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ABSTRACT

Since 2011, 2D transition metal carbides, carbonitrides and nitrides known as MXenes have gained huge attention due to their attractive chemical
and electronic properties. The diverse functionalities of MXenes make them a promising candidate for multitude of applications. Recently, doping
MXene with metallic and non-metallic elements has emerged as an exciting new approach to endow new properties to this 2D systems, opening a
new paradigm of theoretical and experimental studies. In this review, we present a comprehensive overview on the recent progress in this emerging
field of doped MXenes. We compare the different doping strategies; techniques used for their characterization and discuss the enhanced properties.
The distinct advantages of doping in applications such as electrocatalysis, energy storage, photovoltaics, electronics, photonics, environmental
remediation, sensors, and biomedical applications is elaborated. Additionally, theoretical developments in the field of electrocatalysis, energy
storage, photovoltaics, and electronics are explored to provide key specific advantages of doping along with the underlying mechanisms. Lastly, we
present the advantages and challenges of doped MXenes to take this thriving field forward.

1. Introduction

Since the discovery of graphene, 2D materials have aroused immense interest due to their promising physical and chemical
properties and many potential practical applications. Alongside graphene are h-BN, SiC, Si;BN and phosphorene transition metal
dichalcogenides with a general formula of MX, and an X-M-X sandwiched structure where M = Mo, Ta, W, etc. and X = S, Se, Te.
Layered metal oxides (MoOs, WO3, Ga;03, V205s) and the ultrathin group-IV allotropes silicene (Si), germanene (Ge) and stanene (Sn)
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are other extensively researched 2D systems [1-7].

MXenes are among the recent addition to this 2D variety. They comprise transition metal carbides, nitrides, and carbonitrides and
have been at the forefront of scientific research and innovation since their discovery in 2011.[8] The name MXenes stems from their
general formula M, 11X, Tx (n = 1, 2 or 3), where M, X, and T, represent an early d-block transition metal (e.g., Sc, Ti, Zr, Hf, V, Nb, Ta,
Cr or Mo), carbon and/or nitrogen, and surface termination (fluorine, hydroxyl and/or oxygen) respectively. MXenes are derived from
selective etching of the single A layer and exfoliation of its precursor MAX phases.[9] This sequential etching and exfoliation results in
the introduction of an abundance of surface functional groups (O, OH, F, Cl) making MXenes hydrophilic in nature. These MAX phases
correspond to a broad group of ternary carbides and nitrides with formula M, ;1 AX,, where A represents an element from group 13 or 14
(formerly IIIA or IVA) such as Al or Si.[10] Due to the difference in strength and chemical activity between M—X and M—A bonds, the
relatively active A layer can be selectively etched using wet chemical routes. Hydrofluoric acid (HF) or HF forming chemicals such as
hydrochloric acid (HCI) and lithium fluoride (LiF) are commonly used as etchants for this purpose.[11] Alkali treatment and elec-
trochemical etching were also applied to synthesize high-purity MXenes.[12,13] Naguib et al. were the first to make Ti3Cy MXenes by
exfoliation of TigAlCy [14]. This spurred research interests towards the discovery of new MXene compositions both theoretically and
experimentally. Over 70 MAX phases were reported, and >30 MXene compositions were successfully synthesized.[15] Owing to their
inherent desirable properties including large specific surface area, good hydrophilicity, excellent thermal/electrical conductivity, high
chemical stability, and environmental friendly nature, MXenes hold promise for a broad range of applications. They were successfully
employed for energy storage (rechargeable batteries, supercapacitors) and generation (photo/electrocatalysis, solar cells), environ-
mental remediation (water treatment, adsorption of oil and heavy metals), sensors, hydrogen storage, electromagnetic shielding,
composite materials, microelectronics, and biomedical applications [11,12,16-20]. In spite of the enormous promise, MXenes are
highly susceptible to performance degradation. Some of the major challenges with MXene research are restacking of the layers, prone
to oxidation, low flexibility, large contact resistance, biocompatibility, and cytotoxicity [21-24]. Like other layered and 2D systems,
doping MXene has proven to be a successful strategy to tackle these challenges. Doping MXene has not only improved its properties,
but has unlocked its potential in new frontiers e.g., catalysis, sensors, and many more.

The introduction of foreign elements into 2D materials, known as “doping”, is an effective way to tune their physical and chemical
properties. Controlled doping of graphene and its derivatives with heteroatoms significantly broadened their applications [25-27]. In
general, doping can be achieved in two different ways: by surface functionalization with molecules that donate or withdraw electrons
or by substitution/introduction of heteroatoms in the lattice. The success of doping strategies in erstwhile 2D systems influenced the
design of new MXene based systems, offering a new paradigm for theoretical and experimental studies. Table 1 highlights the ad-
vantages of doping MXenes and the improved properties for various applications. Which is discussed in detail in the next sections.
Numerous reviews are dedicated to the progress of MXenes in a multitude of applications.[8,10-13,16,17,19,28-33] Nevertheless,
research on doped MXene systems is rapidly progressing, adding new avenues to the far-reaching possibilities of these extraordinary
materials. A review highlighting the recent progress in doped MXenes seems therefore both necessary and timely. Whilst many reviews
consider the benefits of surface functionalization, the focus here is on doping by heteroatoms in the lattice. After describing synthesis
and characterization techniques, experimental applications of various doped MXene systems are surveyed in several key areas:
electrocatalysis, energy storage, photovoltaics, electronics, photonics, sensors, environmental applications, and biomedical

Table 1

Positive impacts of doping MXene for various applications.
Application Superior properties of Doped MXenes
Electro and Photo Catalysis e Higher electrocatalytic activity and stability.

Improved kinetics and thermodynamics of water dissociation.
Lower Gibbs free energy for adsorption of reaction intermediates.
Increase in catalytic active sites.
Improved precious metal anchoring through charge redistribution and coordination.
Improved Faradaic efficiency for N, reduction and CO, reduction reactions.
Energy storage (batteries and Ability to tune interlayer structure and surface area.
supercapacitors) Increase in electrochemical stability and performance.

Significant reduction in charge transfer resistance.

Increase in electrode conductivity.

Decrease in electrode/electrolyte interfacial impedance.

Improved Li* / Na* ion diffusion.

Tunable band gap to match the one required for photon-electron conversion.

Improved conductivity and charge transfer leading to higher efficiency of the photovoltaic device. Tunable work
function to have the choice of using the doped MXene electrode either as a hole or an electron transport layer.In
perovskite solar cells, improved perovskite crystallization leading to higher efficiency.

Tunable band gap to induce semiconductor or conductor behaviour as required.Tunable band gap to improve the
performance of nano electronic devices.Tunable work function that allows to improve the performance of field-effect
transistors.

Smaller lateral size.

Photovoltaics

Electronics

Photonics

Enhanced photoluminescence quantum yield.Increased lifetime.Tunable peak of the photoluminescence emission
through different doping. Consequently, quantum dots emitting light of different colours can be combined to produce
white light emitting diodes or lasers.

Metallic conductivity with intrinsic functional groups.Spacious matrix for nanoparticles loading.Adequate sites for
biomolecule binding led to rapid transduction of signals.
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applications (Fig. 1). Furthermore, theoretical developments in electrocatalysis, energy storage, photovoltaics and electronics are
covered to provide insight into the specific advantages of doping, along with underlying mechanisms. In conclusion, benefits and
limitations of doped MXenes are highlighted along with future prospects of this exciting new domain.

