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Abstract: Application of MXene materials in perovskite solar cells (PSCs) has attracted considerable
attention owing to their supreme electrical conductivity, excellent carrier mobility, adjustable surface
functional groups, excellent transparency and superior mechanical properties. This article reviews
the progress made so far in using Ti3C, Ty MXene materials in the building blocks of perovskite solar
cells such as electrodes, hole transport layer (HTL), electron transport layer (ETL) and perovskite
photoactive layer. Moreover, we provide an outlook on the exciting opportunities this recently
developed field offers, and the challenges faced in effectively incorporating MXene materials in the
building blocks of PSCs for better operational stability and enhanced performance.
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1. Introduction

Sunlight is identified as the most abundant, low-cost and clean energy source for
sustainably satisfying the energy requirements of society. Converting sunlight directly
to electricity using solar cells is the most efficient and practical way to harness energy
from sunlight. Among the various generations of solar cells being developed, those
based on Earth-abundant silicon (Si) are dominating the market with power conversion
efficiencies (PCEs) of over 26% and an average panel life expectancy of 25years [1-3].
However, the initial fabrication cost associated with Si solar cells is considerably high,
shifting the research focus on more affordable alternatives such as dye-sensitized solar cells
(DSSCs), quantum dot solar cells (QDSCs), organic solar cells (OSCs) and perovskite solar
cells (PSCs).

Among all these emerging PV technologies, PSCs are the most viable alternate offering
a comparable PCE to the mature silicon solar cells. In addition, their lower cost, adjustable
bandgap, low-temperature solution processability, lower exciton binding energy, high
light absorption coefficients, long charge carrier diffusion lengths, multiple options of
performance enhancement and significantly simpler mass production techniques bring in
added advantages that conventional Si based technologies lack [4-10]. Furthermore, unlike
conventional Si solar cells, PSCs also have high performance in diffused or dim lights,
making them ideal for indoor applications [11]. Since the first report on all solid state
PSC in 2012, the efficiencies have skyrocketed from 9.7% in 2012 to 25.5% in 2021, much
thanks to the development of various architectures, fabrication protocols, advancements in
materials, chemical compositions and phase stabilization techniques [12-15].

Although tremendous progress has been made in achieving state-of-the-art perovskite
solar cell, considerable gap still exists between the highest reported efficiency and its
theoretical maximum [16,17]. Moreover, questions are raised over stability issues of PSCs,
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as a thin film solar product must pass the IEC 61646 testing standards, regarding the
environmental stability before being commercially viable [18]. Currently, a great deal of
research is focused on optimizing the performance and enhancing the stability of PSCs.
Various approaches have been reported for performance and stability improvement of
PSCs such as use of solar concentrators, spectral modification, bandgap engineering,
interfacial passivation and modification, solvent manipulation, additive manufacturing,
compositional engineering and use of novel materials [19-28].

In the last couple of years many groups have reported promising applications of
Ti3C, Ty MXene materials in perovskite solar cells. First discovered in 2011 by Gogotsi and
coworkers, transition metal carbides or nitrides (MXenes) emerged as star materials and
have shown promising applications in various fields such as energy storage [29-34], cataly-
sis [35-40], health care [41-45], defense [46—48], aerospace [49-52] and electronics [53-56].
However, for solar cell applications this field is relatively new as the very first study of
MXene materials in perovskite solar cell was reported in 2018, where Guo and group
incorporated Ti3C, Ty as an additive in the photoactive layer of methyl ammonium lead
iodide (MAPDI3) based perovskite solar cells (PSCs) [57]. Since then, MXene fever has taken
the photovoltaic community by storm and its applications have extended from simple
additives in the photoactive layer and HTL/ETL to being used as electrode and HTL/ETL.

In view of the tremendous research interest attracted by use of Ti3C,Tx MXene in
perovskite solar cells; this short review aims to summarize all the work reported so far
on the incorporation of MXene in PSCs to improve solar energy harvesting and enhance
operational stability. We begin with a quick overview of the most common architectures of
PSCs. Moving forward, the focus of this review then shifts towards understanding all the
possible interactions of 2D MXenes within the PSCs by highlighting all the experimental
and theoretical studies reporting the incorporation of MXene in PSCs, with special emphasis
being placed on classifying them according to the major role these materials play in PSCs
such as additives, electrodes and HTL/ETL as shown in Figure 1. Furthermore, an outlook
on the opportunities this emerging field offers, and the challenges faced in effectively using
MXene materials in PSCs for improved operational stability and enhanced performance
is provided.

Figure 1. Incorporation of MXene in PSCs.

