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Abstract: MXene, a two-dimensional nanomaterial, has an impressive range of properties that make it a perfect
choice for a variety of applications, including energy systems, high-tech sensors, optics, medical devices, and
electromagnetic interference shielding. Its high carrier mobility, metallic electrical conductivity, superior
transparency, excellent mechanical characteristics, and tunable work function have drawn much attention. This
review examines the utilization of MXene in solar technology, highlighting its potential as an electrode, charge
carrier, and additive in quantum dot-sensitized, perovskite, silicon wafer-based, and organic solar cells. Additionally,
a summary table is provided that briefly outlines the different methods of synthesizing MXene and their respective
etching chemicals and precursors. This review’s latter part looks at the challenges associated with MXene and offers
potential solutions and prospects.
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1. Introduction

After uncovering the special physical properties of single-layer graphene, two-dimensional (2D) materials became
an incredibly active and interesting field of research [1], which then drew attention to other 2D materials besides
graphene. This also accelerated the analysis of different materials with easily accessible layered precursors such as
dichalcogenides and layered oxides, as well as hexagonal boron nitride (h-BN) which is graphite-like [2]. It was then
proven that there were no weakly bound layered precursors for two-dimensional (2D) Germanium [3], Silicon [4], Tin
[5], and other materials, which was an indication that the range of 2D materials was likely to expand and include various
substances with different structures and chemistries. One of these 2D materials, MXene, was first created (see Fig. 1) in
2011 [6-8] and has since become one of the most popular 2D materials. Mn+1XnTx (n = 1- 3) is the universal formula for
MXenes, and they are two-dimensional transition nitrides, carbonitrides, and metal carbides. The metal component of the
compound can range from molybdenum, scandium, zirconium, hydrogen fluoride, titanium, vanadium, niobium,
chromium, and tantalum, which are early transition metals. X can be either nitrogen, carbon, or both, and T refers to the
surface terminations (oxygen, fluorine, or hydroxyl) (see Fig. 7 and 8) [9-11]. Currently, there are over thirty different
types of MXenes that have been synthesized (as summarized in Table 1), each with its own unique stoichiometric
composition. In theory, there is an infinite amount of MXene solid solutions that could be created, and many of them are
still being studied [12-14]. MXene has various physical and chemical properties, such as low optical attenuation [15],
good electrical conductivity [16-19], tunable bandgap [20], and remarkable photoelectronic properties due to its
programmable surface terminations [13, 21], and diverse fundamental compositions. There is a wide range of applications
for MXenes, including sensors [12, 22], conversion and storage of energy [23-25], electromagnetic interference shielding
[26], absorption [27], electrocatalysis [28-30], and photocatalysis [18, 31, 32].

MXenes can be used in solar cells in a variety of ways, including as an additive, an electrode, and a hole/electron
transport layer. When used as an additive, MXenes have been shown to increase the crystal size and accelerate the electron
transfer rate, thus improving power conversion efficiency. Additionally, the work function of the MXenes can be adjusted
without impacting the other intrinsic properties of the perovskite nanoflakes. MXenes are known for their excellent
flexibility, variable work function, high conductivity, and high transparency, making them ideal for use as electrodes in
solar cells. They can also be used in various solar cell designs, such as flexible hybrid, common, and back electrodes.
Compared to other electrodes, such as indium tin oxide (ITO) and carbon, MXene-based electrodes can lead to higher
power conversion efficiency, hole injection rate, reduced series resistance, and open-circuit voltage. Furthermore,
MXenes can be used to facilitate charge transfer as a transparent conducting electrode. In MXene silicon-based
heterojunction solar cells, MXenes can be used to help separate electron-hole pairs, as well as to create a built-in potential
at the solar cell junction. Additionally, the charge separation efficiency between the silicon and MXene can be increased
due to the adjustable work function of MXenes.

Solar energy can help reduce the emission of greenhouse gases, which is essential for the preservation of ecosystems,
animals, and people. It can also improve the quality of air. The first-generation crystalline silicon solar cell is the most
common and efficient type of solar cell, although it is costly to produce and maintain. Even though the second-generation
thin-film-based solar cells are cheaper than previous versions, they are not as effective. The newest solar cells, such as
organic, perovskites, and dye-synthesized solar cell systems, are beginning to provide groundbreaking, cost-effective
solar materials made from nano-sized components. A few-atom-thick layer of carbonitrides, nitrides, and transition metal
carbides known as MXene is a set of recently discovered two-dimensional materials that exhibits good thermal, electrical,
and ion transport characteristics [33]. This review looks at how MXene can be used as additives, electrodes, and charges
to enhance the research and commercial use of MXene-based materials for photovoltaic applications. It also covers
M2Xene synthesis (which is summarized in Table 1) and how this can affect solar energy harvest. Additionally, the future
perspective (see Fig. 1) and various methods of increasing the performance of MXene are investigated.
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Fig. 1 - Outline of nanocomposites based on MXenes for solar energy harvesting [34]

1.1 Methods of Synthesis

Two distinct approaches can be used to produce two-dimensional layered nanomaterial: (i) the top-down technique
and (ii) the bottom-up method. Both methods have been utilized in creating MXene with single or many layers.

Table 1 - Recent advancements in the stable MXene production process

MXenes(Mn+1XnTx) Etching Precursors Therapy to increase Duration Year and
chemicals stability of Stability  References
(seconds)
SA- TizC, Ty LiF-HCI Titanium binding molecules with 6,912,000 2020 [35]
aluminum CsH706Na
carbide
TizCaTx LiF-HCI Titanium 193.15K freeze storage 23,587,200 2019 [36]
aluminum
carbide
TizCaTx LiF-HCI Titanium 253.15K freeze storage 56,160,000 2020 [37]
aluminum
carbide
VoCTx Hydrogen  Vanadium  The use of polyanionic salts 2,592,000 2019 [38]
fluoride aluminum (polyP) for edge capping
carbide
r- TisCoTy Hydrogen  Titanium L- C¢HgOs 2,419,200 2020 [39]
fluoride aluminum
carbide
TisCoTy LiF-HCI Titanium The use of polyanionic salts 2,592,000 2019 [38]
aluminum  (polyP) for edge capping (in an
carbide exposed
bottle)
Titanium-Carbide Mud Acid  Al- TisAIC, was synthesized 25,920,000
(TisCy) Titanium with a modified process to 2020 [40]
aluminum create Al - TizAIC,, which is
carbide more stoichiometric.
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2. MXene (Ti3C2Tx) for Photovoltaic Application

2.1 Incorporating Mxene into Perovskite Materials as an Additive

In 2018, research on MXenes for solar cell application was jumpstarted by Guo et al.'s exploration of the addition of
titanium carbide (the first MXene to be reported for solar cell application) to the methylammonium lead iodide (MAPbI3)
-based perovskite absorber [41]. This research showed that the addition of MXene (Ti3C2Tx) could delay the nucleation
of MAPbI; and lead to an increase in crystal size (Fig. 2(a)). Additionally, the TisC,Tx additive, which acts as a "carrier
bridge," was particularly effective in increasing electron transmission across the grain boundary [42—45]. The
electrochemical impedance spectrum of the device with TisC,Tx added also revealed lower charge-transfer resistance
(Fig. 2(b)). By the end of the process, the average power conversion efficiency (PCE) rose from 15.18 percent to 16.8 %
when tested in AM 1.5G illumination.

Agresti et al. explored the potential to modify the work function of MAPbI; films in a study they published in 2019
[20, 46]. By introducing titanium carbide (TisC.Ty), it was found that the energy level of the associated solar cells could
be optimized without affecting the film morphology or bandgap. When TisC,Tx was added to the MAPbI3 solar cells,
their power conversion efficiency (PCE) increased by 26.5%, compared to the control cell without the addition of TisC,Tx.
This was achieved by including TisC,Tx in the electron transport layer. Fig. 2(c), as reported by Zhang et al., illustrates
how freshly prepared titanium carbide nanosheets (TisC2Tx) were used to decorate the nanocrystals of MAPbBr3, forming
an MXene heterostructure [36, 47]. As can be observed in Figure 2d, the efficiency of the related solar cell was improved
due to the alignment of energy levels. This was made possible by the injection of electrons into TisC,Tx, which was
enabled by the nanocrystals of MAPbBrs3.

Chen et al. implemented ultra-thin TisC,Tx quantum dots (TQDs) at the perovskite/TiO, electron transport layer
interface with the CsSFAMA perovskite absorber, as displayed in Fig. 2(e) [48]. This allowed for improved electron
extraction at the interface, and an increase in the crystallinity of the perovskite film, and the alignment of corresponding
energy levels (Fig. 2(f)). This led to an enhanced solar cell with superior light stability and ambient stability for the long-
term, with a hysteresis-free power conversion efficiency of 20.72%, when compared to the reference device with an
efficiency of 18.31%. In addition, the increased hole extraction at the interface of the perovskite/Spiro-OMeTAD hole
transport layer and the help of perovskite crystallinity when Cu1sS is added to the hole transport layer, outlined in Fig.
2(f), also contributed to the improved performance and durability.

Recently, Hou et al. examined the effects on the electrical conductivity of introducing the TisC,Tx MXene nanosheet
to the conductive polymer poly(3,4 ethylene dioxythiophene): poly(styrene sulfonate) (PEDOT: PSS), which is usually
used as the hole transport layer in organic solar cells [49]. As seen in Fig. 3(a), the MXene nanosheet produces additional
charge transfer channels between PEDOT nanocrystals, as indicated by the conductivity measurements in Fig. 3(b). This
is likely due to the new conformationally altered linear/expansion coil structure of the modified PEDOT: PSS. By using
the modified PEDOT: PSS as the hole transport layer in the non-fullerene PBDBT: ITIC system, the power conversion
efficiency of the organic solar cell was increased to 11.02%, compared to the control device with only PEDOT: PSS,
which achieved an efficiency of 9.72%. Furthermore, the presence of the TizC,Tx MXene nanosheet resulted in a power
conversion efficiency of 14.55%, compared to the control device at 13.10% (Fig. 3d) with the active layer being a
PM®6:Y6 device. In addition, the performance stability of the device was boosted with the introduction of the TisC,Tx
MXene nanosheet, as shown in Fig. 3(e).

Researchers attempted to improve the performance of solar cells by adding titanium carbide nanosheets to zinc
oxide to form a hybrid electron transport layer. This nanosheet improves the power conversion efficiencies of the cells
by forming an "electron bridge" between the zinc oxide nanocrystals and coating them, which facilitates electron transfer
and helps to passivate them. As a result, the cells based on the PBDB-T: ITIC, PM6:Y6, and PTB7:PC71BM photoactive
layers saw improved power conversion efficiencies of 12.2%, 16.51%, and 9.36% respectively, compared to the control
devices that only used the zinc oxide electron transport layers. Additionally, the systems that utilized the TisC,Tx/ZnO
hybrid electron transport layers exhibited enhanced stability [50].
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Fig. 2 - (a) The ways in which MAPbI3-based perovskite films arise and grow with or without the inclusion of
titanium carbide (TisCzTx); (b) a Nyquist plot was generated using a PV device at a bias of 0.7 Volts, with (or
without) the addition of 3x10”(-2) weight percent of titanium carbide, in a dark environment; (c) a diagram
showing the production of heterostructures made up of MAPbBrs and TisC2Tx, which is composed of multiple
layers of titanium carbide nanosheets; (d) this graph illustrates that there is an electron transfer, with a
corresponding energy level match between the TisC2Tx nanosheet, which has a coating, and the MAPDbBTr3
crystals; (e) a representation of the device's design is shown, as well as a cross-sectional SEM scan; (f) the
depiction shows that the energy levels of the perovskite solar cell are in harmony with ultrathin titanium carbide
(TisC2Tx) quantum dots, Cuai.sS in the Spiro-OMeTAD hole transport layer, and a combination of ETL/TiO2 at
the boundary [51]
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Fig. 3 - (a) Shows how modification took place in PEDOT: PSS concerning its structure and morphology.
MXene (TisC2Tx) nanosheets were also incorporated into it; (b) on raw glass, the electrical conductivity of
PEDOT: PSS was shown. This is with various additions of TisC2Tx; (c) configuration of the device; (d) an
illustration of each organic solar cell component's energy level diagram. Here, TisC2Tx-modified PEDOT: PSS is
used as the hole transport layer; (e) shows the test of stability for the different systems that have various
addition of TisC2Tx. This addition took place in a nitrogen-regulated glove box, and it is based on the PBDB-T:
ITIC as a light-absorbing layer; (f) configuration of the device; (g) the diagram shows the energy level of the
different components of the organic solar cell. This was done by making use of TisC2T«/ZnO as the electron
transport layer; (h) shows the test of stability for the different devices as a result of PBDB-T: ITIC being a light-
absorbing layer with the addition of TisC2Tx in changing proportion. This addition is not an air-encapsulated
one [51]

2.2 MXene as Electrode in Perovskite Materials

Recent research has found the electrical conductivity of the (TisC,Tx) MXene to be 15,100 Scm™ [52]. This material
also holds advantages such as high transparency, exceptional flexibility, and a tunable work function [7, 53, 54], making
it a suitable electrode material for use in solar cells and other optoelectronic devices. Cao et al. (2019) demonstrated the
effectiveness of this material in noble-metal-free MAPDI3-based polymer solar cells by employing a straightforward hot-
pressing technique [55].

In 2019, Fu et al. reported that TisC,Tx solution was drop-casted on a grooved surface with an n*-n-p* silicon solar
cell to form an n* - silicon emitter (Fig. 4 a-c) [56, 57]. This setup led to an ohmic contact between the n* - Si and Ti3C»Tx,
which was found to improve Voc and Js, resulting in an increase in power conversion efficiency to 11.5 percent and a
decrease in series resistance (Fig. 4f). Furthermore, rapid thermal annealing (RTA) was implemented for 30 seconds to
enhance the physical adhesion and electrical contact between the n* - Si substrate and the MXene coating (Fig. 4d). The
increasing slope of the J-V curves around V. (Fig. 4e) confirmed the result. Additionally, MXene can also be used in
Schottky junction solar cells, as described by Yu et al. [58]. In these cases, MXene is formed with Si and serves as an
electrode for charge collection as a transparent conducting film.

In 2019, Chen et al. reported a composite counter electrode (CE) for quantum dots sensitized solar cells (QDSCs)
composed of copper mono-selenide nanoparticles (grown hydrothermally) on a sheet composed of TizC,Tx nanosheets
and graphite sheets screen-printed together [59]. This composite CE has higher electrical conductivity and a larger
specific surface area than counter electrodes made of TisC,Tyx and CuSe. The larger surface area increases the number of
active sites for polysulfide electrolyte reduction. Utilizing an ideal mass ratio, this TizC,Tx/CuSe composite CE resulted
in QDSCs with a power conversion efficiency (PCE) of 5.12%, whereas devices with TisC,Tx - and CuSe-based counter
electrodes had PCEs of 2.04% and 3.47%, respectively. Tian et al. created a new composite CE composed of CuS/Ti3C;
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through a simple ion exchange process at room temperature. This CE presented a higher electrocatalytic rate for
polysulfide reduction when compared to the pure CuS [60]. As a result, the QDSC achieved an overall PCE of 5.11%,
1.5 times higher than the pure copper mono-selenide counter electrode. This was attributed to the combination of the
catalytically active sites from the copper mono-selenide nanoparticles and the high conductivity of the titanium carbide
(TisCy) skeleton. The next section of this article will go into greater detail about MXenes as HTLS/ETLSs.
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Fig. 4 (a) A diagram is presented that shows a silicon solar cell with an n* emitter and a TizC2Tx electrode
contact. This cell utilizes a combination of n*—p—p* layers; (b) this demonstrates the SEM outcome of
indentations on the n* side of the material before MXene coating; (c) the following demonstrates the result of
scanning electron microscopy using an MXene coating; (d) Ev, Eg, and Ec are the valence band, energy
bandgap, and conduction band of Si respectively; @ is the energy level alignment, which is also known as the
Work Function; (e) this graph displays the difference in the J-V curves before and after a 30-second thermal
annealing treatment at varying temperatures; (f) the J-V measurement was used to calculate the series
resistance of the samples before and after the rapid thermal annealing process [51]

2.3 Using Mxene as a Material for The Hole and Electron Transport Layers

Titanium carbide (TisC.Tx) has been found to have various work functions, which can be tuned when oxidized or
reduced, according to a report by Yu et al. in 2019. They used UV-Os/Hydrazine treatment to enhance the work function
(ranging between 4.08 eV and 4.95 eV) of titanium carbide [61]. This has enabled TisC,Tx to be employed as either a
hole or electron transport layer in organic solar cells using a photoactive layer such as PBDB-T: ITIC, as illustrated in
Fig. 5a. Devices that use TisC,Tx as the hole transport layer have the ability to obtain a high PCE compared to other
devices, with a PCE of 9.06% and 9.02% when used as an electron/hole-collection buffer layer, respectively (Fig. 5b).
Additionally, it was discovered that Vo rises throughout treatment, as seen in Fig. 5c. A report by Hou et al. in the same
year also found that TisC,Tx could be used as the hole transport layers in PBDB-T: ITIC-based organic solar cells to
facilitate hole collection and transit, due to its exceptional metallic conductivity, energy-level alignment, and improved
interface-contact, as shown in Fig. 5d [62]. Furthermore, when ITO was used as the hole transport layer, the PCE was
4.21% (Fig. 5e). This demonstrates the potential for TisC,Ty to serve not only as additives and electrodes but also as a
charge (hole/electron) transport layer in organic solar cells.

In 2019, Yu et al. reported the creation of a solar cell using an n-type Silicon and a titanium carbide (TisC,Tx)
deposition. As illustrated in Fig. 6a, the TisC,Tx served as the hole-collection electrode and the Schottky junction
component with the n-type Si [58]. Additionally, oven transfer and floating procedures were used to deposit MXene onto
some devices, producing J-V curves (illuminated) with initial efficiencies of 4.20% and 0.58%, as seen in Fig. 6b.
Compared to the most advanced PEDOT: PSS-based device, the best titanium carbide-based device showed improved
performance with a PCE comparison of 10.53 percent against 10.11 percent, as shown in Fig. 5f. Furthermore, the TisC,Tx
-based device had increased stability with no encapsulations when considering atmospheric conditions [63, 64].

The two-step chemical treatment of hydrochloric acid and gold (I11) chloride can enhance the power conversion
efficiency of oven-transfer devices to greater than 9%. With the addition of a polydimethylsiloxane (PDMS) antireflection
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layer, a power conversion efficiency of more than 10% can be achieved. The key to suppressing carrier recombination
appears to be the thin silicon oxide layer that forms between the TizC,Tx and n-type silicon during oven transfer [65-68].
This layer can also be used to improve device performance. Both the conductivity of the MXene layer, due to the doping
effect of hydrochloric acid, and the increased charge transfer from the gold nanoparticles formed by AuCls, are
responsible for this improvement. An increase in the work function of the MXene layer from 4.80eV to 4.84eV and
4.93eV for the HCI, pristine and AuCls-treated samples, respectively, further contributes to the enhanced device
performance [69].
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Fig. 5 - Titanium carbide treated with Hydrazine (TisC2Tx) is the high-temperature and electron transport layer
when using UV-O3 with PBDB-T and ITIC-based organic solar cells (a) different components possess different
amounts of energy, measured in electron volts; (b) the J-V curves that are lit up represent the PBDB-T: ITIC-
based Organic solar cells. U-MXene and UH-MXene refer to MXene that has been subjected to UV-Oz and UV-
Os followed by N2Ha, respectively. U-MXene is utilized for capturing an electron in inverted OSCs, while UH-

MXene is deployed for taking up a hole in typical OSCs; (c) the Vo value of organic solar cells with titanium
carbide (TisC2Tx) nanosheets as the hole transport layer is plotted on the y-axis against the duration of the
treatment; (d) the positioning of the energy levels of the components; (e) plotting the voltage along the x-axis and
the current density along the y-axis produces a distinct J-V curve that is illuminated; (f) the normalized PCE
over time is used to measure the stability of atmospheric conditions without any protective coverings [51]
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Fig. 6 - n-type Silicon solar cells coated with titanium carbide layers (TizC2Tx MXene) (a) a presentation of the
Energy-level of the major components with the light blue ribbon signifying the presence of a SiO2 thin layer; (b)
the diagram shows two curved lines which represent the J-V curves for the devices created by using both the
oven and floating transfer techniques; (c) the J-V curves for devices made using the oven transfer method and
then treated with a two-step chemical treatment (HCI + AuClzs) are presented in an illuminated state, as well as
after an antireflection coating of polydimethylsiloxane has been applied [51]
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3. Conclusions

This review paper highlights the most recent advances in two-dimensional MXene research for solar cell
applications. Specifically, quantum dot-sensitized solar cells and other types of solar cells (such as silicon wafer-based,
perovskite, and organic solar cells) are the most typical solar cells where MXene can be applied as an electron, additive,
and charge transport (i.e., hole or electron) layer. The majority of research concerning MXene has focused on TisC,Ty,
the first MXene discovered at Drexel University in 2011. To better understand its potential applications in solar cells,
this review begins by cataloging the various MXene syntheses. Despite being considered a promising material for high-
performance or novel solar cell applications, MXene still faces challenges such as device performance (such as power
conversion efficiency (PCE) and stability) that need to be addressed. Moreover, oxidation (exposure to air for an extended
period) increases the material's resistance, thus lowering device performance. To make the most out of MXene's
advantages, thorough theoretical and experimental approaches are necessary. It is believed that these intriguing MXenes
will be able to contribute to clean energy conversion, flexible electronics, and the energy storage industry. To further
advance MXene's applications in solar cells, the following four recommendations are proposed: (1) device performance
(e.g. stability and PCE) should be improved by incorporating additional structures for light management and optimizing
each interface in solar cells; (2) more research should be conducted (through experimental and theoretical simulations
data) on the Fermi level and the different functional groups of MXenes, as this will provide more insight into the
mechanisms of MXene; (3) MXene's properties, such as its high transparency, the abundance of electrochemically active
sites, and adjustable electrical properties due to functional groups, should be taken advantage of to create more energy-
serving devices, such as secondary batteries, PV supercapacitors, and advanced sensors; and (4) apart from TisC,Tx, other
MXene-based solar cells should be explored (through unique combinations of properties while also tuning them by
changing the ratios of M or X elements and also taking into account high performance-to-cost ratios).

Addltlve/ CELL
\

Fig. 7 - Summary of the application of MXene for photovoltaic application

Table 2 - Summary of characteristics of MXenes in solar cells

Role of MXenes Summary of its application

Electron/Hole Transport Layer One can easily adjust the carrier conducting characteristics and work
functions.

Electrode This material has adjustable work functions, high transparency, metallic

conductivity, and remarkable flexibility.

Various conducting nanomaterials, such as carbon nanotubes or metallic
nanowires, are being used to create hybrid electrodes.

Additive Similar to an "electron™ bridge, there is an increase in the speed of electron
movement.

The conductivity and work function of the materials used for carrier transport
is being adjusted.
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