2. Mxene doping

Both theoretical and experimental approaches have been explored for the design, engineering and functionalisation of doped
MXenes. Accordingly, doping has been investigated for M, X or T components of MXenes either during MAX phase or post exfoliation,
and have been classified as (a) M-doped, (b) X-doped or (c) T-substituted.[34] Heteroatoms such as N, P, S or O can be placed in all
three positions (M, X, T), halides can substitute for T elements, whilst transition metals (Mo, Cr, Ru, etc.) may be introduced to replace
either or both M and X positions in the doped MXenes [9,15,35,36] With such broad availability of diversity in elemental composition
and stoichiometry within their structural configuration, doped MXenes offer incredible opportunities to exploit their promising
physical and chemical properties in a diverse array of applications. Doping strategies (in situ and ex situ), mechanisms, properties, and
the respective challenges for doping MXenes are reviewed herein.

2.1. Synthetic strategies for heteroatom doping of MXenes

Through compositional engineering of 2D MXenes, doping can be achieved via two synthetic pathways: (i) in-situ (bottom-up) and
(ii) ex-situ (top-down) strategies (Fig. 2). In-situ (e.g., by sintering) involves inclusion of the dopant for the 3D MAX phase (MXene
precursor) synthesis followed by selective etching and exfoliation to reveal the doped MXenes.[15] The implications for this approach
are primarily substitutions at M and X, dependent on the respective transition metal and heteroatom dopant used. The ex-situ strategy
has typically involved post-synthesis modifications (e.g., by hydro/solvo-thermal or heat treatment or plasma) which allows for doping
or substitution at either/both X and T, depending on the heteroatom and conditions pursued. A more recent ex-situ strategy involves
etching of the 3D MAX phase via molten salts whilst simultaneously provisioning readily modifiable termination groups (T) that allows
for substitution doping of the MXenes at T with ease. All of these are discussed in the following sections.

Density functional theory (DFT) approaches in atomistic simulations of doped MXenes as well as other computational approaches
have been exploited to design, analyse and predict properties of the 2D materials molecular compositional framework, surface
composition and interactions, electronic and mechanical properties, along with modelling applications (catalysis, energy storage) of
MXenes using first principles (ab initio) methods. It has proven to be a powerful and useful tool helping to optimise approaches for
strategic introduction of dopants in design, synthesis, and elucidation of mechanisms of formation, predicting and optimising intrinsic
properties, as well as in the analysis and rationalisation of experimental and characterisation data of MXenes. DFT modelling of
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Fig. 1. Doping of MXenes by metals and heteroatoms and prospective applications.
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Fig. 2. The two approaches to doping of MXenes (images adapted from [37] with permission from American Chemical Society).

transition metal doping (M) reflects the introduction of alternative d orbital properties that impact the MXenes intrinsic properties such
as band gap and magnetic properties, changes in lattice parameters and layer thickness, and mechanical properties. [38] DFT analysis
on X substitution (B, N, Si, S, for C) in MXenes reflect the respective changes in M—X interatomic distance for the dopant and its impact
on the corresponding layer thickness and lattice values, and electronic properties of the 2D materials. First-principles calculations have
also been used in prediction of formation and electronic properties for functionalized surfaces (T = F, OH, O, S, and Cl) for a variety of
MXenes (M = Sc, Ti, V, Cr, Zr, Nb, Ta) in prediction and analysis of the geometric and electronic properties of single layers and
multilayer systems. What follows within this section will present the diversity of methodologies available to introduce dopants (N, S, P,
O, halides, and metals) strategically and successfully into the desired positions of MXenes (M, X, T), indicating the rational for the
approaches taken, vignettes of characterisation and success of the prepared doped MXenes, and their significance in the materials
development, from the recent literature.

2.2. Non-metal doping

2.2.1. Nitrogen doping (N doping)

Nitrogen is a popular dopant (5-valent dopant) for a host of carbon-based nanostructures due to its comparable atomic radius with
that of carbon. Its use as a dopant has been explored in materials such as carbon quantum dots [39], carbon nanotubes [40], carbon
nanosheets [41], and graphene [42], in addition to MXenes. It is well known that N doping may introduce oxygen vacancies and or
interstitials that not only alters the electronic and optical properties, but also enigneers the bandgap [43,44]. The first in-situ synthesis
for the preparation of N doped MXene was exemplified by Naguib et al. (2012) by including dopant N atoms into the preparative mix
for formation of the MAX phase precursor . This involved treating a 3:1:1 ratio mixture of Ti, AIN, and graphite at 1500 °C for 2 h to
give TisAICN . Selective HF etching of aluminum from Ti3AICN provided the N doped MXene, TisCNTx. [9] Other approaches for
etching include use of LiF-HCl solutions; Cai et al. sought to prepare a high-performance microwave absorbing hybrid composite using
Ti3CNTx MXene in conjunction with Co-ZIF nanoparticles.[45] The LiF-HCl etching of the Ti3AICN precursor, followed by ultra-
sonication exfoliation in deionized water allowed fabrication of few-layered Ti3sCNTy. The etched removal of Al atomic layer was
confirmed by XRD. As hoped, the N-doping introduced improved electromagnetic parameters in multilayer Ti3CNTx than that for
multilayer Ti3CyTx as reflected by values representative of storage and dissipative capabilities of electric energy. More recently, Lu
et al. exploited DFT simulation analysis of Ti3C2Tx (T = F, OH, and O) for N-doping. [46] By assessing all plausible arrangements of N
within MXene along with experimental corroboration, they identified three nitrogen species as energetically favorable sites. The N-
doping within the MXene was constituted as either carbon lattice substitution (LS), ~OH function substitution (FS), or -O termination
surface absorption (SA) (Fig. 3), each with formation energies of —1.31, —4.71, and —2.87 eV, respectively. The authors targeted
preparation of the corresponding N-doped Ti3Cy MXenes allowed nitrogen to be preferentially/predominantly allocated at the DFT
identified sites via three nitrogen doping strategies. These were (i) in-situ etching of the MAX phase Ti3AICN, (ii) hydrothermal
processing of Ti3Cy MXene with urea, and (iii) cold plasma treatment with pure nitrogen gas of TigCy MXene, to provide N-doped
MXenes that the authors referred to as Ti3CN, HND (hydrothermal N-doping), and PND (plasma N-doping), respectively. The
respective X-ray photoelectron spectroscopy (XPS) high-resolution spectra for the targeted as-synthesized MXenes revealed N 1 s peaks
of 396.0, 399.7, and 401.9 eV, that were correspondingly attributed to N-Ti (TisCN) within the lattice site, N- function substitution
(pyrrolic nitrogen) via HND, and N- surface absorption (quaternary nitrogen) via PND, by strategies (i), (ii), and (iii) respectively.
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Fig. 3. Simulation of nitrogen dopants in Ti3C,: a) atomic scheme of Ti3C,Ty with all possible sites for nitrogen dopants; b) formation energy
calculation results (shaded part for positive values); ¢) atomic scheme (top view) of Ti3C, supercell with nitrogen atoms at the most energetically
favorable sites; d) transition state energy calculation results. Reproduced from [46] with permission from Willey.