2. Structure of PSCs

PSCs can broadly be divided into two categories, the regular (n-i-p) structure and the
inverted (p-i-n) structure as shown in Figure 2. This classification of PSCs is based on the
charge transport layer (ETL/HTL) that is first encountered by the incident light. These two
types of architectures can further be divided into mesoscopic and planar structures, re-
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spectively. The mesoscopic structure incorporates additional mesoscopic layer acting as a
scaffold for the perovskite absorber to improve the charge collection, whereas the planar
structure consists of all planar layers [58]. Mesoscopic devices have structural similarity
with typical dye sensitized solar cells (DSSCs) and are the dominating device architecture
of PSCs. However, unlike DSSC a much thinner mesoporous layer is used in PSCs, where
the photoactive perovskite layer fills the interstice of mesoporous charge-transporting
layer before forming an overlayer on top of it. Compared to the complex mesoscopic
architecture, the planar structure of PSCs is much simpler and is better suited for flexible
devices because of its low temperature processing. Planar structure uses multiple stacked
thin layers, such as the photoactive perovskite layer is sandwiched between the HTL and
ETL. As the detail investigations of basic principles, fabrication protocols, materials and
methods of PSCs are beyond the scope of current study, for more details we encourage
readers to refer to recently published reviews [59-61].
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Figure 2. Four typical PSC architectures. Reprinted with permission from Ref. [58]. Copyright 2019
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

3. Applications of MXenes in PSCs
3.1. MXene as Additive in Photoactive Perovskite Layer, ETL and HTL of PSCs

Despite rapid improvements in the PCE, the performance of PSC is still limited by
excessive charge carrier recombinations inside the photoactive perovskite layer and at per-
ovskite/ETL, perovskite/HTL interfaces. To bridge the gap between current PCE and the
theoretical efficiency limit of PCSs, improvements in charge carrier management is critical.
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In addition, the inherent instability of perovskite in moisture and elevated temperatures
and poor device scalability must be overcome before mass production. In recent years 2D
nanomaterials with unique properties have been explored as additives in photoactive per-
ovskite layer or ETL/HTL of PSCs. To improve the crystallization and surface coverage of
perovskite films, additive engineering has proven to be an effective method. For example,
Hagfeldt and coworkers incorporated nitrogen doped graphene into the photoactive layer
of PSCs for affectively increasing the perovskite grain size and reducing recombinations
through surface passivation [62]. Other such fascinating recently explored 2D materials for
PSCs applications include g-C3Ny [63], WS, [64], MoS; [65] and black phosphorus [66].

Guo et al., were the first to report TizC, Ty as an additive into the photoactive layer of
PSCs (Figure 3a) [57]. The termination groups of Ti3C, Ty slowed the perovskite crystalliza-
tion rate, resulting in increased crystal sizes. Moreover, the superior electrical properties
of Ti3C, Ty enhanced the charge transfer dynamics of PSCs as can be seen in Figure 3b,
to achieve a power conversion efficiency (PCE) of 17.41% with Jsc of 22.26 mA cm 2,
which corresponded to 12% and 7.6% increase in PCE and Jsc, respectively, with respect to
the control device (PCE of 15.54% and Jsc of 20.67 mA cm~2). This increase in PCE and
Jsc was attributed to the high electrical conductivity of MXene that resulted in superior
charge transfer dynamics, faster electron extraction and reduced recombinations. As can
be seen from Figure 3b, the charge transfer resistance Rct reduced from 7000 to 1800
() signifying the considerable increase in conductivity of perovskite film upon Ti3C, Ty
MXene incorporation.
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Figure 3. (a) Proposed nucleation and growth route of perovskite film with and without TizC, Ty additive (b) Nyquist plots
of 0 and 0.03 wt% Ti3C, Ty additive-based device measured in the dark with a bias of 0.7 V. Reprinted with permission
from Ref. [57]. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c¢) Proposed mechanism of preparing
high-quality two-step-processed Ti3C,Ty added perovskite films (d) Device architecture and energy level alignment.
Reprinted with permission from Ref. [67]. Copyright 2020 Elsevier B.V. All rights reserved.

One of the most important possible applications of 2D materials is the ability to
easily modify their electronic structure, such as bandgap or work function (WF) via suit-
able functionalization. The WF can be fine-tuned as per need resulting in optimal en-
ergy level alignment for a perfect energy offset between the perovskite active layer and
ETL/HTLs, eventually inducing built-in potential for efficient charge transport dynam-
ics [68]. Agresti et al., incorporated TizCy Ty MXene in MAPbI3 PSCs to favorably adjust
the WF of perovskite film and ETL, improving the PCE by 26% as compared to Ti3C, Ty free
control devices [68]. Di Vito and group performed first-principles calculations based on
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DFT on Ti3Cy /MAPDI; perovskite coupled system and linked the WF tuning with varying
the relative concentrations of OH, O, and F MXene terminations, and concluded that OH
groups have the strongest effect in lowering of WF [69].

