization of a thin buffer layer (or
interlayer) to improve the extraction/collection of the charge
photogenerated in the photoactive layer of the cells toward the
CTLs and current collectors. In this context, several studies have
focused on the formulation of 2D material dispersions in solvents
compatible with other materials composing the SC structure. For
example, 2D TMD inks have been formulated in 2-propanol to be
deposited as a buffer layer over the perovskite layer for the
realization of PSCs, showing Z exceeding 20%. Therefore, the
incorporation of 2D material-based buffer layers into the most
advanced SC architectures is highly promising to further boost the
Z value of PV technologies beyond the current record-high values.
In addition, 2D material-based buffer layers can have a tangible
impact on the enhancement of the long-term stability of SCs,
particularly for OSCs and PSCs. In fact, 2D materials intrinsically
act as shielding layers against humidity, offering promising
potential as oxygen/moisture barriers. Moreover, they can also
provide effective barriers against ion migration, stabilizing the
photoactive perovskite layers or blocking metal/ion migration
effects, which determines the degradation of PV devices. With
regard to dopants, the amount of 2D materials required for the
realization of thin films of 2D materials can be minimal,
allowing almost zero additional costs. Not by chance, TMD-
based buffer layers (e.g., MoS2) have been used by research
groups comprising authors of this work to build a 2D material-
enabled solar farm (Fig. 26), without any significant impact over
the technology lifecycle assessment (LCA) (data unpublished
but reviewed by the European Commission in the context of the
Graphene Flagship project).1290

Another prospective application of 2D materials in solution-
processed SCs is their use as additives in photoactive layers. In
particular, the use of GRMs as energy cascade materials can
increase the solar-light absorption, whilst eliminating charge
recombination pathways occurring in the native materials. In
addition, 2D materials can alter the interfacial properties of the
photoactive material in contact with other materials composing
the SC structure. Such effects can be used to improve charge
transfer toward the CTLs (or current collectors), as recently
shown with MXenes.1125 Therefore, the implementation of 2D
material-based buffer layers has higher potential for boosting
the PV performance of 3rd-generation SCs toward commercially
competitive values. To accomplish these, the chemical functio-
nalization of GRMs can be a key step to tune on-demand their
optoelectronic properties, thereby adequately matching their
energy levels with those of the active materials and CTLs. In
addition to GRMs, 2D perovskites have been recently established
to improve the thermal stability of PSCs,1040 demonstrating that
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rational perovskite engineering can advantageously regulate the
structural, physical, and energetic properties of 2D/3D interfaces
for the realization of efficient and stable PSCs.111 Thus, the
impact of 2D materials on the structural and optoelectronic
properties of the photoactive layer represents a current ‘‘hot
topic’’ for the future optimization of current state-of-the-art
SCs. Even though the success of solution-processed 2D materials
has been established in several PV technologies, we notice that
major efforts are currently focused on PSCs, probably because of
their attracting Z exceeding 25%, together with their advanta-
geous combination with Si SCs in tandem systems. In this
context, the use of solution-processed 2D materials combined
with advanced strategies proposed for optimizing the photoactive
layer formulation and processing, as well as for device structure
engineering, is promising to boost the Z of SCs beyond the
current state-of-the-art values. The same approach is also viable
in enabling similar performance over large-area systems (from a
module up to a solar farm). Moreover, the outcomes consolidated
for PV technologies discussed in this work could also be extended
to other types of thin-film SCs and Si SCs, in which the imple-
mentation of solution-processed 2D materials is still premature.
Overall, we do believe that the conscious use of the ever-growing
2D materials portfolio can renew the expectation for the rapid
establishment of advanced PV technologies worldwide. To
accomplish these advances, the standardization of the morpho-
logical and structural characterization of 2D materials is crucial
for the establishment of industrial-scale technologies, which also
requires the setting up of reliable 2D material suppliers with a
massive production capability. In this context, the recent standardi-
zation sequence of methods for characterizing the structural proper-
ties of graphene, bilayer graphene, and graphene nanoplatelets (SO/
TS 21356-1:2021) represents a step forward toward the upscaling of
solution-processed 2D material-enabled SCs. Meanwhile, emerging
solution-processed 2D materials, such as nonlayered materials,
carbon nitrides (CxNy), 2D c-MOFs, layered double hydroxides,
and other poorly investigated GRMs (e.g., metal monochalco-
genides, group-4 and group-5 TMDs, and polar and/or ferro-
electric non-centrosymmetric materials) represent a playground
for the realization of cutting-edge concepts of SCs.