Comparison of electrochemical data for electrodes for all three prepared N-doped MXenes (84.6, 92.2, and 98.6 F/g for HND, PND,
and Ti3CN respectively) showed improved specific capacitance over the neat TizC; electrode (76.1 F/g) at scan rates of 5 mV s7L.[46]
This computational model approach for elemental doping can be applied to other MXene 2D materials as described for their targeted
approach to nitrogen doping mechanisms for Ti3Cy MXene: thus, providing useful theoretical guidelines for consideration in synthetic
strategies of MXenes for energy storage or alternative applications. Prior to this study by Lu et al., Tang et al. took the ex-situ approach
(Fig. 2) for the preparation of N-doped Ti3Cs for applications in enhancing the electrochemical performance of supercapacitors. The N-
doped Ti3Cy was prepared via an autoclave in a facile hydrothermal reaction of TigCy MXene with urea as the nitrogen dopant at 180 °C
for 12 h (Fig. 4aii). X-ray photoelectron spectroscopy (XPS) characterization revealed the diversity of nitride peaks assigned as N-Ti,
pyrrolic N, and quaternary N, at 396.1 eV, 399.3 eV, and 401.0 eV respectively, for the as-synthesized N-Ti3Cy. With superior elec-
trochemical performance and exceptional cycling stability for specific capacitance over that of most carbon-based materials cited, the
as-synthesized N-Ti3Cy performance was attributed to the pyrrolic N and quaternary N functional groups that facilitated redox re-
actions and charge transfer, respectively, thus synergistically enhancing the pseudo capacitance of N-TizCp.[47] The electrochemical
enhancements are discussed further in more depth in the sections dealing with Electrocatalysis (4.1.2) and Energy Storage (4.2).

In Wen et al.’s preparation of N-doped (N-Ti3C,Tx) MXene for electrodes for supercapacitors, they explored the ex-situ heteroatom
doping strategy to prepare N-doped MXenes (Ti3C2Tx). [48] Synthesis proceeded via facile annealing of Ti3CoTx MXenes (etched from
Ti3AlCy with HF, washed with de-ionised water (DI), and dried under vacuum) placed in a tube furnace under an ammonia atmosphere
(100 ml min~?!) over a temperature range of 200 °C to 700 °C. [44] The nitrogen surface concentration was shown by XPS to have
increased with increasing temperature of the ammonia treatment (1.7 — 20.7 N at%). The as prepared N-doped (N-Ti3CyTyx) MXene
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(200 °C preparation) exhibited superior specific capacitance performance (192F g! and 82F g~ in 1 M H,S0, and 1 M MgSO4
electrolytes respectively) with retention of 67% of initial capacitance (scan rates from 1 to 200 mV s~1) over that of pristine TigCaTx
MXene (34 F g~ ! and 52 F g~ ! in the respective electrolytes). Le et al.’s preparation of N-TizC,Ty MXenes were made in a similar
fashion (Fig. 4 a(i)) for applications in enhanced Hydrogen Evolution Reaction (HER). [44] Energy dispersive X-ray (EDX) and XPS
probed the surface properties reflected the altered chemical compostion and commensurate increase in nitrogen uptake with
increasing preparative temperatures for the heat treated MXene samples, with optimal HER enhancement exhibited by the 600 °C N-
doped prepared samples. The aforesaid optimal N-doped Ti3C,T, Mxenes demonstrated HER performances (low onset potential of
—30 mV, overpotential of 198 mV @ 10 mA cm’z, and Tafel slope of 92 mV dec™) that exceeded that of pristine Ti3CoT, Mxene (high
onset potential, overpotential of 531 mV @ 10 mA cm™2, and Tafel slope of 268 mV dec™ ).

Jiang et al.’s interest in developing enhanced electrochemiluminescence (ECL) aptasensor lead to an approach involving ultra-
sonication of an aqueous solution of N-dopant, glycine, with Zn(NO3)2-6H30 and TizC,; MXene nanosheets (1 h), followed by the
resulting precursor solution undergoing thermal annealing in an argon-atmosphere tube furnace (500 °C at 5 °C/min) to support
nucleation and growth of ZnO QDs on a N-Ti3Cg nano sheet matrix. [49] Electrochemical measurements revealed N-doping of TizCs
MXene significantly improved ECL performance (2.8-fold ECL enhancement) with an ECL onset potential positive increase of 250 mV
for ZnO QDs/N-TizCy (5.43 wt% N) over the non-doped equivalent, ZnO QDs/Ti3Cy MXene. This change in the onset potential
exemplified the facilitation of N-doping of MXenes in reducing the barrier to ZnO QDs reduction on the nanosheets. An ex-situ approach
was also taken by Bao et al., a strategy for defined porous structure, high surface area, and large pore volume, by preparing crumpled
nitrogen-doped mxene nanosheets for Li-S batteries development. [50] They prepared a colloidal suspension of etched-Ti3CoTx with
an acidified solution of melamine (nitrogen source and spacer) allowing the protonated melamine to intercalate to self-assemble into
the hydrophilic negatively charged (owing to the predominant MXene surface functionality of -OH, —O, and —F) thin layered structure
of Ti3CyTx MXene. The intercalated material was thermally annealed (550 °C, 4 h), providing the N-Ti3C,Tx nanosheets. Data from an
XPS survey of the as-prepared crumpled N-Ti3CoTx nanosheets revealed three significant N 1 s peaks at 397, 398.3, 399.8 eV, cor-
responding to formation of Ti-N (27.70%), pyridinic N (34.18%), and pyrrolic N (38.12%), and a peak at 281.6 eV for C-Ti-N. The
elemental nitrogen content was confirmed as 8.41 at%. Similar approaches have been engaged using other sources of N, such as
cyanamide [51], ammonium chloride [52], and ammonium citrate [53], in preparation of N-doped Ti3C2Tx Mxenes, among other
commonly available amine derivative N dopants .[34,54].

OER and HER interests by Chen et al., instigated ex-situ preparation of N-doped Ti3CyTx MXene using an NH3/Ar plasma process
with tuneable control of structural properties and nitrogen content by volume ratio adjustment of ammonia and argon (6:1 being
optimal).[55] Etched TizCoTx MXene was stirred overnight in saturated ammonium bicarbonate solution, facilitating intercalation of
NH4HCOs into the TizCyTx interlaminar spaces. The NH4HCO3 /TizCoTx mixture was freeze dried, placed into a quartz, and treated
with a plasma NH3/Ar gas via a DBD plasma reactor (50 V x 2 A AC input power for 10 min) to give few layered delaminated N-doped
TigCoTx MXene. The plasma treatment decomposed NH4HCOj3 into NH3, CO,, and HyO vapour. The XPS spectral data confirmed
successful N-doping (with an optimal 5 at.%) with a N 1 s peak (400 eV), and a presence in three forms: lattice substitution (LS),
functional substitution (FS), and surface absorption (SA) with optimal N-doping content at 8.26, 27.4, and 64.3 % respectively. This
correlated with the respective DFT calculated formation energies for FS, SA, and LS, of —4.71 eV, —2.87 eV and —1.31 eV. The optimal
weight fraction of N-doped TisCyTy exhibited the lowest HER potential (119.17 mV @ 10 mA cm™~2) compared to pristine TisC,Tx
MXene (192.95 mV @ 10 mA cm™2) along with faster reaction kinetics (Tafel slope of 61.81 mV dec™!) indicating more rapid HER
activity. OER analysis reflected similar improvements over pristine TigC;Tx MXene (overpotential of 2.01 V @ 100 mA cm™2) for
optimal N-doped Ti3CyTx (overpotential of 1.74 V @ 100 mA cm ™).

In Alli et al.’s pursuance of a binder-free Li-ion battery anode, they prepared N-doped Ti;C MXene/TiO2 composites using su-
percritical conditions via a continuous hydrothermal flow synthesis (350 °C or 450 °C, P = 22.4 MPa) where tuned product formation
can be controlled and maintained from continuous converging streams in the reactor of supercritical water and aqueous solutions of
delaminated MXene and 0.5 M ammonia at prescribed temperatures and pressure. [56] Their doping strategy involved the oxidation of
some MXene lattice Ti to TiOy nanoparticles, located between N-doped MXene sheets forming the N-Ti,C MXene/TiOy composite
material , as confirmed by HRTEM. Whilst high-resolution XPS confirmed N 1s two peaks at 400.8 eV and 399.1 eV for protonated
pyridinic nitrogen and pyrrolic nitrogen respectively, a Ti-N peak (395.6 eV) was only apparent within the MXene lattice structure for
samples prepared above temperatures of 400 °C. Elemental analysis of N-Ti,C MXene/TiO, composites reflected increased nitrogen
uptake (1.60 % to 2.14 %) with corresponding reaction temperature increase and concomitant decrease in F-surface terminations.
Analysis for both (350 °C and 450 °C) prepared N-Ti,C MXene/TiO; electrodes indicated an initial activation process to provide
eventual specific energy capacities of 355 and 369 mAhg ! respectively (100 cycles at 0.1 C charge rate) with Coulombic efficiencies
up to 99.7%. In comparison, undoped Ti,C MXene/TiO, electrodes provided specific energy capacity of 252 mAhg™! with capacity
fade to 140 mAhg ™! under similar test conditions.

An interest in low cost electrocatalyst development for HER by Han et al., explored an ex-situ approach optimizing an ultrasonic
temperature method to produce N-Ti3Co Mxene for electrocatalytic HER applications.[57] Pristine TigCy MXene powder was combined
with ammonia (30 wt%) and NaBHy4 and ultrasonicated (200 W, 3 h) at various temperatures (5, 15, 35, 55 and 75 °C) using a bath-
sonicator. It was anticipated that the ammonia would act thermodynamically and kinetically on defects at oxygen-containing func-
tional groups forming C-NHj, C-NH, and Ti-NH,, with subsequent N-H dissociation to give C-N and Ti-N bonds. The successful N-
doping of Ti3Cy MXenes was confirmed by XPS signals at 400 eV from N 1 s, and peaks at 398.8 eV, 400.1 eV, 401.4 eV, 403.3 eV and
396.5 eV corresponding to pyridinic-N, pyrrolic-N, graphitic-N, O-N-C, and Ti-N, respectively, with optimal N-doping (1.84 at.%)
occurring at 35 °C, and Ti-N formation occurring at 15 °C and above. The optimal N-doped Ti3C, Mxene provided superior HER activity
with an overpotential (162 mV @ 10 mA cm™2) 3.5 times lower than that for pristine MXene (578 mV @ 10 mA cmfz), along with
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faster reaction kinetics as exemplified by the lower Tafel slope (69 mV dec™)), in comparison to pristine Ti3Cy MXene (150 mV dec™ ).

2.2.2. Sulphur (S) doping

Exploration of the interlayer spacing within the nanoflakes of MXenes is another area of limited exploitation using non-metal
dopants such as the hypervalent S atom (Fig. 3b). Sulfur is ideal in this respect due to its large covalent radius that is anticipated
to increase the interlayer distance of S-Ti3CoTx MXenes, as well as influence change in the material’s intrinsic properties. First-
principle DFT calculations by Bao et al.’s studies into using MXenes for performance enhancement of Na-S Batteries, determined
two possible doping sites for sulfur doping in the S-Ti3AlC, Max phase; finding greater preference for positioning of the sulfur atoms in
the Al layer sites (—5.372 eV), rather than at any C site (—5.122 eV).[58] They extended their DFT analysis to the S-Ti3C,Tx MXene
matrix and found their predictions to be consistent with experimental XPS binding energies for C-Ti-S bond (161.2 eV), terminal sulfur
(163.5 eV), and bridging sulfur (S-S) bonds (164.5 eV), with S5 peaks as the dominant oxidation state for their in-situ preparation of
wrinkled S-Ti3CoTx MXene nanosheets from sulfur doped MAX phase precursor, TizAlC,Sx (Fig. 2b). The dopant sulfur atoms had good
uniformity in distribution throughout as evidenced by SEM energy-dispersive X-ray spectroscopy (EDS) of the MAX phase. Further DFT
calculations on the adsorption capacity of S-Ti3C2Tx MXene nanosheets with representative sodium polysulfides, by the group,
indicated preferential surface binding for S-TigCyTx rather than O-TizCyTx or F-Ti3CyTx, which was backed up by their experimental
data, again demonstrating the usefulness of theoretical computational approaches in MXene functional design. MAX phase synthesis
was based on a 3:1.0:1.8:0.1 atomic ratio mixture of titanium, aluminum, graphite, and sulfur, sintered in a tube furnace at 1650 °C
(5 °C/min for 2 h under argon). After milling and sieving (200-mesh), the MAX compound underwent etching with LiF-HCI solution,
intercalation with chloroform under argon, exfoliation by sonication in an aqueous solution, and finally freeze dried to yield S-TizCyTx
MXene nanosheets.

Battery technology is a significant driver in exploration of new MXene materials; in this regard An et al. developed a 3D protective
layer composed of S-TizCoTx MXene/ZnS for anodes, and a freestanding 3D S-Ti3CoTx MXene@MnO, cathode for zinc-ion batteries.
[59] The S-doping with 3D structure formation on MXene are concomitant with ZnS generation. Synthesis involved coating a uniform
solution of sulfur and Ti3CyTx MXene on to a Zn foil and dried at 50 °C for 10 h. The obtained S@MXene@Zn was subjected to thermal
annealing under vacuum at temperatures of 300 °C, 350 °C, and 400 °C, (5 °C min’l, 2 h) in a tubular furnace to determine optimal S-
doping conditions. Successful S-doping of the MXene-coated Zn foil led to S-MX@ZnS@Zn formation, confirmed by EDS elemental
mapping along with the presence of the Ti-S bond by XPS. For synthesis of S-TigCaTx MXenes@MnO; cathode, MnO» nanotubes were
mixed with Ti3CaTx MXene and sulfur into a homogeneous solution. The mixture was filtered, dried under vacuum (50 °C) to give
S@MXene@MnO;, which then underwent thermal treatment (350 °C, 2 h) to yield flexible S-Ti3C2Tx MXene@MnO5 product as
confirmed by HR-XPS spectral survey exhibiting a series of peaks for S 2p, located at 160.8, 161.9, and 164.0 eV, corresponding to Ti-S,
S 2ps/2, and S 2py /9, respectively, and a Ti 2p peak at 454.9 eV attributable to Ti-S. In Shuvo et al.’s studies for room-temperature gas
sensors for volatile organic compounds (VOC), they prepared S-doped Ti,CoTx via an ex-situ strategy, which involves co-milling
pristine Ti3CoTx with thiourea and heating at 500 °C for 3 h.[60] The heteroatom S-dopant was found to have enhanced the inter-
layer spacing of the S-TiCoTyx MXene nanoflakes substantially by microstructural characterization techniques (TEM, HAADF-STEM,
and HRTEM). In pursuance of enhanced anode performance via improved sodium storage capabilities for sodium-ion batteries, Li
et al. were able to prepare multi-layered S-Ti3CoTy MXene with widened interlayer spacing along with the sought after enhanced
electrical conductivity attributable to surface-induced capacitivity by S doping. The ex-situ synthesis of S-doped Ti,CyTx involved
placing TizCyTy (0.2 g) with S-dopant, thiourea (4 g), at two separate positions in a quartz boat with the thiourea upstream in a furnace
in an argon atmosphere for 3 h. A range of samples were prepared at 200, 300, and 400 °C, at a heating rate of 2 °C min " to determine
optimal preparative conditions. [61].

Myagmarsereejid et al. prepared S-TizC2Tx MXene nanosheets as doping agents for ambient fabrication of Sb,Sg light absorbers for
improved efficiency and stability for solar cells. [62] The S-doped TizC2Tx MXene was prepared from a 1:10 ratio of pristine TigCyTx
nanosheets mixed with thiourea (phenyl thiourea) in DI water, which was successively freeze-dried, and annealed at 500 °C for 3 h
(3 °C min~ 1) under an argon atmosphere. Characterization by energy-dispersive X-ray spectroscopy (EDX) and elemental mapping
revealed successful S doping of 1.1 at%, and XPS data confirmed a decrease in F and Cl surface termination groups concomitantly
replaced by O- (Ti-O) and S- (Ti-S) groups which was consistent with XRD data. DFT calculations using the garnered XPS data indicated
that models with S-doping (S-Ti3C202) exhibited a metallic character without a band gap; the S dopant introducing new electronic
states around the Fermi level, suggesting greater electronic conductivity compared to the non-doped model (Ti3C305). The group
fabricated Sb,Sg solar cell devices with S-Ti3CyoTx MXene nanosheet doping under inert (Ar) and air atmospheres, revealing that the
best power conversion efficiency (PCE) performance was provided by the in-air preparation with an enhancement of 59.65% compared
to the Ar-atmosphere prepared device; the enhanced performance considered to be due to the combination of O and p-type doping
effects.

2.2.3. Phosphorus (P) doping

Doping MXenes with phosphorus is relatively unexplored as a single dopant and has been used more so as a co-dopant with ni-
trogen. Like sulfur in having a large covalent radius and hypervalency, it too is expected to increase the interlayer distance of MXenes
as well as impacting the intrinsic properties of the material. Most of the reported P-doped MXene synthesis have involved ex-situ route
processes (Fig. 4c). Wen et al.’s exploration of MXenes as electrode material for supercapacitors led to their synthesis of P-doped
Ti3CyTx MXene. After a solution of sodium hypophosphite (300 mg) in Ny-saturated water (100 ml) was stirred with Ti3CyTx MXene
(30 mg) under N5 for 10 h at room temperature, the mixture was freeze-dried, and then annealed under argon flow over a range of test
temperatures (300 °C, 500 °C, 700 °C) with optimal conditions at 500 °C (2 °Cmin.’1, 2 h). [63] Removal of the phosphate salt by-
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product required a week’s dialysis under Nj to finally yield P-Ti3sC2Tx MXene. DFT analysis was used to help elicit the P-doping
mechanism in MXenes from the collected characterisation data for the observed reaction temperatures. Lower doping temperature
(300 °C) observations indicated P atoms preference for bonding at surface terminals leading to P-O configurations; 500 °C indicated
more lattice defects would be generated allowing more P-doping at the Ti vacancies although no P-Ti bond is formed in the P-
Ti3CyTx due to its greater formation energy requirements. The DFT analysis complimented the XPS data which also confirmed optimal
P-doping was at 500 °C (12.9P at%). Temperatures above 700 °C resulted in generation of an inactive phase, NaTi3(PO4)3 resulting in
poor capacitive properties. A significant increase in interlayer distance for P-Ti3CyTx MXene (1.51 nm) was also observed (TizCyTx
MXene (1.05 nm)), as well as an enhanced specific capacitance of 320 Fg~! at a current density of 0.5 Ag™! reflecting a significantly
improved electrochemical performance due to P doping in comparison to pristine Ti3CyTy. [63].

To overcome the bottleneck of undesired titanium phosphate phase formation during P-doping of Ti3C,; MXenes, Gupta et al.
exploited microwave (MW) assisted heating of homogeneous mixtures of reactants.[64] A prepared oxygen free aqueous solution of
pristine Ti3CoTx with a selection of P-doping reagents of either phytic acid (C¢H18024P¢), phosphoric acid (H3POy), or sodium
dihydrogen phosphate (NaH2PO4), ultrasonicated (26 kHz for 2 min intervals for 30 min) to ensure homogeneity, were microwaved at
a range of power settings and times (500-1000 W, 30 sec to 5 min). A variety of weight ratios of Ti3C2Tx and respective P-doping
sources were also explored. Post MW irradiation work-up involved washing with DI water and ethanol, to adjust sample pH to 7, and
drying under vacuum at 60 °C. A comparative set of samples were prepared by thermal annealing in a tubular furnace (250-900 °C,
1-4 hrs) under an inert N, flow. The thermal annealing studies were prone to form titanium phosphates, in contrast, the optimised MW
reactions (TigCyTx:Phytic acid (1:10), 700 W MW, 2 mins), 2 mins (P-Ti3Co-MW-PA@1: 10)) delivered P-doped Ti3Cy MXenes without
phosphates present. It was proposed that MW irradiation generates rapid localised heating (1200 °C) initiating the decomposition/
reduction of phosphate dopants into phosphate ions and carbonaceous residue, thus promoting rapid P-doping into the Ti3CoTy lattice
site. The combination of the Ti3CoTy surface, phytic acid, and H0, creates a favourable matrix that enhances MW absorbance to
generate heat through interfacial and/or dipolar polarization (TiO(H), Ti-F, P-O, and H-OH dipoles). The successful intercalation of
phytic acid into the hydrophilic negatively charged Ti3C,Tx MXene was not just electrostatically more favourable than for the other
phosphate compounds, but also the role of H-bonding in the aqueous surface environment would be significant in enhancing the
colloidal stability. XPS deconvolution of the Ti 2p spectrum revealed peaks for Ti-P bond (2p; /2, 456 eV, and 2p3,5, 461.4 eV) ascribed
to substitution of C atom by P in the TizCyTy lattice. The P 2p peaks were assigned to P-O-Ti (132.5 eV) and P-O (133.5 eV) indicating
adsorption/substitution of the surface functional groups by the P dopant. A peak assigned as a P-C bond (131.3 eV) was suggested as P-
doping of the exposed edges of Ti3CTyx. The extent of optimal P-doping was assessed as 3.80 wt% by EDS, or 3.77P at%, by XPS. The
microwave generated titanium phosphate free P-Ti3Cy MXene provided an increased interlayer spacing (1.18 nm) with a significantly
improved surface area (6.7-fold) over that of TizC2Tyx (0.98 nm). This afforded a wealth of phosphorous redox-active sites and elevated
electronic conductivity that remarkably enriched the MXenes pseudo capacitance capability. Optimal supercapacitor performance was
realised for the titanium phosphate free P-Ti3Co-MW-PA@1: 10 flexible supercapacitor devices with outstanding volumetric capaci-
tance (~1201 F cm_s), energy density (41.7 Wh L_l), and power density (712.5 W/L), that not only exceeded pristine TizC,Tx based
supercapacitor devices but also all other doped MXene devices.

Qu et al. successfully explored the introduction of phosphorus and oxygen as dopants for Mo,CTyx MXenes as potential electro-
catalysts for HER.[37] The Mo,CTx MXene was etched from a stirred MoyGa;C MAX phase and LiF/HCl solution mixture (35 °C, 160 h)
to remove Ga layers. The work up involved washing in degassed DI water to a pH > 6, and centrifugation (3500 rpm, 1 h). The Mo,CTx
collected from the supernatant was dried in vacuo. Preparation of the P-doped Mo,CTy; MXenes, involved separate ceramic boat
samples of red phosphorous (P) and Mo2CTx loaded into a tube furnace with P upstream in a furnace under Ar atmosphere (550 °C for
30 min, 10 °C min~?, Ar flow (50 SCCM)). Energy-dispersive X-ray spectroscopy (EDS) mapping indicated P was distributed uniformly
throughout the P— Mo,CTx MXene. XPS spectra revealed increased P and O atoms for P-Mo,CT, in comparison with pristine MoCTy,
along with the deconvolution of the Mo 3d peak revealing Mo-P signals at 231.6 eV and 228.1 eV, and a P 2p3/, peak at 129.4 eV
ascribed to P-Mo bond.

2.2.4. Dual doping

Dual doping with two different heteroatoms (N and S, or N and P) into a material allows for versatility in the creation of more
defects whilst also providing for more active sites, as well as influencing interlayer spacing of 2D materials. The introduction of such
can also facilitate single metal atom coordination into the material, thus further enhancing the material’s properties and diversifying
their range of applications. Each of the processes for the heteroatom doping enacted by the various research groups achieved sig-
nificant outcomes in respect to their aims, however, the nature of those processes were varied in their impact to the degree of het-
eroatom doping, the diversity of heteroatom bond formation or replacement (with resident Ti, C, or O) and location of heteroatom
dopants (carbon lattice substitution (LS), —OH function substitution (FS), or -O termination surface absorption (SA). Bai et al. produced
nitrogen, phosphorus-doped Ti3C2Tx MXene quantum dots (MQDs) for colorimetric/fluorometric dual-modal sensors for nitrite assay.
[65] They prepared an aqueous solution of TigCyTx MXene, H3PO4, and formamide, adjusted to pH 9.0 using ammonia, after which the
reactants were subjected to MW irradiation (800 W, 120 °C, 30 min). Work-up involved centrifugation (5000 rpm, 10 min), and
membrane filtration (220 nm) of the supernatant, and drying under vacuum to give N, P- TigC2Tx MQDs with consistent uniformity in
size (3.11 + 0.86 nm) and QY of 21.5%. XPS spectral survey displayed peaks at 401.3, 134, 192 eV confirming the presence of dopant
elements for N 1's, P 2p, and P 2 s, respectively in N, P- TigC2Tx MQDs. Deconvolution of the N 1 s spectrum displayed peaks at 399.6,
400.4 and 401.9 eV, attributed to N-H, N-(C)3 and N-N/N-P, respectively, whilst the P 2p peak deconvolution revealed peaks at 132.76
and133.7 eV, for P-O and P-C/ P-N. Other new peaks at 459.2 and 462.3 eV were attributed to Ti(2) 2ps,2, and Ti(3) 2p; 2, anticipated
characteristic peaks for N, P-TizCoTx MQDs. Similar to that of Gupta et al., there was no evidence of titanium phosphates having been
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formed.[64] Xia et al. created N, P- doped MXene ribbons for electrochemical stripping analysis sensor for multiple heavy metal ions.
[66] Pristine Ti3CoTy was cut into ribbons by stirring in a KOH solution under N3 atmosphere at 25 °C for 108 h. The nanoribbons were
washed and dried before combining with diammonium phosphate solution (N,P-dopant), and subjected to hydrothermal conditions
(120 °C, 12 h), after which the product was filtered, washed, and dried to yield N,P-TizCyT ribbons. XPS spectra confirmed successful
N and P heteroatom doping of N,P-Ti3C,Ty ribbons with characteristic peaks of N 1 s and P 2p. The N 1s peaks centred at 401.6, 399.8,
and 397.5 eV, corresponded to graphitic-N (SA), pyrrolic-N (FS), and pyridinic-N (LS), respectively, whilst the P 2p spectrum was
deconvoluted for P- bonds at 134.0, 133.3, 132.8 and 130.1 eV and assigned as the corresponding P-O, P-N, P-C, and P-Ti bonds.
Interestingly, there was no indication of titanium phosphates being present in these materials, possibly a consequence of the
morphology of the materials produced compared to that of the thermally annealed materials by Gupta et al.[64] With N,P co-doping,
an enhancement of the electrochemical activity and conductivity was observed for the N,P-Ti3CyTyx ribbons. The N,P-Ti3C,Tyx ribbons
provided improved adsorption and reducing capabilities for Cu?>" and Hg?" for advanced sensing performances with electrodeposition-
free detection (LODs of 1.8 nM and 0.29 nM respectively), outperforming that of Ti3CoTxR and other materials. Chen et al. explored
application of N,S doped MXenes in the development of colorimetric and electrochemical coupling sensors for uric acid detection.[67]
They proceeded with grinding thiourea with TisC;Tx MXene before annealing the sample in a tubular furnace (500 °C, 3hrs) under
argon atmosphere. The product was grounded and washed with DI water until a pH 7, and dried to yield N,S-Ti3C2Tx MXene. Char-
acterization by XPS spectral survey of N,S-Ti3CoTx MXene revealed within the C 1s region on deconvolution the presence of C-S-C and
C-N-C bonds at 284.9 eV and 286.0 eV respectively. Within the N 1s spectrum, peaks could be attributed to pyridinic-N (398.2 eV),
pyrrolic-N (399.6 eV), graphitic-N (401.5 eV) and oxidized-N (402.4 eV). Among the four characteristic S 2p peaks indexed to C-S
(2p3/2), C-S(2p1/2), was C = S and C-SOX-C, along with the presence of C-S—C moiety reinforced with an assignment of S 2ps,, and S
2p 1,2 to peaks at 163.0 eV and 164.18 eV. Notably, among the Ti 2p data, none was observed for the existence of Ti-S or Ti-N species;
it was speculated that the Ti atoms may have experienced replacement by the S atoms or N atoms rather than bonding with Ti. The N, S
co-doping for formation of N,S-Ti3C; allowed S to increase the interlayer distances of the MXene, improving catalytic site access, and
for N to promote electron transport efficiency, properties that provided significantly greater performances for NS-TizCy NSs-modified
glassy carbon electrode (GCE) for the electrochemical redox of 3,3',5,5-tetramethylbenzidine (TMB) and HoO» compared to Ti3Cy NSs/
GCE.

Yang et al. studied the use of N and S heteroatoms for introducing defects in to MXenes to expand the interlayer spacing for
increased ion transfer in the charge/discharge process for energy storage systems.[53] They proceeded by stirring Ti3CoTx MXene
powder in an aqueous ammonium citrate solution for 4 h, where the ammonium citrate had a dual role as an intercalant to facilitate
interlayer access for sulfur, as well as a N-dopant on degradation in the thermal annealing process. The intercalated sample was dried
and placed in a ceramic boat. A separate ceramic boat contained sulfur and both were loaded into a tube furnace with sulfur upstream
in a furnace under Ar atmosphere at the desired temperatures (200 °C, 400 °C and 600 °C for 2 h, 5°C min~, Ar flow (0.1 L min™"): the
optimal temperature found was 400 °C. High resolution XPS spectra of the N,S-Ti3C,Tx MXene for the deconvoluted S signal presented
just two peaks at 163.5 and 164.7 eV, attributed to the S2p3/2 and S2p1/2 for Ti—O-S. This reflected a surprising lack of diversity of
sulphur present in the material, particularly when considered against that achieved by Chen et al.. [67] The spectral survey revealed
three peaks within the N1s spectra at 396.0, 399, and 401.7 eV, assigned to lattice substitution, functional group substitution and
surface absorption, respectively. However, the degree of heteroatomic doping revealed by XPS (1.3 at% sulfur and 1.4 at% nitrogen)
was significant in the as prepared N,S-Ti3C2Tx MXenes. The introduction of the dual dopants, N and S, expanded the MXenes’ interlayer
spacing thus allowing for more active sites and facilitating increased intercalation, whilst also inducing changes in the electronic
structure that improved ion transfer kinetics for charging/discharging processes. The optimal N, S co-doped Ti3CyTx MXene exhibited
excellent gravimetric capacitance (495F g~'at 1A g™!, compared to pristine TisCoTyx (321 Fg~lat 1A g™1)), rate capability
(180F gl at 10 A g1) and cycle stability (98% retention over 6000 charge/discharge cycles).

Zhang et al. sought to mitigate difficulties encountered in ion transport within electrodes for lithium-ion batteries (LIBs) by
application of N, S co-doped V,CTx MXenes for anodes. [68] Preparation of VoCTx MXene was processed by HF etching of V,AIC MAX
phase (40% conc., 35 °C, 5 days). After centrifugation, washing (pH 7), and freeze-drying (24 h), the Vo,CTx MXene was mixed to
uniformity with thiourea, and underwent thermal annealing at a desired series of temperatures (500 °C, 600 °C and 700 °C, 3 h, 2 °C
min~}, N, atmosphere) to yield under optimal conditions (600 °C) the N, S co-doped V,CTx MXene. A range of new peaks in the XPS
survey presented for the co-doped N,S-Vo,CTx MXenes that were not present in the pristine VoCTx MXenes along with a reduction/
disappearance of other peaks. The S 2p XPS spectrum showed two peaks at 163.2 and 167.8 eV attributed to the S 2p3/2 and S 2p1/2
peaks respectively for the C-S-C bond. This was complimented by the XPS spectra of C 1s assigned for a strong C-S bond at 285.4 eV.
The deconvoluted N 1s spectrum showed peaks at 396.8, 398.6, and 400.1 eV that were respectively assigned as V-N, pyridinic N, and
pyrrolic N. XPS analysis revealed quite a remarkable degree of heteroatomic doping of 8.3 at% for sulfur and 20.3 at% for nitrogen for
the as prepared co-doped N,S- V,CTx MXenes at 600 °C. The effective N and S co-doping significantly improved electrochemical
reactivity and charge transfer ability, increased interlayer spacing, and promoted effective diffusion of ions and electrons. The optimal
performing samples, N,S-V,CTx, demonstrated greater reversible capacity (590 mAh g~ at 0.1 A g~! after 100 cycles), and rate
capability (347 mAh g ' at 1 Ag ! and 171 mAh g~ at 5 A g~1) with long-term cycling stability (298 mAh g~* after 300 cycles at 2 A
g1, than other reported V,CTy-based anode materials (ibid. 15 & 16). Tan group explored N,S-co-doping of TizC,Ty MXene for
facilitating single-metal sites for HER electrocatalysis with an Ir atom. A condensed colloidal solution of melamine hydrochloride with
pristine Ti3Co Ty was mixed with thiourea and HolrClg, then freeze dried for 72 h, and pyrolyzed in Ar (550 °C, 2 h, 5 °C min™1) to yield
porous N,S-co-doped Ti3CaTx MXene [69]. High-resolution XPS analysis confirmed a peak for N 1s, which deconvoluted revealed four
peaks attributed to Ti-N (396.3 eV), pyridinic-N (397.5 eV), N-Ti-O (398.6 eV), and pyrrolic-N (399.5 eV), for NS-Ti3CyTy. The S 2p
spectrum was deconvoluted into six components: S-Ti (160.5 eV), chemisorbed S (161.7 eV), Ir-S (162.4 eV), S-C (163.3 and 165.0
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eV), and sulfate species (168.0 eV), and a Ti 2p peak at 455.7 eV attributed to Ti-N bonds confirming successful formation of N,S-co-
doped Ti3CyTx MXene. Both Ir-N bonds and Ir-S bonds were also identified by high-resolution XPS data confirming Ir coordination
within the porous heteroatom in Ir-N,S-TigCoTx MXenes. The effectiveness of the doping for HER electrocatalysis is discussed later in
4.1.1, Hydrogen evolution reaction (HER).

2.2.5. Halide (F, Cl, Br, I) doping: Opening new avenues

Fluoride doping in MXenes is well established by default since the very first preparation of MXenes by Naquib et al. due to the
ubiquitous etching process via either HF acid solution or LiF/HCI solutions. [14] Because of the very nature of the etching solutions,
there is also concomitant oxidation, hydroxylation, and possible chlorination of the surface terminations of MXenes with limited
control. Whilst the surface termination groups of etched MXenes can be eliminated or exchanged using various energetic methodol-
ogies such as hydrothermal, solvothermal, or calcination; the hazardous fluoride etching route of the MAX phase is still relatively
restrictive and limiting. The resultant MXene Ty surface groups composed of M—F and M—O bonds are far stronger than for example
either M—Cl or M—Br, thus making it challenging for controlled and tunable covalent surface modifications post MXene synthesis for
tailoring to desired applications. However, a safer more recent fluoride free approach has been developed that opens a plethora of
opportunities in advancing MXene preparation allowing for the introduction of more modifiable surface metal halide terminations.
Using molten salts for etching MAX phase allows for the transformation of MXenes with excellent uniformity in termination groups that
are readily modifiable to the desired MXene composition of choice. [70] This has allowed halides other than just fluorine to be easily
introduced, such as chlorine, bromine, or iodine, with up to 100% coverage as termination groups, i.e., elimination of unwanted
oxidation and hydrolysis. Whilst fluoride termination bonds are very stable, chlorides and bromides on the other hand are more labile
and provide opportunities to readily substitute with group 6 elements (oxygen, sulfur, selenium, tellurium) or -NH groups, to the
desired degree, or alternatively the labile halide can be readily removed to create vacancy sites. Significantly, this not only allows
researchers to by-pass the hazardous HF etching process but offers a possibly greener chemistry process with far more access to
tailoring the surface chemistry of MXenes, and excitingly, an unprecedented scalable approach to commercial production of MXenes.

The gateway to this ex-situ molten salt approach was first opened by Huang and co-workers introducing the late transition element,
Zn, into the A site (Al) for a range of MAX phases (Ti3AlC,, Ti2AlC, Ti2AIN, and V,AIC) by combining the respective materials with
molten ZnCl, to yield new MAX phase materials (Ti3ZnCy, Ti2ZnC, TizZnN, and V,ZnC), and successively Cl-MXenes (Ti3CoCly and
TioCCly) with pure Cl termination thus eliminating unwanted oxidation and hydrolysis.[70] Based on their understanding of molten
transition-metal halides ability to act as Lewis acids that can react thermodynamically with the A element of the MAX phases, and the
liquid environment simultaneously allowing diffusion through the MAX phases 2D plane thus facilitating bonding with layer elements,
they explored a range of variables (Al-MAX/ZnCl; molar ratio (1:1 to 1:6) and time (0.5 h to 5 h)) required to bring about changes.
Their phase change studies identified that a molar ratio of 1:1.5 of the AI-MAX/ZnCly powders (mixed and ground under Ny and
annealed at 550 °C for 5 h under Ar) was best for Zn-MAX formation, whilst a molar ratio of 1:6 for 5 h under similar treatment was best
for Cl-MXene (TizC2Clp and TiaCCly) formation. However, MXenes TioNClp and VoCCly were not formed due to anticipated higher M—A
bonding energies within the respective Zn-MAX phases. The as-synthesised material was washed with 5 wt% HCl and DI water to
remove any by-products of Zn before filtration. Based on their timeline study observations and analysis for the Ti3C,Cl, formation, they
identified that this occurred via a two-step process with initial formation of Ti3ZnC; followed by etching of the same by the excess
molten ZnCl; to form Ti3CyCl; via a proposed reaction mechanism involving a low valence Zn3" cation as follows in equations 1 to 7:

Ti3AIC; + 1.5ZnCl, = TisZnC, + 0.5Zn + AICI3} (eh)
Ti3AIC, + 1.5ZnCl, = TisC, + 1.5Zn + AICI31 (2)
Ti3Cy + Zn = Ti3ZnC, 3
Ti3ZnC; + ZnCly = TizCyCly + 2Zn 4
TisZnCy + Zn** = TizC, + Zn3" (5)
Ti3Cy + 2C1~ = Ti3C,Cly + 2¢” (6)
Zn3* + 2¢” = 2Zn @)

XPS confirmed peaks for Ti-C (I) (2ps,2), Ti-C (II) (2ps,2), Ti—C (D) (2p1,2), Ti-C (II) (2p1,2) bonds (454.4 eV, 455.7 eV, 460.3 eV,
461.8 and 464.1 eV, respectively) as well as peaks for Ti-Cl (2p3,2) and Ti—Cl (2p;/2) bonds (458.1 and 464.1 eV). Interestingly, the
XRD recorded c lattice parameters (22.24 10\) for TizCaCly are not only in good agreement with DFT calculated values (22.34 10\) but
significantly larger than those prepared by HF etching for Ti3CyTx (Ti3Co(OH)2 (19.49 10\) and Ti3CoF> (21.541 1°\)). [14] Huang and co-
workers have since proposed a generalized and systematic approach for molten salt etching in the preparation of MXenes for their
interests in enhancing development of negative-electrode materials for electrochemical energy storage. [71] Their approach in
planning the respective syntheses was to predict via a Gibbs free energy map based on thermodynamic calculations (@700 °C) of the
relevant electrochemical redox potentials for the MAX phase A-site elements and chloride Lewis acid molten salt cations. This allowed
them to strategically choose the most effective combinations that would allow etching based on the Lewis acid molten salt having a
higher redox potential. Using this strategy, they successfully exfoliated eight MAX phases (Ti2AlC, Ti3AlC,, TisAICN, NbyAIC, Ta,AlC,
TioZnC and Ti3ZnCy) into seven corresponding MXenes (TipCTy, TigCoTy, TigCNT,, NbyCTy, TagCTy, TioCTy, TizCoTy) through the
suitably chosen molten chloride salts (CdCls, FeCly, CoCly, CuCly, AgCl, NiCly).
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The Highlighting Ti3SiCo; MAX precursor as an example for etching, TizCoCly MXene was prepared from an eutectic preparation of
Ti3SiCs:ZnCly:NaCl:KCl (molar ratio of 1:3:2:2) at 750 °C (4 °C min~!, 24 h) molten mix under argon, and on cooling, washed with DI
water to remove salts but leaving Cu metal behind, so denoted TigC2Clp-Cu MXene. The authors proposed that the weakly bonded Si is
readily oxidized to Si*t (Si4+/Si redox potential of —1.38 V) with concomitant reduction of Ccu®* to Cu (Clp/Cl™ redox potential of
—0.43 V for CuCl, molten salt), with the excess Cu?* also partially oxidising layered Ti, thus allowing charge compensation by
Cl™ anions to form the product Ti3C2Cly MXene, along with by-products Cu metal and volatile SiCl4 (equations 8 and 9). The authors
have drawn an analogy with the etching process for TisAlC, in HF solution where Cu?>* and Cl™ act as H" and F~, respectively.

Ti3SiC; + 2CuCly = Ti3C, + SiClyt 4 2Cu (8)
Ti3C, 4+ CuCl, = TizC,Cl; + Cu 9

To remove the Cu metal by-product, the as-synthesised Ti3CyCly-Cu MXene was washed with ammonium persulfate ((NH4)2S20g)
solution, a strong oxidising agent. This resulted in the introduction of O as a surface termination group. The new material was referred
to as MS-Ti3CyT, MXene, where T, represents both O and Cl termination groups, and MS referring to its molten salt origin. The
oxidation demonstrated the ease with which the Cl termination groups can be replaced allowing for the introduction of terminal
dopants. Oxidation can be avoided using a 0.1 M aqueous solution of FeCl3 to remove copper. CHNO combustion elemental analysis
revealed circa 12 wt% and 14 wt% for the O- and Cl-termination-groups respectively in MS-Ti3C2Tx MXene, indicating elemental
composition of Ti3Cy 94Cly.7701.71. The authors also introduced Ga as an A-site element in preparation of TioGaC MAX-phase via this
strategy (Ti3SiCy: GaCly (molar ratio of 1:1.5), as well as having prepared Br-MXene and I-MXene from TizAlC, with CuBry and Cul
molten salts respectively. The groups analysis of MS-Ti3C2Tx MXene for electrochemical performance demonstrated the highest
capacitance values reported for any TizCz MXenes in non-aqueous electrolytes.

Kamysbayev et al. investigated the influence of tailored surface modifications on structural and electronic properties of MXenes
using molten inorganic salts (eutectic melts). [72] They prepared MXenes, Ti3CzCly, TioCCly, and NbyCCly, from MAX phase TizAlC,
with CdCl, molten salt, as well as TizgCoBry and TioCBr5 from the same MAX phase but with CdBr molten salt. They were also able to
demonstrate the ease of substitution of Cl- and Br-terminated MXenes for other atoms and functional groups in contrast to O- and F-
terminations. Examples provided included Ti3CyTe and Ti3C,S from Ti3CyBry MXene in a eutectic solution of CsBr-KBr-LiBr with LiyTe
and Li5S, respectively. Introduction of telluride terminations showed significant in-plane lattice expansion (>18%). