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

In the ever-increasing energy demand scenario, the development of novel photovoltaic
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.

friendly energy conversion and storage (ECS) devices.>® In this
context, photovoltaic (PV), or solar cell (SC), technology has

Energy supply is one of the most pressing issues of the twenty-
first century, having a harsh impact on the global economy and
society.'® Unending technological development in any human
activity, ranging from transport to consumers electronics (e.g.,
cell phones, laptops, etc.) and even stationary applications,* has
led to a growing demand of cost-effective and environmentally
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been at the center of an ongoing research effort,” '° due to the
direct exploitation of energy from sunlight, which can signifi-
cantly contribute toward energy conversion in a sustainable and
economical way."" Basically, SCs are electrical devices that use the
PV effect to convert energy of light directly into electricity.”*> 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."*"* 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.'® In building
the SC structure, a built-in potential barrier (ideally corresponding
to the open circuit voltage Vo) is typically created to act on the free
charges, driving current through an external circuit, thereby
powering desired loadings.'®"”

The maximum theoretical solar-to-electrical energy conver-
sion efficiency (1) of a SC for a single p-n junction (~33% for
1 sun illumination) is determined by the Shockley-Queisser

This journal is © The Royal Society of Chemistry 2021
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(S-Q) thermodynamic limit.'® In agreement with the S-Q limit,
the charge carriers generated by photons with energies (Epp)
larger than the semiconductor bandgap (E,) lose their excess
energy (= Epn — E,) as heat through the excitation of lattice
vibrations.® Since the energy conversion efficiency (1), 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),"*" hot-carrier SCs,”*** SCs generating
multiple e /h" pairs for a single incident phonon,*>® and multi-
band and impurity SCs.>”*®
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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.>*”° In fact,
they achieved 5 superior to 25%,*'*> up to a record value of
26.7%.>* 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.’® Subsequently, thin-film solar cells
(TFSCs, i.e., 2nd-generation SCs), based on “thin” films having
a thickness of ~1-2 um, have played an important role in the
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field of PV with regard to both 5 (>22%)**** and cost-
effectiveness.® Second-generation SCs are based on a large
variety of semiconductor materials, including crystalline (c-Si)*”
and a-Si,*® as well as GaAs®® and metal chalcogenides,
such as CdTe,” copper indium gallium diselenide (Culn,_,.
Ga,Se, or CIGS),*"** copper indium gallium selenide
sulfide Cu(In,Ga)(Se,S), (CIGSSe),>* CdTe/CdS or CdS/PbS
heterojunctions,”* and Cu,ZnSnSe, (CZTSe)."> Thin-film
solar cells are characterized by some peculiar (opto)electronic
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features, such as nearly ideal E, for sunlight absorption
(~1.4 eV, according to the S-Q limit for single-junction SCs*®)
and absorption coefficient (¢) (>10° cm™') over a wide
spectral range (Fig. 1a and inset panel).*”*® For example, CdTe
has E, of 1.44 eV and « of ~1.115 x 10° cm ™', while CIGS has
E, in the 1.0-1.6 eV range and « > 1 x 10° cm ™ '.° In addition,
both materials are direct-bandgap semiconductors, which
implies that they can efficiently absorb above-E, light with a
thin-film layer (~1-2 pm).*> Based on the aforementioned
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(a) Light wavelength (1) dependence of the absorption coefficient () at room temperature (RT) of some semiconductor materials used in PV

technologies. The inset shows the maximum theoretical solar-to-energy conversion efficiency (i) 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.

(opto)electronic properties, CdTe and CIGS TFSCs reached 7
exceeding 19%°" and 22%,® 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),”" dye-sensitized solar
cells (DSSCs),”** quantum dot solar cells (QDSCs),>>™’ organic-
inorganic hybrid SCs,*®**® and perovskite solar cells (PSCs).** >
Organic solar cells are based on conjugated polymers or small
molecules for light absorption and charge transport,> DSSCs use
an electrolyte as the charge transporting medium,**>* QDSCs
exploit solution-processed nanocrystals (quantum dots (QDs)) as
the light-harvesting material,”>™” hybrid SCs mix both organic and
inorganic materials as the photoactive component,*®*>® and PSCs
are based on organic-inorganic halide perovskites material (e.g.,
CH;3;NH;PbX;, where X = Cl, Br, I or their mixture) as the
photosensitizer.®®~*>

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),***> with 7 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
E, in the 1.0-2.0 eV range to absorb sunlight in a wide spectrum
range.*® Moreover, it should have high charge carrier mobility
(1)°® and should be compatible with one or the other material
constituting the cell architecture to form reliable electrical
connections.”” Notably, the optical penetration depth (),
(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 (¢). In fact, J;, can
be approximated to « ', in agreement with the Lambert-Beer

This journal is © The Royal Society of Chemistry 2021

law: T = (I/I,)-e ™, in which T is the optical transmission, while
I and I, are the intensity of transmitted and incident light,
respectively.’® Consequently, the most appropriate ¢ value of
the photoactive material should be as close as possible to the
value of o™, to facilitate charge transport toward the external
circuitry, without significant charge recombination losses.
Following the research effort on graphene,®””° the develop-
ment of other layered two-dimensional (2D) materials (named
graphene-related materials (GRMs)),”"”> 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 (R, ~ 6.45 kQ [11),” excellent optical
transparency in the UV-to-IR region (T; > 97.7%),”* high intrinsic
strength (~130 GPa), high Young modulus (~1 TPa), high
electron mobility (i) (>10° cm® V' s71),”" large specific surface
area (SSA) (~2630 m* g "),”* and excellent chemical stability and
catalytic activity toward photo(electro)chemical cell-related
redox reaction.””””” Moreover, the (opto)electronic properties
of graphene can be tuned via its chemical functionalization
processes.”®®® In this context, graphene oxide (GO) (i.e., gra-
phene with C-O bonds and functionalities, such as -OH, C—=0,
and COO- groups)®*"®* or reduced graphene oxide (RGO),** as
well as mono- and few-layered GRMs, exhibit electronic® ¢ and
optical properties®”®® that are complementary to the graphene
ones. Among GRMs, transition metal dichalcogenides (TMDs)
with the general stoichiometry of MX,, 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.**" For example, together with graphene and gra-
phene derivatives, TMDs are becoming attractive candidates as
electron/hole transporting materials in several types of SCs>

Chem. Soc. Rev., 2021, 50, 11870-11965 | 11873
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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., SiyGe;_x,
Al,Ga;_,)—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.

due to their electronic structure capable to optimize charge
transport toward the current collectors.”*** Overall, the field of
2D materials is an ever-expanding research area, and new GRMs
(e.g., metallic group-V TMDs,”*>°
genides (TMMs),%”*® MXenes,’>'*° silicene,'®" phosphorene,
antimonene,'®® bismuthene,'**'* arsenene,'®® and graph-
diyne'®”'%) 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 materials'®®
and 2D perovskites."'®"'! In their review article,"** Liu et al.

transition metal monochalco-
102

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 processing®
represents an ideal platform for the advancement of PV techno-

3,113

logies. In fact, liquid-dispersed 2D materials can be produced
with on-demand morphological properties, i.e., lateral size’*'*®
and thickness"'®"'® by exploiting sorting, or can be chemically
modified to tuning the (opto)electronic properties.'’® Moreover,
2D materials produced by solution processing can be used for the
realization of composites,’*® ie., blending with polymeric
matrices, and the production of films by means of several coating
techniques, such as inkjet"*"'** and screen'**'** printing, drop**
and dip'® casting, and spin**”**® and spray'*>'*° 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

11874 | Chem. Soc. Rev., 2021, 50, 11870-11965

lead to a reduction in the levelized cost of energy (LCOE) of
current PV technologies (less than 5 US cents kW h™*)"*'7'%3 to
compete with fossil fuels."**"3*

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.*
Owing to its unique physical and chemical properties,” it became
highly attractive for fabricating conductive and transparent thin
films,” even though numerous other (opto)electronic’® and
ECS>'%" applications exist. Graphene can be considered as the
starting material for all fullerene allotropic dimensionalities,

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Schematic of the honeycomb graphene network as formed by
C atoms and bonded basal ¢ bonds perpendicular to & 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.

including spherical buckyballs (zero-dimensional, 0D), one-
dimensional (1D) carbon nanotubes (CNTs), further categorized
in single- and multiwalled CNTs (SWCNTs and MWCNTSs,
respectively) depending on the number of graphene layers, as
well as charcoal and graphite.'*®

Graphene nanoplatelets (GNPs), i.e., flakes of functionalized
graphene with a thickness ranging from ~2 to ~15 nm and a
lateral size ranging from the submicrometer scale to 100 um,"*”
and (R)GO, obtained by chemical/thermal processes,**% are
the most frequently used graphene derivatives for large-scale
industrial applications, including composites'**™** and ECS
devices.>?714>14%147 There is a large number of studies that
detail the properties of GRMs.”""3”'4® 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)"*®'* and charge carriers that can be regarded as mass-
less electrons or Dirac fermions."*® Electron mobilities exceeding
2 x 10° em® V' 57" at charge carrier densities of ~2 x 10" cm >
have been reported by Bolotin and co-workers by suspending SLG
above a Si/SiO, gate electrode."® However, it has been shown that
graphene on SiO, has a p value that is limited by scattering from
charged surface states and impurities,””*** SiO, surface optical
phonons,'**'>* and substrate surface roughness.'>> " By searching
for alternatives to SiO,, 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,'>®
represents an ideal, flat dielectric substrate for graphene.'”*'®
Thus, graphene on h-BN can reach a p. value exceeding 6 X
10° em® V' s71,"*° which is 3 times higher than those shown on
SiO,. These results suggest graphene to be an ideal channel material
for the fast transport of charge carriers in nanostructured and thin-
film electrodes.'®"'®* As a comparison, u of graphene is ~ 200 times
higher than that of Si (~1400 cm® V' s~ *).'%
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Graphene, owing to its mechanical properties (i.e., flexibility
and stretchability),” is an ideal material to fabricate flexible
and ultralight devices.'®*™®” It is important to highlight the
dependence of the (opto)electronic properties (e.g., Rs and T;)
on the number of graphene layers. In fact, by investigating the
dependence of the T, value of graphene on the number of
layers, Nair et al'®® reported that the opacity of graphene
increases by ~2.3% for each added layer. Moreover, Li and
co-workers'®® measured a R, value that varies from 2.1 kQ O~ *
to 350 Q 00!, moving from SLG to 4-layer graphene, while T, is
reduced to ~90% (at 2 = 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 R, large SSA, and high x and T; 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 MoS, and WS,, and
phosphorene), metals (e.g., TiS, and several group-5 TMDs,
such as 2H- and 3R-TaS,, 2H- and 3R-NbS,, and 1T-VSe,), and
even superconductors (e.g., 2H-NbSe,) and charge density wave
materials (e.g., 1T and 2H-TaS,, 1T- and 2H-TaSe,, 2H-NbSe,,
1T-VS,, and 1T-VSe,) at low temperatures.'”®""”? In addition, 2D
materials, such as Bi,Te;, Sb,Te;, Bi,Se;, SnTe, and even
graphene, can display unique symmetry-protected helical metallic
edge states with an insulating interior, yielding so-called topo-
logical insulators."’*'”> As for graphene, research on other
GRMs, including TMDs,"”®'7” TMMs,"”*'®" transition metal
oxides (TMOs),"®> monoelemental 2D materials (silicene, phos-
phorene, germanene, stanene, borophene, gallenene, arsenene,
antimonene, bismuthene, plumbene, selenene, and tellurene), 85
and MXenes,'®* 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.’”*”"'%¢ 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,"8”'%*
which have been foreseen to design the next generation of PV
devices.*® In particular, the so-formed heterostructures are held
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Fig. 4 Sheet resistance (Rs) and transmittance (T,) of a graphene (film) as a
function of the number of stacked graphene layers. Adapted from ref. 169,
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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."®° The stacking of different GRMs can lead to a
series of synergistic effects, such as'® (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."*"'** In addition, the combination of 2D materials
with different work function (¢v) values (such as MoS, and WSe,)
enables photoexcited charges (electron and holes) to be accumu-
lated in different layers, resulting in indirect excitons with long
lifetimes and tunable binding energies.'**'** At the atomic scale,
p-n junctions (e.g., GaTe/MoS,) have been created to provide
highly efficient carrier separation, reaching external quantum
efficiency (EQE) higher than 60%."> The exciting and vast topic
of 2D material heterostructures is subject of relevant reviews, for
which we refer to more in-depth discussions.'®”:*°%9¢1% 1p 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,?*2%*
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.” 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).%°>
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.>’> 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
(>10000 S cm™").°® Based on our experience, an as-deposited
film of pristine graphene flakes typically shows a conductivity
lower than 10 S cm ™, 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
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higher than 100 S cm™".?°® 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.>*®*°” The application of pres-
sure, as well as thermal treatments, can further increase the
conductivity of graphene flake films.>*®*°° In fact, compression
treatments make the graphene-based films denser by decreasing
the distance between flakes.?’® Meanwhile, thermal treatments
can decompose or even evaporate the binders and/or surfactants,
which limit the conductivity of the film.>*® 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.'*®*'*>'> 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.”’°>" In the context of PV applications,
nonlayered materials display fascinating properties, which can
complement those of GRMs.*** In particular, the presence of
structural distortions, surface dangling bonds, and coordinated-
unsaturated surface atoms can promote rapid interfacial charge
transfer,”'* 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.'®®*'* Example of 2D
nonlayered materials are oxides/hydroxides (e.g., o-FeOOH,>'*
CoOOH,>" Ti0,,"* y-Ga,03,2'® Fe,0;,2"” C0;0,,>'” Mn,0;,>"”
and mixed oxides such as ZnMn,0, (ZMO),*"” ZnCo,0,,>"”
NiC0,0,,>"” and CoFe,0,>"), sulfides (e.g., Ga,S;,>'® ZnS,*"*
NiS,*'® FeS,,”"® and CuFeS,**°), selenides (e.g., In,Se;>*! and
ZnSe*??), tellurides (e.g., ZnTe),*®* Ni-B oxide,>** y-CuBr,**®
Cul,**® In1,**” Pbs,*" carbonates (e.g., CaCos;, ZnCO3;, MnCOs,
FeCOj3, and PbCO;),*'* as well as elemental Ge,**® Bi,>****°
Te,”*" and Se.>®” In this list, In,S; is a direct-bandgap semi-
conductor in both monolayer and few-layer forms,?** leading to
a significantly different behavior compared to group-6 TMDs.
Other 2D nonlayered materials, such as Ga,S; and CuBr, exhibit
bandgaps of around 3 eV,”*>**® 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 CuFeS, exhibit bandgaps
of less than 1 eV,****®?*! 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 In,S;>**
and Ga,S;*'®), as well as theoretical high charge mobility
(e.g., electron mobility up to 252000 cm® V™ * s~ * for PbS).>**
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To date, 2D nonlayered materials have been demonstrated for
UV-sensitive photodetectors, reaching a responsivity of up to
3.3 AW for Ga,05,>*® 400 A W for «-Bi,O5, and 3.17 AW !
for y-CuBr.>*® In addition, visible-light photodetectors were
successfully achieved using CdTe nanoflakes (responsivity of
0.6 mA W '),>® ZnTe nanoflakes (responsivity as high as
453.9 A W 1),>*® and o-MnS (responsivity of 139 A W 1).>*®
PbS,**® ZnSb,?*® and Te**! nanoflakes were used for IR photo-
detection, reaching responsivity of 1621 A W', 89.2 A W,
and 13 A W', respectively. Finally, CuGaSe,>"' o-In,Te;,>*>
Pb,_,Sn,Se,*** Bi,*?**%° In,S;,2** CulnSe,,*** Te,* and Ge**® have
also shown attractive properties for broadband photodetection.'”
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.'® 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/Cu,S heterojunction with a
clear PV effect was realized via the cation-exchange protocol,
yielding an 5 value of 2.1% (despite a cell thickness of only
~30 nm).>*® Alternatively, GRMs have been used as an ideal
interface for the growth of 2D nonlayered materials.'®® Based
on this strategy, a PV device was fabricated by directly deposit-
ing a thin layer of MoO; onto MoS,, reaching an # value of
3.5%.2*” 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.'® 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 m*> g~ ).>*® The topic of MOFs is a research hotspot in
materials science, as comprehensively reviewed by several
recent literature works,***2*® 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
n-conjugation in their 2D planes promotes the delocalization
of charge carriers within the network, leading to high mobility and
conductivity,”>'>**> as well as providing additional possibility for
multifunctional electronic devices for the recently -called
“MOFtronics.””>* In particular, 2D ¢-MOFs can exhibit high
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stability together with tunable optoelectronic properties, (photo)-
electrochemical activity,”>*>*® ferromagnetic ordering,>*® and
topological states,”®’ yielding a potential source for SCs,
beyond their use in batteries**®*>*® and supercapacitors.?°>>%!
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.?®> Meanwhile, a Te-based 2D ¢-MOF was introduced
in PSCs to passivate the electron transporting layer (ETL) in TiO,,
while improving the morphology of the perovskite photoactive
film.>*®> Despite these promising results, the use of solution-
processed 2D ¢-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
¢-MOFs in cutting-edge SC technologies.

2.2.3 Two-dimensional carbon nitrides. By attempting to
open the zero E, 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 (C.N,),***
including the most prevalent ones such as graphitic carbon nitride
(g_C3N4)’Z65,266 CZN,267—Z69 C3N,Z7O’271 and C5N2-272 OWil’lg 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)®”>*”* and
(electrochemical) energy storage systems.””>>”” Beyond these
applications, 2D C,N,, also represents a promising class of
solution-processable materials for SCs, as testified by their use in
0SCs,*”®?”° DSSCs,*** %> and PSCs.***7*%¢ However, compared to
GRMs, the rational engineering of most 2D C,N, 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 C,N, 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 C,N, 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
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(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, MoOj3, 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
dw->%7*58 The latter can even be higher than 5 eV,**° similar to
that exhibited by common p-type materials used to extract
photogenerated holes.?*° Therefore, MoOj; can efficiently collect
holes from its CB through an electron injection mechanism.>
Furthermore, MoO; forms a highly p-type-doped interface with
active materials having ionization energies lower than ¢y of
MoOQ;, favoring the hole extraction process.?*2%* Similar to
MoO;, 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
devices”*®%?9129 inherently depend on the properties of the
8329 pifferent 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.??96729 Although proof-of-concept PV devices have been
demonstrated for exploiting micromechanically cleaved materials,”*®
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,®?*°®*®” 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,>*7*°°3% a key
process for the development of high-quality thin films with
both optical transparency and electrical conductivity.**”*%®
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.** For example, significant progresses have been

available materials.
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399 and on silicon

made in the growth of graphene on metals
carbide (SiC).5*310311

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.'®”*'>*"* However,
the growth of 2D materials by means of the aforementioned
synthesis routes is challenging in the case of nonmetallic
substrates.”™ 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,8%:297:3053157319 1y the wet-transfer process, the as-grown
2D material contacts the liquid during at least one step of the
process.®® 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.®*>2° 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.**"

Recent reports on the dry transfer of graphene using pick-and-
place techniques®** and exploiting h-BN as the 2D dielectric have
successfully achieved extremely high p (i.e., 350000 cm®>V "' s ") in
graphene.®*® 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,®***” 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.**® 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.®

The direct exfoliation of bulk layered crystals by LPE S
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.®*20>2%7,298331 The LPE process enables the for-
mulation of inks of GRMs in different solvents (Fig. 5a).**>** This
is the starting point for the reliable production of devices based on
printed technologies,**® as well as for targeting the industrial
fabrication of GRM-based devices, including SCs (Fig. 5b).>%°

Liquid phase exfoliation is a versatile technique and it has
been established for the exfoliation of numerous layered
materials,**®**° 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

328-330
1
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(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).

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).5**%

In general, the LPE process starts with the dispersion of bulk
crystals either in organic solvents**® or in aqueous solutions, the
latter with the aid of surfactants®>®*3%33934% or polymers.**!**?
The exfoliation process is commonly carried out by exploiting
cavitation®?***® or shear forces®** to produce single- and few-
layer materials.*** Ultrasonication-assisted exfoliation of bulk
crystals is the prototypical LPE method.??8329:3457349

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.>>® However, ultrasonication-assisted LPE is not a scalable
process, since it is a time-consuming process requiring several
hours.?®* Other approaches have also been proposed, such as ball
milling,*" > shear exfoliation,****** and microfluidization.**®3>°
All these approaches have pros and cons compared with the
ultrasonication method,”® even though some of the apparatus

This journal is © The Royal Society of Chemistry 2021

can yield high-throughput production of 2D materials for
industrial applications. Recently, Bonaccorso and co-workers
presented a novel approach to exfoliate layered crystals, ie.,
graphite, h-BN, and TMDs, based on the high-pressure wet-jet
milling (WJM) technique.**® 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.***%!
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 exfoliation®*832%3447348 qp
shear exfoliation.***2* By means of the WJM method, a pro-
duction rate higher than 2 L h™" of 2D crystal dispersion
(concentration: 10 g L™ ') 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.®***®* The 2D crystals obtained through
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WJM have already been used for a wide range of ESC appli-
cations***”! and composites,®”*> 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.*’”*”> 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.”’>’* These processes can be broadly classified in
two classes. The first one is the anodic exfoliation in the

11880 | Chem. Soc. Rev,, 2021, 50, 11870-11965

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.*”* 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.*”>””* 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,
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electronics, and ECS applications.>”>”* 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.?°>2” Thus, it is crucial
to obtain a fine adjustment of the morphological properties by
separating small from large flakes®” and thin from thick
ones.**® This step is typically performed using ultracentri-
fugation protocols.***7*%! In this context, exfoliated GRMs
can be sorted with respect to thickness and lateral size using
techniques based on ultracentrifugation in uniform media
(SBS)*** or density gradient media (density gradient ultra-
centrifugation (DGU)).**"

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., u, 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,**”**° impeding their aggregation.*”*°
However, the effect of such stabilizers could affect the electrical
performance of the assembled films.?*”*%3*%* 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.’®>*%° The instability issue, which might be valid
for 2D materials either grown by the bottom-up approach (e.g.,
CVD)**%7388 or produced by micromechanical cleavage,®*%%%
can be eliminated by introducing a solvent shell,>*> or residual
surfactants/polymers adsorbed onto the surface of flakes. Impor-
tantly, solvents or surfactant residuals may imply an intrinsic
doping of the flakes.”*> 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 oxide®!
(i.e., to produce GO).**3° In particular, graphite oxide can be
prepared by means of chemical processes that introduce functional
groups both at the edges (e.g;, COOH and C—0) and on the basal
plane (e.g., OH or epoxide groups).®®*> The occurrence of these
functional groups is fundamental toward the production of GO
using well-established methods, including thermal expansion,**
ultrasonication,** and stirring®** of graphite oxide. Moreover,
the presence of the aforementioned functional groups introduces
polarities®*> ™ that facilitate the dispersion of exfoliated graphi-
tic materials in aqueous solutions.*****® Although GO flakes can
have lateral sizes up to several microns,**® they exhibit a high
density of structural defects,**® which arise from the chemical
treatment disrupting the sp>-bonded network.®® Thus, in order to
restore both electrical and thermal conductivities of pristine
graphene, various strategies have been developed to reduce GO
flakes using either chemical®*” or physical***?**°° 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,
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with the demonstration of u exceeding 1000 cm®> V' s™' in
field-effect transistors with microwave-reduced GO.***

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,*®* spin,***™° spray,*°®*%® and rod”
coating; vacuum filtration;****'*> and inkjet,*******!¢ gravure,*"”
flexographic,*'® and screen*'® printing (including their roll-to-roll
(R2R) configurations).”®® 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).>*
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.'®” However, different from the transfer approach,
drop-on-demand printing could meet the large-scale fabrication
requirements of practical devices.>”> 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.”*' The proposed printed device, based on 2D material
heterostructures, has shown a u value of 0.22 cm? v 1 s 142
Despite these important achievements, the obtained p value is
rather low, meaning that further insights are still needed into the
assembly of such printed heterostructures.'®”*> 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.”®® Noteworthily, the surfaces of 2D materials are
strongly affected by both solvent and additive (i.e., stabilizers)
residuals,?®® 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.*****?7*2> 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., Ey).******™*** 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.*****° 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
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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:"*

(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.,

(i)

where I is the electrical current given by the SC, e is the
elementary charge (1.6021766208 x 10~ '° C), Py, is the power
of incident light, £ is the Planck constant, ¢ is the speed of light
in a vacuum, and 4 is the photon wavelength.

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

()
(hIZ;IA) x (1 =R)

(iii) the overall 5, defined as the ratio between the maximum
output electrical power (Pp,y) of the cell, and P, i.e.,

EQE(4) = (3.1)

IQE(2) = (3.2)

Pmax

P = (VOC X Isc % FF)

n= (3.3)

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

(Vmpp X Invpp)

FF =
(Voc x Isc)

(3.4)
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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.

where Vypp and Iypp are the voltage and current, respectively, at
the maximum power point (MPPT), defined as the voltage at
which d(1v)/dV = o.

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

This journal is © The Royal Society of Chemistry 2021

here, the FoM determining the quality of TCEs are also
reported and discussed. The quality of TCEs is mainly
assessed through two crucial parameters: Ry and Ty, which
should be <10 Q O~ " and >90%, respectively.”®> Moreover,
a trade-off between R, and T, is unavoidable for TCEs.
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To evaluate TCEs, the following semiempirical FoM has been
proposed:**®

_ I

(0]
H= R

(3.5)
where exponent x determines the required 7, value for a specific
purpose.

Notably, R; depends on both charge carrier density (Nq) and
@ (em® V7' s71),%7 as expressed by the following equation:

1

Ry=—— 3.6
s = Nat (36)

where ¢ is the thickness of the TCE film.

In order to describe the frequency dependence of the T
losses in TCEs,***™3° as well as the critical reflection at the air/
film/substrate interfaces,**' the following equation for T, has
been proposed (for thickness « A/2-m-ngym,, where ngy, is the
refractive index of the film):

1676y,2 1
To()) = — (3.7)
Rb(l + nsub) (1 _._é X 1 x GOPl)
R, (1 + nsub) Odc
In eqn (3.7), Z, is the vacuum impedance (377 Q);**” 6, and

g4 are the optical and electrical dc conductivities (also simply
referred to as o) of the material, respectively; and ngyp, is the
refractive index of the substrate. In eqn (3.5), the relationship
between T, and R, strongly depends on the ratio ¢4./0,p, Which
can be used as another FoM.**? A high value of c4./0,, implies
high T; (>90%) and low R, (<10 Q [0~ "), which are the desired
properties for a TCE.”®> In order to achieve commercial TCE
performance (R, < 100 Q 00" and T, > 90% in the visible
frequency range), an ideal value of g4c/oop > 35 is typically
required. It is noteworthy that o in the visible spectrum (o;s)
arises from the tail of the free-carrier absorption, as described

by Drude’s theory**® and is determined by

6’3 ]\/Yd)v2 (3 8)
Ayig = ——F———F7——= .
YT An2e063 |\ oo ierr?

The latter equation shows the direct proportionality between
ovis and Ng/u. This evidences that o, can be reduced by
decreasing Ng and increasing p, showing a strategy commonly
adopted to design effective TCEs.

In addition to Rs and T, 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.*>***” The latter include the series resistance
comprising Ry of TCE and contact resistance of the cell; the
transport resistance of electrons in the TiO, film (RTioz); the
resistance at the TCO/TiO, contact (Ryco-tio,); the charge trans-
fer resistance of charge recombination between the electrons in
the TiO, film and ions in the electrolyte (R..); the charge
transfer resistance at the CE/electrolyte interface (Rcr); the
charge transfer resistance at the exposed TCO/electrolyte inter-
face (Rrco-electr); and the Warburg parameter, which describes
the Nernst diffusion of active ions in the electrolyte (Zg).
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Typically, Rcr is often dominant among multiple charge transfer
resistances. However, in large-area DSSCs, R; also significantly
determines FF losses.**® The smaller the Rg, the higher is the FF,
resulting in higher #7.*°°**' Concerning the electrocatalytic
activity of CE, Rqr can be explained in terms of current density
(J), as expressed by the following equation:

RT
Rer = — 3.9
o= (69)
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.***

4. OSCs

OSCs hold remarkable potential for low-cost, flexible PVs,
presenting both compatibility with R2R large-area fabri-
cation®**™** and impressive short-energy pay-back times.**®
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 # value of SCs,**”
as well as the overall performance of photoelectrochemical
cells.**®*** 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.*>>**” 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.**® All these properties
make the BHJ concept a landmark in OSC development, as well
as a plethora of other applications (e.g., photodetectors*>® and
biosensing devices***°%). Historically, the development of low-
bandgap polymers, interfacial engineering, and fabrication
techniques allowed BH]J to achieve 5 exceeding 9% for single-
junction cells*****” and 10% for tandem cells.**® More recently,
non-fullerene acceptors (NFAs) have dominated the OSC field
due to significant performance and stability improvements.**°
Compared with their fullerene-based counterparts, NFAs exhibit
tunable bandgaps that extend their light absorption in the NIR
region.®® In addition, their tunable energy levels can adjust the
energy-level alignments between the constituent layers in
0SCs to minimize the energy offsets, increasing the Voc.*®®
Lastly, their crystallinity can be easily tuned to finely control the
photoactive-layer morphology, improving the device stability.*’**">
Nowadays, state-of-the-art OSCs exhibit # values over 17% for both
singlejunction cells and two-terminal tandem cells, mainly due to
the rapid developments of NFAs, as well as advanced device
engineering.””**”” In particular, the combination of low-bandgap
donors and NFA-enabled OSCs has resulted in the achievement of
record efficiency of 18.3%."7®

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,

This journal is © The Royal Society of Chemistry 2021
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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 MoS, and WS, have been
investigated as HTLs. Graphene-based molecules, WSe,, and MoSe; 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.

GRMs have been used to fulfil several functions (Fig. 7) such
as (a) transparent front electrode (ie., TCE)*’°™*%" or back
electrode;****#* (b) electron acceptors in binary OSCs or additives
in ternary OSCs in the form of nanoflakes dispersed in donor-
acceptor matrices;****®>™%” (¢) ¢y-tuned HTLs/ETLs"%% 49
or interfacial layers in tandem OSCs.***™% 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., R, < 10 Q O~ for 100 nm-thick
films)*°® and high T} (>80%) 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,*®® 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.*?”*%°
Alternative TCEs based on CNTs,”*>”°" metallic nanowires,>** and
conductive polymers®” have been proposed and used in OSCs.

This journal is © The Royal Society of Chemistry 2021

However, these TCEs exhibit high surface roughness and/or large R;,
which reduce the reproducibility rate of the devices.**>*
Alternatively, TCEs based on graphene rapidly emerged, and
several approaches have been implemented to decrease the R
values of graphene-based TCEs toward commercially competitive
values.” For example, Wang et al. reported poly(3-hexylthiophene):
[6,6]-phenyl C61-butyric acid methyl ester (P3HT:PCs;BM)-based
OSCs incorporating a TCE comprising 4-layer HNO;-doped
graphene prepared by a layer-by-layer transfer method.>** An y
value of 2.5% was obtained by the additional evaporation of a thin
layer of MoO; over the TCE in order to improve its hydrophilicity
and to tune its ¢y from 4.36 to 5.37 €V.>* Currently, the highest 5
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.*®* Notably, these
results have been achieved by applying a MoO; buffer layer onto
graphene-based TCEs.>®* More recently, # 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.>*® Although the
CVD is an efficient approach to produce effective graphene-based
TCEs,**” 7% 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