Abbreviations

2D c-MOF Two-dimensional conjugated metal–organic
framework

AFM Atomic force microscopy
AgNWs Silver nanowires
ALD Atomic layer deposition
ANIGQDs Aniline graphene quantum dots
APjet Atmospheric plasma jet
a-Si Amorphous silicon
a Optical absorption coefficient
avis Optical absorption coefficient in the visible

spectrum
BCP Bathocuproine
BHJ Bulk heterojunction

BIPVs Building-integrated photovoltaics
BP Black phosphorus
BPNFs Black phosphorus nanoflakes
BPQDs Black phosphorous quantum dots
CCG Chemically converted graphene
CB Conduction band
CE Counter electrode
CIGS Copper indium gallium diselenide
CIGSSe Copper indium gallium selenide sulfide
C-PSC Carbon perovskite solar cell
CQDs Carbon quantum dots
CZTSe Copper zinc tin sulfur-selenide alloy
CNTs Carbon nanotubes
c-Si Crystalline silicon
CTAB Cetyl-trimethyl-ammonium-bromide
CV Cyclic voltammetry
CVD Chemical vapor deposition
Dn Electron diffusion coefficient
DGU Density gradient ultracentrifugation
DSSC Dye-sensitized solar cell
dp Optical penetration depth
ECS Energy conversion and storage
EDNB Ethylenediamine dinitrobenzoyl
e Elementary charge
e� Electron
EF Fermi energy level
Eg Optical bandgap
Eph Photon energy
EIS Electrochemical impedance spectroscopy
EpD Electrophoretic deposition
EQE External quantum efficiency
ETLs Electron transporting layers
e-graphene Electrochemically exfoliated graphene
FA HC(NH2)2

FF Fill factor
FGSs Functionalized graphene sheets
fMoS2 Functionalized molybdenum disulfide
FoM Figures of merit
FRGO Fluorinated reduced graphene oxide
FTO Fluorine-doped tin oxide
fW Work function
GMo Graphene-molybdenum disulfide heterostructure
GNPs Graphene nanoplatelets
GNSs Graphene nanosheets
GNRs Graphene nanoribbons
GO Graphene oxide
GO-EDNB Graphene oxide functionalized with ethylene-

diamine’s amino groups
GO-TPP Graphene oxide linked with porphyrin moieties
GO-Cl Chlorinated graphene oxide
GQDs Graphene quantum dots
GRMs Graphene-related materials
GSs Graphene sheets
h-BN Hexagonal boron nitride
HIT Heterojunction with intrinsic thin layer
HOMO Highest occupied molecular orbital
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HTLs Hole transporting layers
HSN Hierarchically structured nanoparticles
Z Solar-to-electrical energy conversion efficiency
h+ Hole
h Planck’s constant
h� Reduced Planck’s constant
I Electrical current
ICBA Indene–C60 bisadduct
ICLs Interconnection layers
IGO Imidazole-functionalized GO
IMPP Current at the maximum power point
ISC Short-circuit current
IQE Internal quantum efficiency
ITO Indium–tin oxide
kB Boltzmann’s constant
k Molar extinction coefficient
LCOE Levelized cost of energy
Li-TFSI Lithium bis(trifluoromethanesulfonyl)imide
LPE Liquid phase exfoliation
LRGO Laser-treated reduced graphene oxide
LUMO Lowest unoccupied molecular orbital
l Photon wavelength
MA CH3NH3

MBE Molecular beam epitaxy
MEH-PPV Poly[2-methoxy-5-(20-ethylhexyloxy)-p-

phenylene vinylene]
MGO Multilayer graphene oxide
MIR Mid-infrared
MLG Multilayer graphene
MOF Metal–organic framework
MPA 3-Mercaptopropionic acid
MPPT Maximum power point
mTiO2 Mesoporous TiO2

MWCNTs Multiwalled carbon nanotubes
m Charge carrier mobility
me Electron mobility
mh Hole mobility
Nd Charge carrier density
nfilm Film refractive index
nsub Substrate refractive index
Zth Theoretical solar-to-electrical energy conver-

sion efficiency
NFA Non-fullerene acceptors
NG/NiO N-Doped graphene@nickel oxide
N-GFs N-Doped graphene frameworks
NGNP N-Doped graphene nanoplatelets
NP Nanoparticles
NG Amino-functionalized graphene
NIR Near-infrared
NR Nanorods
NRGO Nitrogen-doped reduced graphene oxide
OLED Organic light-emitting diodes
O-MoS2 Oxygen-incorporated molybdenum disulfide
OSCs Organic solar cells
OTR Oxygen transmission rate
oxo-G Organo-sulfonate graphene

PEAI Phenethylammonium iodide
(PEA)2PbI4 Phenyl ethyl ammonium lead iodide
Pin Power of incident light
PC61BM [6,6]-Phenyl-C61-butyric acid methyl ester
PC71BM [6,6]-Phenyl-C71-butyric acid methyl ester
PCDTBT PC71BM:poly[N-90-heptadecanyl-2,7-carbazole-alt-

5,5-(40,70-di-2-thienyl-20,10,30benzothiadiazole)]):
[6,6]-phenyl-C71-butyric acid methyl ester

PDINO N,N-Dimethyl-ammonium N-oxide)propyl perylene
diimide

PDINO-G Graphene doped with N,N-dimethyl-ammonium
N-oxide)propyl perylene diimide

PDMS Polydimethylsiloxane
PEDOT:PSS Poly(3,4-ethylenedioxythiophene) polystyrene

sulfonate
PET Poly(ethylene terephthalate)
PFN Poly((9,9-bis(30-(N,N-dimethylamino)propyl)-

2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))
PFN-Br Poly9,9-bis6-(N,N,N-trimethylammonium)hexyl-

fluorene-alt-co-phenylenebromide
P3HT Poly(3-hexylthiophene)
P3HT:PC61BM Poly(3-hexylthiophene):[6,6]-phenyl C61-butyric

acid methyl ester
P3OT Poly(3-octylthiophene-2,5-diyl
PH1000 Poly(3,4-ethylenedioxythiophene):

poly-(styrenesulfonate)
PMMA Polymethyl methacrylate
PM6 Poly[[4,8-bis[5-(2-ethylhexyl)-4-fluoro-2-

thienyl]benzo[1,2-b:4,5-b0]dithiophene-2,6-
diyl]-2,5-thiophenediyl[5,7-bis(2-ethylhexyl)-
4,8-dioxo-4H,8H-benzo[1,2-c:4,5-
c0]dithiophene-1,3-diyl]-2,5-thiophenediyl]

PTB7:PCB71M Thieno[3,4-b]thiophene/benzodithiophene:
phenyl-C71-butyric acid methyl ester

PTAA Poly(triaryl)amine
pRGO Partially reduced graphene oxide
PSCs Perovskite solar cells
PSMs Perovskite solar modules
PV Photovoltaic
QDs Quantum dots
QDDSSCs Quantum dot-based dye sensitized solar cells
QDSCs Quantum dot solar cells
QDSSCs Quantum dot-sensitized solar cells
R2R Roll-to-roll
RCT Charge transfer resistance
RS Sheet resistance
RTiO2

Transport resistance of electrons in the TiO2 film
RTCO–TiO2

Resistance at transparent conductive oxide/
TiO2 contact

Rrec Charge transfer resistance of the charge recom-
bination between electrons in the TiO2 film
and I3