Recently, Zhao et al., reported MXene nanosheets as multifunctional additive into
Pbl, layer during the first step of CH3NH;3Pbl; formation. Such an introduction of MXene
nanosheets into Pbl, facilitated a complete transformation of both reactants (Pbl, and
CH;3NH3l) into CH3NH;3Pbl; during the second step of MAPbI; formation, leaving no
residue Pbl, in the perovskite film and enlarging the grain size of perovskite [67]. In ad-
dition, the incorporation of Ti3C, Ty nanosheets in perovskite layer increased the WF of
MAPDI; by 0.3 eV shifting it from 3.82 eV to 4.12 eV, rendering the conduction band (CB) of
MAPDI3-Ti3C, Ty much closer to the CB of the ETL as can be seen from Figure 3d, resulting
in efficient electron extraction. As a result of the multiple enhancement effects of the
TizC, Ty MXene nanosheets introduction, the optimized device with Ti3Cy Ty dosage of
0.03 wt%, achieved a champion PCE of 19.27% with a Vpoc of 1.12 V, a Jsc of
23.48 mA cm 2 and a FF of 0.736, which corresponded to almost 18%, 3.7%, 9% and
4.3% increases in the PCE, Vo, Jsc, and FF, respectively, as compared to the pristine
PSCs (16.54%).

In 2020, Zhang and group reported the synthesis of MAPbBr; nanocrystals (NCs) on
the surface of few-layer MXene (Ti3C,Ty) nanosheets forming heterostructures employing
an in situ solution growth method [70]. The heterostructures, ensured efficient electron
injection from the MAPbBr3 NCs to the Ti3C, Ty MXene because of the well aligned energy
levels. In a first for its kind, Chen et al., utilized ultrathin Ti3C, Ty quantum dots (TQDs) for
dual interfacial modifications, simultaneously engineering the photoactive absorber and
the perovskite/TiO, ETL interface, as can be seen in Figure 4a [71]. PSCs were fabricated
employing ¢-TiO; /m-TiO,-TQD/TQD-perovskite /Spiro-OMeTAD-Cu; gS architecture to
enhance the PCE and stability of devices simultaneously achieving a champion hysteresis-
free PCE of 21.64% with significantly higher long-term air and light stability compared to
18.31% for control devices. The electrochemical impedance spectroscopy (EIS) study of
devices revealed that addition of TQD in perovskite layer and ETL significantly increased
the charge recombination resistance (Rrec) from 613 Q) for control device to 993.7 () for
optimized device. The improved performance was attributed to several factors such
as suppressed charge carrier recombination because of the well-matched energy levels
(Figure 4e), facilitating electron extraction efficiency at the semiconductor/perovskite
interface and reduced trap state densities within the perovskite film, resulted from the
effective passivation of TQD toward grain boundaries.

Spiro-OMeTAD

-5.1 eV

& v Au
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Figure 4. (a) PSC architecture. (b) Schematic structure and TEM image of Cu; gS. (¢) Schematic
structure and TEM image ofTi3Cp QDs. (d) Cross-sectional SEM of a complete device. (e) Energy
diagram of each layer in PSCs. Reprinted with permission from Ref. [71]. Copyright 2020 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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As a new field, the full potential of MXene materials in PSCs is yet to be explored.
However, different groups reported unique strategies of benefitting from the superior
electrical conductivity offered by 2D MXene materials. One such attempt was made
very recently by Zhao and group, reporting a charge behavior modulation in PSCs by
simultaneous use of 2D TizC; nanosheets and 0D Ti3C, QDs in ETL and perovskite layer
respectively [72]. While the introduction of Ti3C, QDs into the perovskite layer effectively
passivated the defects of perovskite film, addition of Ti3C, nanosheets into the TiO,
ETL significantly increased the electron mobility and extraction rate. Hence, the device
based on 0D TizC, QD-modified photoactive layer and 2D TizC, nanosheets-modified
TiO,-ETL achieved a PCE of 17.1%, while the control device only delivered a PCE of
12.0%. Jin et al., introduced 2D TizC, T, MXene nanosheets as nanosized additives in 2D
Ruddlesden-Popper PSCs. Thanks to the enhanced crystallinity, optimized orientation,
lower charge transfer resistance and passivated trap states, the PCE, Voc, Jsc and FF of 2D
PSCs increased from 13.69%, 1.09 V, 18.84 mA cm 2, and 66.7% (control device without
any MXene additive) to 15.71%, 1.11 V, 20.87 mA cm 2 and 67.84%, respectively [73].

Yang et al., reported SnO;-TizC,; MXene nanocomposites as electron transport layers
(ETLs) in planar PSCs [74]. SnO, with different Ti3C, MXene weight ratios (0, 0.5, 1.0,
2.0, 2.5 wt.%) was used as ETL and PSCs with ITO/ETL/MAPbI3/Spiro-OMeTAD/Ag
configuration were fabricated. The addition of TizC, Ty, enhanced the conductivity of ETL,
facilitating electron transport. Moreover, the addition of TizC, T, optimized the energy
level alignment further enhancing charge transport dynamics and reduced recombinations.
The optimized device with 1.0 wt.% TizC, achieved overall PCE of 18.34%, corresponding
to an increase of 6.4% compared to the PCE of control device without TizC, Ty addition
(17.23%).

Huang and coworkers took the work of Yang et al., a step further by surrounding the
2D Ti3C, Ty sheets with 0D anatase TiO, QDs to form effective TiO, /SnO; heterojunctions,
which they named a multi-dimensional conductive network (MDCN) structure, as can be
seen in Figure 5b,c [75]. Due to the favorable energy-level alignment (Figure 5d) between
the ETL, mix cation (FAPbI3)¢97(MAPbBr3)g 03 perovskite and the FTO, an enhancement
of PCE from 16.83% to 19.14% was achieved. Moreover, the Vo, Jsc and FF increased
from 1.07 V, 24.07 mA cm~2 and 73.61 to 1.1 V, 24.52 mA cm~2 and 77.97, respectively.
In addition, the MDCN-incorporated device exhibited superior moisture-resistance and
retained almost 85% of the initial performance even after 45 days in 30—40% humidity.
This superior stability was attributed to an oxygen vacancy scramble effect.
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Figure 5. (a) Synthesis process for perovskite layer with MDCN ETL (b) PSC structure employing
MDCN as ETL (c) Cross-sectional SEM image of a complete device with MDCN-0.02 ETL (d) Energy
diagram for a working device with potential ETLs signed in the dotted box Ref. [75].
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Very recently, Yang et al., reported the modulation of perovskite crystallization rate
using MXene QDs-modified SnO, ETL [76]. The TizC, Ty QDs-modified SnO, (MQDs-
SnO;) ETL effectively modulated the crystallization rate by rapidly inducing perovskite
nucleation from the precursor solution, producing an intermediate phase upon anti-solvent
treatment. This process considerably improved the crystal quality and enhanced the phase
stability of the as-fabricated perovskite film. Moreover, the addition of MXene QDs in
SnO; added extra advantage of superior charge extraction of the ETL, providing a PCE of
up to 23.3%, with outstanding stability of over 500 h against humidity and light soaking.
The same group also reported using Ti3Cy Ty nanosheets incorporated TiO, as ETL for
CspAgBiBrg double-PSCs [77]. Not only did the incorporation of Ti3C, Ty nanosheets in
TiO, improved the electrical conductivity and electron extraction of ETL, but also modified
the surface wettability of ETL to promote optimized and efficient crystallization of double
perovskite layer. Owing to these beneficial effects the modified device yielded a hysteresis
free PCE of 2.81% and remained stable for more than 15 days under ambient conditions.

In 2021, Saranin and coworkers doped MXenes into both the photoactive perovskite
layer and ETL in NiO-based p-i-n PSCs, simultaneously tuning the energy level align-
ment at perovskite/charge transport layer interfaces and passivating the traps states
within the device, resulting in improved charge collection/extraction at the electrodes.
PSCs having NiO/MAPbI; /PCBM/bathocuproine (BCP)/Ag structure were fabricated
with Ti3C, Ty MXene doped in both PCBM and perovskite layer (Figure 6a). Thanks to the
optimized energy level alignment (Figure 6b) and suppressed trap states, the MXene-based
improvised devices achieved superior performance, with 19.2% PCE and significantly
improved stabilized power output as compared to control devices [78].
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20 e -
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Figure 6. (a) Schematic representation of MXene-based p-i-n PSCs (b) energy level diagram for a PSC. Reprinted with
permission from Ref. [78]. Copyright 2021 Elsevier Ltd. All rights reserved.

Incorporating TizC, Ty into the HTL can also have a profound impact on device
performance as was demonstrated recently by Hou et al., for organic solar cells (OSCs).
Where addition of TizC, Ty MXene into the HTLs improved device performance by 11% [79].
Not only did the addition of TizC,Ty MXene into PEDOT:PSS achieved better PCE, it also
improved the long-term stability compared to Ti3C, T, free based devices. Although these
results prove the promising prospects of PEDOT:PSS/TizCy Ty composite films in highly
efficient and stable photovoltaic devices, to the best of our knowledge, no such study has
been undertaken for PSCs to explore the addition of MXene into HTL of PSCs. The use
of 2D MXene materials as additives in perovskite active layers and ETL/HTL is still in
its early stages of development. There’s still a lot to be done in order to enhance the PSC
efficiency. However, we believe a significant breakthrough in this cutting-edge technology
can be expected in the near future.
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3.2. MXene as an ETL/HTL in PSCs

Electron transport layer (ETL) and hole transport layer (HTL) play an important role
in improving the photovoltaic performance and stability of perovskite solar cells (PSCs).
The ETL essentially has the vital role of collecting and transferring the electrons from
the perovskite layer and block the backflow of holes, effectively separating charges and
suppressing charge recombination [80]. The major role of HTL is to extract and transport
the holes from the photoactive perovskite layer to the electrode, simultaneously acting
as an energy barrier preventing the transfer of electrons to the anode. In addition, the
HTL effectively separates the photoactive perovskite layer from the anode and isolates
the moisture in the air, enhancing the stability of PSCs by suppressing degradation and
corrosion [59]. The charge selective transport layers are critical not only in the extraction
and transport of charge carriers, but also in the optimization of perovskite thin film growth
in those high-efficiency PSC devices. Furthermore, they are critical to the scalability
and stability of devices. In general, efficient PSCs have two key interfaces, such as the
ETL/perovskite heterojunction interface and the perovskite/HTL interface, which should
both ensure effective charge collection and separation [81]. Inefficient charge transport can
result in inhomogeneous charge accumulation and significant interfacial recombination,
whereas a high-quality ETL and HTL not only collects and transfers charge carriers, but
also effectively separates charges and suppresses charge recombination. As a result, it is
crucial to develop and manufacture high-quality ETLs and HTLs in order to ensure efficient
charge transfer and consequently ensure efficient photovoltaic performance of devices.

Due to the outstanding intrinsic properties of Ti3Cp Ty MXene material, such as very
high conductivity, adjustable surface functional groups and easily tunable WF, its poten-
tial application as ETL/HTL in PSCs have recently attracted significant research interest.
In 2019, Chen et al., reported a novel architecture incorporating the Ti3Cp-MXene into the
CsPbBrj perovskite to fabricate a HTL-free inorganic PSC with (FTO/TiO,/CsPbBrs/TizC;-
MXene/C) structure. The 2D TizCo-MXene interlayer served the function of HTL by ensur-
ing improved energy level alignment between the perovskite film and carbon electrode and
accelerated the hole extraction. The introduction of Ti3Cy-MXene significantly enhanced
the hole extraction while simultaneously blocking the electron from reaching counter
electrode. Additionally, the functional groups of TizC, T, well passivated the CsPbBrs
grains, resulting in reduced trap defects in the perovskite film. The cell without TizC,-
MXene interlayer achieved a poor PCE of 8.21% with Voc of 1.423 V, a Jsc of 7.96 mA
cm~2 and a FF of 72.48%. Increased charge carrier recombinations at the interface were
identified as the primary cause of lower efficiency. In contrast, thanks to a much reduced
energy level mismatch, enhanced hole extraction rate and suppressed recombinations, the
CsPbBr3/TizCy-MXene based device achieved a high PCE of 9.01% (Voc of 1.444 V, Jsc of
8.54 mA cm~2 and FF of 73.08%) with a surprising long-term stability of over 1900 h [82].

In the same year, Yang et al., reported the use of surface-modified metallic Ti3C, Ty
MXene as ETL for planar PSCs, as can be seen from Figure 7a,b [83]. Using UV-ozone
treatment, the WF of TizC,T, MXene was downshifted from —5.52 to —5.62 eV, as shown
in Figure 5c. Devices fabricated employing 30 min UV-ozone treated TizC, Ty nanosheets
as ETL resulted in a high PCE of 17.17%. It was observed that the UV-ozone treatment of
TizC, Ty improved the TizC, Ty /perovskite interface properties because additional oxide-
like Ti-O bonds were formed on the surface of Ti3C,Ty. In addition, the downward shifting
of WF because of the treatment, made the TizC,Ty more efficient towards transmitting
electrons and blocking holes, eventually reducing recombination, leading to much higher
PCE than those without the UV-ozone treatment. EIS was used to gain better insight into
the charge transport mechanism of the devices, which revealed the smallest charge transfer
resistance of 27.86 ) for the device with 30 min UV-ozone treated TizC, Ty as compared to
all other devices.
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Figure 7. (a) Device architecture of based on TizC, Ty with UV-ozone treatment as ETL (b) cross sectional SEM image of the
PSC device (c) schematic energy-level diagram of each layer. Reprinted with permission from Ref. [83]. Copyright 2019
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (d) Device configuration. (e) Cross-sectional SEM image of device.
(f) Flat-band energy level diagram. Reprinted with permission from Ref. [84]. Copyright 2020 American Chemical Society.

Very recently, Yang and group used a similar approach of WF modifications by
oxidation of Ti3C,Ty in air and employing them as ETL in PSCs [85]. Oxidation of
Ti3C, Ty formed Ti-O bonds significantly improving the interface properties of the MX-
ene/perovskite junction and reduced the macroscopic defects in the photoactive layer spin
coated ontop of MXene layer. At light oxidation, while the metallic character of Ti3C, Ty
remained similar, the WF shifted from —5.35 to —6.88 eV, owing to the newly formed TiO5.
However, at heavy oxidation a transition from metallic material to semiconductor was
observed. When PSCs were fabricated using a mix of oxidized and pristine Ti3C,Ty as ETL,
a much better alignment of energy levels between ETL and perovskite layer was obtained,
rendering a very high PCE of 18.29%.

In 2020, Wang et al., reported a champion stabilized PCE of 20.65% with a Voc of
1.11 V and highly improved Jsc of 24.34 mA-cm~2, by introducing a thin layer of TizC,Ty
MXene between the SnO, ETL and electrode of PSC [84]. As can be seen from Figure 7f,
the introduction of TizC,Ty MXene layer between SnO, ETL and electrode optimized the
conduction band alignment, resulting in improved charge transfer kinetics and better
performance. A lower series resistance of 2.98 Q).cm 2 was obtained for MXene-modified
device compared to the 3.84 Q).cm 2 of control device. Furthermore, the incorporation of
MXene resulted in much smoother and hydrophobic surface of SnO, ETL compared to
SnO, surface without underlying MXene, thus facilitating growth of uniform and defect
free perovskite films with significantly low trap density. Thanks to the synergetic effects
introduced by MXene layer, such as significantly reducing non-radiative recombinations,
improving homogeneity and suppressing carrier transport loss, the fabricated device
achieved a stabilized PCE of 20.65%, which was almost 8.6% higher than that of the control
device without MXene thin layer (19%).

To suppress MXene oxidation at elevated temperatures and further improve the con-
ductivity of MXene within the PSC, very recently, Bati et al., introduced MXene-CNTs
hybrids between SnO, ETL and perovskite layer [86]. It was revealed that the synergetic
effects introduced by MXene and metallic SWCNTs hybrids and the reduced trap den-
sity resulted from introduction of MXene-CNTs hybrids can significantly optimize the
SnO, /perovskite charge dynamics. When the ratio of MXene/m-SWCNTs was kept at
2:1 w/w, a champion PCE of 21.42% was recorded with an astonishing increase observed in
fill factor (FF) from ~0.69 to ~0.80, whereas the RcT decreased substantially from 165 () to
33.5 ). From the above discussion it is evident that MXene material is an ideal substitute
for the ETL and HTL materials currently in use for PSCs. The use of MXene not only proved
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(a)

beneficial for a fast charge collection/extraction dynamics, hence providing a much better
PCE, it also effectively isolated the perovskite layer from the humidity in turn improving
the stability and shelf life of devices.

3.3. MXene as an Electrode in PSCs

An electrode is one of the major constituents of a PSC governing the process of charge
collection, playing a key role in long term stability, and determines the total cost of device.
Some of the recently reported electrode materials for PSCs include metal thin-film electrode,
nano-structured metal electrode [87], graphene electrode [88] and carbon electrodes [89,90].
Ti3C,Tx MXene emerged as the most suitable choice for potential application as electrode
in PSCs because of its many excellent properties such as high intrinsic electrical conductiv-
ity [91], high optical transparency [92], outstanding biocompatibility, remarkable flexibility,
environment-friendliness and adjustable WEF [93].

In 2019, Cao et al., reported the very first use of 2D MXene material (Ti3C,) as a
back electrode in hole transport materials and noble-metal-free PSCs [94]. A simple hot-
pressing technique was employed to form a direct interfacial contact between the MAPBI;3-
photoactive perovskite layer and the TizC, MXene electrode as can be seen in Figure 8a.
As is evident from Figure 8c, the WF of Ti3C; electrode (4.96 eV), matched very well with
the valence band of MAPbI;, facilitating charge transfer. After careful optimization of the
Ti3C; electrode, a high PCE of 13.83% with a Voc of 0.95 V, Jsc of 22.97 mA cm~2, and FF of
63% was obtained, which corresponded to almost 27% increase in PCE compared to that of
the reference devices using carbon electrodes. This enhancement in PCE was attributed to
a much better charge extraction capability and a much lower square resistance of the Ti3Cp
electrode compared to the carbon electrodes. Moreover, the seamless interfacial contact
between the MXene electrode and the MAPBI; perovskite film also helped improve the
overall stability of PSC based on MXene electrode.

(b)

Hot-) pru\lm. n,C,

I CH,NH,PbI,
v’g T o —— - CAM-TH,
—_— -

u rro

m-110, W Perovskite @ Ti,C, Copper tape

Figure 8. (a) Fabrication process of Ti3C, electrode-based PSC employing hot-pressing technique. (b) Cross-sectional SEM

image (c) Representative energy-level alignment of the PSC. Reprinted with permission from Ref. [94]. Copyright 2019
The Royal Society of Chemistry.

Very recently, Jiang and group reported a mixture of 1-D carbon nanotubes (CNTs), 2D
TizC;-MXene nanosheets and commercial carbon paste as electrode material in CsPbBrs-
PSC to achieve a respectable PCE of 7.09% [95]. Not only did the introduction of CNTs and
MXene effectively enhance the conductivity, it also provided a multi-dimensional route
for improved charge extraction and transport dynamics. Table 1 summarizes all the work
reported till date on the incorporation of 2D-MXenes in the building blocks of perovskite
solar cells. From the above discussion and Table 1, it can be concluded that introduction of
2D-MXenes (TisC,Ty) as additive in perovskite layer and ETL/HTL or its use as ETL/HTL
and electrode causes improvement of the chemical and electrical properties of the PSCs
due to their high conductivity, WF adjustment capability and improved charge collec-
tion/transport properties. The Ti3C, Ty also resulted in uniform and smooth perovskite
films with minimum trap state density, leading to improved performance with minimum
recombinations. Furthermore, in few cases the Ti3C, Ty layers helped isolate the sensitive
perovskite layer from outside humidity, considerably improving the shelf life and device
stability upon prolonged illumination.
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Table 1. Summary of the works reporting the incorporation of MXene (Ti3C,Ty) in PSCs.
Voc Jsc
FF (%) PCE (%) .
-2
Device Architecture Application Mode .(V.) (mA om ) Pristine/ Pristine/ Enhancen:ent m Year Ref.
Pristine/ Pristine/ I PCE (%)
mproved Improved
Improved Improved
ITO/SnO, /perovskite: Additive into the 1/ 20.67/ 75/ 15.54/ 12 2018 157]
Ti3C, T, /Spiro-MeOTAD/ Au photoactive layer 1.03 22.26 76 17.41 .
FTO/SnO; /perovskite: Additive into the 1.08/ 21.53/ 70.4/ 1169'4257/ 18 2021 [67]
Ti3C, T, /Spiro-MeOTAD/ Au photoactive layer 1.12 23.48 73.6 ) 7
FTO/c-TiO; +MXene/ .
. . Additive into the
m-TO; + Mxe“f/[/xl\g:/“e/ perovskite + photoactive layer and -/1.09 -/23.82 /776 -/20.14 265 2019 [68]
spiro-OMeTAD/Au ETL
c-TiO, /m-TiO,-TQD/TQD- Additive into the 18.36/
perovskite/ photoactive layer and -/1.13 -/23.64 -/77.5 21’ 7 18.18 2020 [71]
Spiro-OMeTAD-Cuy ¢S ETL :
FTO/c-TiO,/ Additive into the 12/
m-TiO,-2D MXene/ photoactive layer and 0.927/- 19.6/- 66.0/- 171 425 2020 [72]
perovskite-0D Ti3C; QDs/Spiro-OMeTAD/Au ETL :
ITO/Sn0; /(BA),(MA)4Pbsl6-TisC, Additive into the 1.09/ 18.84/ 66.7/ 13.69/ 147 021 73]
MXene/Spiro-OMeTAD/Ag photoactive layer 1.11 20.87 67.8 15.71 : -
ITO/SnO,-TizCy 1.05/
MXene/MAPbI; /Spiro-OMeTAD/ Additive in ETL 1.06 22238&/ 7725/ %ﬁ/ 6.4 2019 [74]
Ag . .
FTO/SnO,-MXene/ e 1.07/ 24.07/ 73.6/ 16.83/
(FAPbls)0.07(MAPbBr3)03/5piro-OMeTAD Additive in ETL 11 24,52 779 19.14 137 2020 (751
ITO/SnO,-MQDs/ perovskite/ e 1.14/ 24.26/ 75.8/ 20.96/
Spiro/MoO3/Au Additive in ETL 117 24.96 79.8 23.34 11.35 2021 76l
FTO/TizC, T, @TiO, (0.2 e . 0.93/ 329/ 65/ 2.0/
Wt%)/Cs, AgBiBrs /Spiro/MoOs / Ag Additive in ETL 096 414 70 281 405 2021 (771
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Table 1. Cont.
Voc sc o 0
FF (%) PCE (%) .
-2
Device Architecture Application Mode .(V.) (m/} on ) Pristine/ Pristine/ Enhancen:ent m Year Ref.
Pristine/ Pristine/ PCE (%)
Im d I d Improved Improved
prove mprove
Additive into the

. . 1.09/ 21.41/ 77/ 1797/
NiO/MAPbI; /PCBM/BCP/Ag photoactg;ﬁayer and 1.09 2588 77 19.20 83 2021 [78]

FTO/TiO,/CsPbBr3/ 1.423/ 7.96/ 72.48/ 8.21/
TiyC,-MXene/C As HIL 1.444 8.54 73.08 9.01 9.7 2019 821

ITO/Ti3C, T, /CH3NH;Pbl3 /
Spiro-OMeTAD/ Ag As ETL -/1.08 -/22.63 -/70 -/17.17 - 2019 [83]
ITO/HO-Ti3C, T, @Ti3C, T, /CH3NH;Pbl; /
Spiro-OMeTAD/ Ag AsETL -/1.07 -/23.11 -/74 -/18.29 23 2021 [85]
FTO/MXene-SnO, / Perovskite /Spiro- As separate layer 19/ )
OMeTAD/Au between $nO, and FTO /11 /2434 - 2065 86 2020 [84]
ITO/SnO,/ As separate layer
MXene:m-SWCNTs(2:1)/ Perovskite /Spiro- between perovskite and 11%4733/ 22457019/ 7830/ 12812142/ 13.7 2021 [86]
OMeTAD/Au SnO, ’ ’ ’
. 60/
FTO/TiO, /CH3;NH3Pbl;/ 0.84/ 21.39/ 10.87/ )

MXene As electrode 0.95 2596 63 13.83 27 2019 [94]

FTO/c-TiO, /CsPbBrs /C+ 1.250/ 5.81/ 65.68/ 477/
CNTs+MXene As electrode 1357 7.16 72.97 7.09 486 2020 951
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4. Prospects and Challenges

Application of MXenes in perovskite solar cells (PSCs) is an emerging field and has
opened a wide spectrum of research. Despite many significant developments, we believe
the reported work only represents the tip of the iceberg and many important discoveries
are on their way. Given the fact that within few years, more than 20 different MXenes
have been produced, many more can be expected in the coming years, with different
compositions, various surface terminations, variable band structures and adjustable work
functions. The possibilities are countless, promising huge potential for PSCs applications.

Going forward, we believe, apart from the experimental work reported so far, more
theoretical work is needed in order to gain insight into charge transport/extraction be-
havior and work function modification of new MXene compositions, MXene/perovskite,
MXene/ETL and MXene/HTL interfaces. Detailed investigations are desired on the impact
of MXene surface modifications, various termination groups, work functions modifications
and energy level alignment on the photovoltaic parameters of MXene-based PSCs.

MXene dopant concentration has a profound impact on the photovoltaic perfor-
mances of PSCs; therefore, the doping concentration must be optimized. For very low
concentrations no improvement is achieved in the uniformity and defects passivation of
perovskite films. However, a too high dopant concentration can adversely affect the quality
of perovskite films and result in a rougher film. Moreover, an optimized concentration is
necessary to achieve good crystallization of perovskite films such that the MXene must
be homogeneously distributed along the longitudinal and transverse directions of the
perovskite film.

The electronic structure of MXenes is dictated by the functional groups on the surface,
inevitably shifting the WF. An optimized energy-level alignment between the perovskite
and ETL can ensure effective charge transfer dynamics while simultaneously suppressing
the recombinations in the inner perovskite layer and at the different interfaces involved in
PSCs. A thorough investigation into understanding the fascinating phenomenon of work
function modification is required to unravel the effects of parameters such as synthesis
conditions, post-synthesis thermal /UV-Ozone treatment and chemical treatment.

Apart from the good flexibility and high electrical conductivity, MXenes should be trans-
parent in the photovoltaic response range of PSCs. Moreover, for commercial applications of
MXene in PSCs various issues must be considered, such as environment friendly incorporation
techniques that allow large scale production and stability under ambient conditions. Beside the
advantages offered by MXene in terms of material qualities and performance, methods and
procedures connected to fabrication of MXene must ensure competitive pricing, environmental
friendliness, long-term reliability and sustainable manufacturing.

5. Conclusions

The last decade has witnessed dramatic technological advancements in perovskite
solar cells (PSCs). The transition from traditional architectures to tandem structures, the
shift from single cation-based perovskites to mix cation perovskties, and the emergence
of low temperature fabrication techniques has all without a doubt proved beneficial in
enhancing the PCE/stability of PSCs, yet many challenges must be overcome before
mass production. Among the latest trends adopted for performance improvement of
PSCs such as solvent engineering, interface modifications, use of solar concentrators,
incorporating scattering effects, spectral modification and use of novel materials, the
use of 2D MXenes emerged as the most attractive and effective technique for real world
applications. Introduction of 2D Ti3C, T, MXene material into the building blocks of PSCs
are summarized in this short review. Recent advances in using MXene as ETL/HTL and
electrode have been diligently combined and summarized. It can be safely concluded that
the important parameters determining the successful incorporation of MXene materials in
PSCs are their concentration, surface terminations, WE, the major constituent into which
they are added and composition and thickness of the host constituent (ETL, perovskite
layer, HTL).



Nanomaterials 2021, 11, 2151 14 of 17

In the majority of the cases, upon successful addition of 2D TisC, T MXene, stability
and performance of PSCs considerably improved, owing to their superior charge transport
properties and WF modifications. Well-adjusted electrical properties improved charge
transport/extraction dynamics and well aligned energy levels, uniform film growth, sup-
pressed trap state density, reduced recombinations, optimized interface properties and
good film quality can be expected after introducing 2D Ti3C, T, MXene materials into
the perovskite layer or ETL of PSCs owing to the superior charge transport, perfect band
alignment and WF adjustment of 2D Ti3C, Ty MXene materials.
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