� in the electrolyte
RCT Charge transfer resistance at the counter electrode/

electrolyte interface
RTCO–electr. Charge transfer resistance at the TCO/electro-

lyte interface
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RGO Reduced graphene oxide
RGOMM Reduced graphene oxide micromesh
rGS Reduced graphene scaffold
RH High humidity environment
RT Room temperature
S–Q Shockley–Queisser
SBS Sedimentation-based separation
SCs Solar cells
SLG Single-layer graphene
Spiro-OMeTAD 2,20,7,70-Tetrakis[N,N-di(4-

methoxyphenyl)amino]-9,9 0-spirobifluorene
SSA Specific surface area
SWCNT Single-walled carbon nanotube
s Electrical conductivity
sdc d.c. conductivity
sopt Optical conductivity
t Photoactive material thickness
TBP Tert-butylpyridine
TCEs Transparent conductive electrodes
TCOs Transparent conductive oxides
TCPP Tetrakis(4-carboxyphenyl)porphyrin
TEGr Thermally exfoliated graphene
TEM Transmission electron microscopy
TFSCs Thin-film solar cells
TFSI Trifluoromethanesulfonyl imide
TMD Transition metal dichalcogenide
ToF-SIMS Time-of-flight secondary ion mass spectrometry
Tr Optical transmittance
TRGO Thermally reduced GO
TSHBC Perthiolated tri-sulfur-annulated hexa-peri-

hexabenzocoronene
t Electron lifetime
UVO UV-ozone
VB Valence band
VMPP Voltage at the maximum power point
VOC Open-circuit voltage
WVTR Water vapor transmission rate
WJM Wet-jet milling
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
Z Vacuum impedance
Zd Warburg impedance
ZnP Zn–porphyrin
ZSO Zinc stannate
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Herrero, M. Varela, R. Gillen, J. Maultzsch, F. Hauke,
A. Hirsch, G. Abellán and F. Zamora, Angew. Chem., Int.
Ed., 2016, 55, 14345.
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M. Östling, Adv. Mater., 2013, 25, 3985.

122 E. B. Secor, B. Y. Ahn, T. Z. Gao, J. A. Lewis and
M. S. Hersam, Adv. Mater., 2015, 27, 6683.

123 W. J. Hyun, E. B. Secor, M. C. Hersam, C. D. Frisbie and
L. F. Francis, Adv. Mater., 2015, 27, 109.

124 K. Arapov, E. Rubingh, R. Abbel, J. Laven, G. de With and
H. Friedric, Adv. Funct. Mater., 2016, 26, 586.

125 H. Sun, A. E. Del Rio Castillo, S. Monaco, A. Capasso,
A. Ansaldo, M. Prato, D. A. Dinh, V. Pellegrini, B. Scrosati,
L. Manna and F. Bonaccorso, J. Mater. Chem. A, 2016, 4, 6886.

126 X. Wang, L. Zhi and K. Mullen, Nano Lett., 2007, 8, 323.
127 G. Eda, H. E. Unalan, N. Rupesinghe, G. A. J. Amaratunga

and M. Chhowalla, Appl. Phys. Lett., 2008, 93, 233502.
128 E. Kymakis, E. Stratakis, M. M. Stylianakis, E. Koudoumas

and C. Fotakis, Thin Solid Films, 2011, 520, 1238.
129 P. Blake, P. D. Brimicombe, R. R. Nair, T. J. Booth,

D. Jiang, F. Schedin, L. A. Ponomarenko, S. V. Morozov,
H. Gleeson, E. W. Hill, A. K. Geim and K. S. Novoselov,
Nano Lett., 2008, 8, 1704.

130 P. Cataldi, I. S. Bayer, F. Bonaccorso, V. Pellegrini,
A. Athanassiou and R. Cingolani, Adv. Electron. Mater.,
2015, 1, 1500224.

131 Z. Song, C. L. McElvany, A. B. Phillips, I. Celik, P. W.
Krantz, S. C. Watthage, G. K. Liyanage, D. Apul and
M. J. A. Heben, Energy Environ. Sci., 2017, 10, 1297–1305.

132 N. L. Chang, A. W. Y. Ho-Baillie, D. Vak, M. Gao,
M. A. Green and R. J. Egan, Sol. Energy Mater. Sol. Cells,
2018, 174, 314–324.

133 N. L. Chang, A. W. Yi Ho-Baillie, P. A. Basore, T. L. Young,
R. Evans and R. J. A. Egan, Prog. Photovolt.: Res. Appl.,
2017, 25, 390–405.

134 https://www.eia.gov/outlooks/aeo/pdf/electricity_generation.
pdf (accessed on June 2021).

135 L. Lazard, Lazard’s Levelized Cost of Energy Analysis V13.0,
2019.

136 E. H. Hwang, S. Adam and S. Das Sarma, Phys. Rev. Lett.,
2007, 98, 186806.

137 F. Bonaccorso, L. Colombo, G. Yu, M. L. Stoller,
V. Tozzini, A. C. Ferrari, R. S. Ruoff and V. Pellegrini,
Science, 2015, 347, 1246501.

138 D. A. C. Brownson and C. E. Banks, Analyst, 2010, 135,
2768–2778.

139 M. Scarselli, P. Castrucci and M. De Crescenzi, J. Phys.:
Condens. Matter, 2012, 24, 313202.

140 E. Bourgeat-Lami, J. Faucheu and A. Noel, Polym. Chem.,
2015, 6, 5323–5357.

141 N. M. R. Peres, J. Phys.: Condens. Matter, 2009, 21, 323201.
142 Y. Zhu, S. Murali, W. Cai, X. Li, J. W. Suk, J. R. Potts and

R. S. Ruoff, Adv. Mater., 2010, 22, 3906–3924.
143 J. Du and H. M. Cheng, Macromol. Chem. Phys., 2012, 213,

1060–1077.
144 R. J. Young, I. A. Kinloch, L. Gong and K. S. Novoselov,

Compos. Sci. Technol., 2012, 72, 1459–1476.
145 H. Kim, A. A. Abdala and C. W. Macosko, Macromolecules,

2010, 43, 6515–6530.
146 V. Chabot, D. Higgins, A. Yu, X. Xiao, Z. Chen and

J. Zhang, Energy Environ. Sci., 2014, 7, 1564–1596.
147 D. Chen, H. Feng and J. Li, Chem. Rev., 2012, 112,

6027–6053.
148 A. K. Geim, Science, 2009, 324, 1530–1534.
149 H.-X. Wang, Q. Wang, K.-G. Zhou and H.-L. Zhang, Small,

2013, 9, 1266–1283.
150 K. I. Bolotina, K. J. Sikesb, Z. Jianga, M. Klimac,

G. Fudenberga, J. Honec, P. Kima and H. L. Stormer,
Solid State Commun., 2008, 14, 6351–6355.

151 T. Ando, J. Phys. Soc. Jpn., 2006, 75, 074716.
152 S. Adam, E. H. Hwang, V. Galitski and S. D. Sarma, Proc.

Natl. Acad. Sci. U. S. A., 2007, 104, 18392.
153 S. Fratini and F. Guinea, Phys. Rev. B: Condens. Matter

Mater. Phys., 2008, 77, 195415.
154 J.-H. Chen, C. Jang, S. Xiao, M. Ishigami and M. S. Fuhrer,

Nat. Nanotechnol., 2008, 3, 206–209.
155 M. Ishigami, J. H. Chen, W. G. Cullen, M. S. Fuhrer and

E. D. Williams, Nano Lett., 2007, 7, 1643–1648.
156 M. I. Katsnelson and A. K. Geim, Philos. Trans. R. Soc., A,

2007, 366, 195–204.
157 S. V. Morozov, K. S. Novoselov, M. I. Katsnelson,

F. Schedin, D. C. Elias, J. A. Jaszczak and A. K. Geim,
Phys. Rev. Lett., 2008, 100, 016602.

158 G. Giovannetti, P. Khomyakov, G. Brocks, P. Kelly and
J. V. D. Brink, Phys. Rev. B: Condens. Matter Mater. Phys.,
2007, 76, 073103.

159 C. R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei,
K. Watanabe, T. Taniguchi, P. Kim, K. L. Shepard and J. Hone,
Nat. Nanotechnol., 2010, 5, 722–726.

160 W. Gannett, W. Regan, K. Watanabe, T. Taniguchi, M. F.
Crommie and A. Zettl, Appl. Phys. Lett., 2011, 98, 242105.

161 X. Huang, Z. Zeng, Z. Fan, J. Liu and H. Zhang, Adv.
Mater., 2012, 24, 5979–6004.

Review Article Chem Soc Rev

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

02
5/

11
/2

 1
8:

36
:1

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf
https://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00106j


11938 |  Chem. Soc. Rev., 2021, 50, 11870–11965 This journal is © The Royal Society of Chemistry 2021

162 C. Xu, B. Xu, Y. Gu, Z. Xiong, J. Sun and X. S. Zhao, Energy
Environ. Sci., 2013, 6, 1388–1414.

163 P. J. Mole, J. M. Rorison, J. A. del Alamo and D. Lancefild,
in Properties of crystalline silicon, ed. R. Hull, Inspec,
London UK, 1999.

164 Y. Zhao, C. Hu, Y. Hu, H. Cheng, G. Shi and L. Qu, Angew.
Chem., Int. Ed., 2012, 51, 11371–11375.

165 Z. Chen, C. Xu, C. Ma, W. Ren and H. M. Cheng, Adv.
Mater., 2013, 25, 1296–1300.

166 Y. He, W. Chen, X. Li, Z. Zhang, J. Fu, C. Zhao and E. Xie,
ACS Nano, 2013, 7, 174–182.

167 Y. Zhang, Y. Huang, T. Zhang, H. Chang, P. Xiao,
H. Chen, Z. Huang and Y. Chen, Adv. Mater., 2015, 27,
2049–2053.

168 R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov,
T. J. Booth, T. Stauber, N. M. R. Peres and A. K. Geim,
Science, 2008, 320, 1308.

169 X. Li, Y. Zhu, W. Cai, M. Borysiak, B. Han, D. Chen,
R. D. Piner, L. Colombo and R. S. Ruoff, Nano Lett., 2009,
9, 4359–4363.

170 G. R. Bhimanapati, Z. Lin, V. Meunier, Y. Jung, J. Cha,
S. Das, D. Xiao, Y. Son, M. L. S. Strano, V. R. Cooper,
L. Liang, S. G. Louie, E. Ringe, W. Zhou, S. S. Kim,
R. R. Naik, B. G. Sumpter, H. Terrones, F. Xia, Y. Wang,
J. Zhu, D. Akinwande, N. Alem, J. A. Schuller,
R. E. Schaak, M. Terrones and J. A. Robinson, ACS Nano,
2015, 9, 11509–11539.

171 A. Gupta, T. Sakthivel and S. Seal, Prog. Mater. Sci., 2015,
73, 44–126.

172 L. Najafi, S. Bellani, R. Oropesa-Nuñez, R. Brescia,
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N. R. Wilson and A. Patanè, Adv. Mater., 2015, 27, 3760–3766.

193 P. Rivera, J. R. Schaibley, A. M. Jones, J. S. Ross, S. Wu,
G. Aivazian, P. Klement, K. Seyler, G. Clark, N. J. Ghimire,
J. Yan, D. G. Mandrus, W. Yao and X. Xu, Nat. Commun.,
2015, 6, 6242.

194 H. Fang, C. Battaglia, C. Carraro, S. Nemsak, B. Ozdol,
J. S. Kang, H. A. Bechtel, S. B. Desai, F. Kronast, A. A.
Unal, G. Conti, C. Conlon, G. K. Palsson, M. C. Martin,
A. M. Minor, C. S. Fadley, E. Yablonovitch, R. Maboudian
and A. Javey, Proc. Natl. Acad. Sci. U. S. A., 2014, 111,
6198–6202.

195 F. Wang, Z. Wang, K. Xu, F. Wang, Q. Wang, Y. Huang,
L. Yin and J. He, Nano Lett., 2015, 15, 7558–7566.

196 B. V. Lotsch, Annu. Rev. Mater. Res., 2015, 45, 85–109.
197 H. Wang, F. Liu, W. Fu, Z. Fang, W. Zhou and Z. Liu,

Nanoscale, 2014, 6, 12250–12272.
198 Y. Liu, N. O. Weiss, X. Duan, H. C. Cheng, Y. Huang and

X. Duan, Nat. Rev. Mater., 2016, 1, 1–17.
199 A. Tartakovskii, Nat. Rev. Phys., 2020, 2, 8–9.
200 F. Withers, H. Yang, L. Britnell, A. P. Rooney, E. Lewis,

A. Felten, C. R. Woods, V. Sanchez Romaguera, T. Georgiou,
A. Eckmann and Y. J. Kim, Nano Lett., 2014, 14, 3987–3992.

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

02
5/

11
/2

 1
8:

36
:1

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00106j


This journal is © The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 11870–11965 |  11939

201 X. Cai, T. C. Ozawa, A. Funatsu, R. Ma, Y. Ebina and
T. Sasaki, J. Am. Chem. Soc., 2015, 137, 2844–2847.

202 D. McManus, S. Vranic, F. Withers, V. Sanchez-Romaguera,
M. Macucci, H. Yang, R. Sorrentino, K. Parvez, S. K. Son,
G. Iannaccone and K. Kostarelos, Nat. Nanotechnol., 2017, 12,
343–350.

203 T. Carey, S. Cacovich, G. Divitini, J. Ren, A. Mansouri,
J. M. Kim, C. Wang, C. Ducati, R. Sordan and F. Torrisi,
Nat. Commun., 2017, 8, 1–11.

204 M. M. Alsaif, S. Kuriakose, S. Walia, N. Syed, A. Jannat,
B. Y. Zhang, F. Haque, M. Mohiuddin, T. Alkathiri,
N. Pillai and T. Daeneke, Adv. Mater. Interfaces, 2019,
6, 1900007.

205 F. Bonaccorso, A. Bartolotta, J. N. Coleman and C. Backes,
Adv. Mater., 2016, 28, 6136.

206 S. Bellani, L. Najafi, P. Zani, B. Martı́n-Garcı́a, R. Oropesa-
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293 M. Kröger, S. Hamwi, J. Meyer, T. Riedl, W. Kowalsky and
A. Kahn, Org. Electron., 2009, 10, 932–938.

294 G. Fiori, F. Bonaccorso, G. Iannaccone, T. Palacios,
D. Neumaier, A. Seabaugh, S. K. Banerjee and L. Colombo,
Nat. Nanotechnol., 2014, 9, 768.

295 F. Schwierz, Nat. Nanotechnol., 2010, 5, 487.
296 F. Bonaccorso, P. H. Tan and A. C. Ferrari, ACS Nano,

2013, 7, 1838.
297 C. Backes, et al., 2D Mater., 2020, 7, 022001.
298 F. Bonaccorso and Z. Sun, Opt. Mater. Express, 2014, 4, 63.
299 K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth,

V. V. Khotkevich, S. V. Morozov and A. K. Geim, Proc.
Natl. Acad. Sci. U. S. A., 2005, 102, 10451.

300 X. S. Li, C. W. Magnuson, A. Venugopal, R. M. Tromp,
J. B. Hannon, E. M. Vogel, L. Colombo and R. S. Ruoff,
J. Am. Chem. Soc., 2011, 133, 2816.

301 Y. F. Hao, M. S. Bharathi, L. Wang, Y. Y. Liu, H. Chen,
S. Nie, X. H. Wang, H. Chou, C. Tan, B. Fallahazad,
H. Ramanarayan, C. W. Magnuson, E. Tutuc, B. I.
Yakobson, K. F. McCarty, Y. W. Zhang, P. Kim, J. Hone,
L. Colombo and R. S. Ruoff, Science, 2013, 342, 720.

302 J. Jeon, S. K. Jang, S. M. Jeon, G. Yoo, Y. H. Jang, J. H. Park
and S. Lee, Nanoscale, 2015, 7, 1688–1695.

303 C. Xu, L. Wang, Z. Liu, L. Chen, J. Guo, N. Kang, X. L. Ma,
H. M. Cheng and W. Ren, Nat. Mater., 2015, 14,
1135–1141.

304 S. M. Kim, A. Hsu, M. H. Park, S. H. Chae, S. J. Yun, J. S.
Lee, D. H. Cho, W. Fang, C. Lee, T. Palacios and
M. Dresselhaus, Nat. Commun., 2015, 6, 8662.

305 Y. Chen, X. L. Gong and J. G. Gai, Adv. Sci., 2016,
3, 1500343.

306 L. Di Gaspare, A. M. Scaparro, M. Fanfoni, L. Fazi,
A. Sgarlata, A. Notargiacomo, V. Miseikis, C. Coletti and
M. De Seta, Carbon, 2018, 134, 183–188.

307 B. Deng, Z. Liu and H. Peng, Adv. Mater., 2019,
31, 1800996.

308 A. Shivayogimath, P. R. Whelan, D. M. Mackenzie, B. Luo,
D. Huang, D. Luo, M. Wang, L. Gammelgaard, H. Shi,
R. S. Ruoff and P. Bøggild, Chem. Mater., 2019, 31,
2328–2336.

309 X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner,
A. Velamakanni, I. Jung, E. Tutuc and S. BaK nerjee,
Science, 2009, 324, 1312–1314.

310 K. V. Emtsev, A. Bostwick, K. Horn, J. Jobst, G. L. Kellogg,
L. Ley, J. L. McChesney, T. Ohta, S. A. Reshanov, J. Röhrl,
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M. Prato, R. Oropesa-Nuñez, P. S. Toth, E. Mantero,
M. Crugliano, A. Gamucci, A. Tomadin, M. Polini and
F. Bonaccorso, Mater. Horiz., 2018, 5, 890.

361 A. E. Del Rio Castillo, A. Ansaldo, V. Pellegrini and
F. Bonaccorso, Exfoliation materials by wet-jet milling
techniques, WO2017/089987A1, 2016.

362 S. Bellani, L. Najafi, M. Prato, R. Oropesa- Nuñez,
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S. Nicolay, M. Morales-Masis, S. De Wolf, B. Niesen and
C. Ballif, Sol. Energy Mater. Sol. Cells, 2015, 141, 407–413.

1267 S. Albrecht, M. Saliba, J. P. C. Baena, F. Lang,
L. Kegelmann, M. Mews, L. Steier, A. Abate, J. Rappich,
L. Korte, R. Schlatmann, M. K. Nazeeruddin, A. Hagfeldt,
M. Grätzeld and B. Recha, Energy Environ. Sci., 2016, 9,
81–88.

1268 Y. Wu, D. Yan, J. Peng, T. Duong, Y. Wan, S. P. Phang,
H. Shen, N. Wu, C. Barugkin, X. Fu, S. Surve, D. Grant,
D. Walter, T. P. White, K. R. Catchpolea and K. J. Weber,
Energy Environ. Sci., 2017, 10, 2472–2479.

1269 H. Kanda, A. Uzum, H. Nishino, T. Umeyama, H. Imahori,
Y. Ishikawa, Y. Uraoka and S. Ito, ACS Appl. Mater.
Interfaces, 2016, 8, 33553–33561.

1270 P. Liu, X. Liu, L. Lyu, H. Xie, H. Zhang, D. Niu, H. Huang,
C. Bi, Z. Xiao, J. Huang and Y. Gao, Appl. Phys. Lett., 2015,
106, 193903.

1271 F. Lang, M. A. Gluba, S. Albrecht, J. Rappich, L. Korte,
B. Rech and N. H. Nickel, J. Phys. Chem. Lett., 2015, 6,
2745–2750.

1272 S. Bae, H. Kim, Y. Lee, X. Xu, J. S. Park, Y. Zheng,
J. Balakrishnan, T. Lei, H. R. Kim, Y. I. Song and
Y. J. Kim, Nat. Nanotechnol., 2010, 5, 574–578.

1273 J. Zhou, Zi Ren, S. Li, Z. Liang, C. Sury and H. Shen, Mater.
Lett., 2018, 220, 82–85.

1274 E. Lamanna, F. Matteocci, E. Calabrò, L. Serenelli, E. Salza,
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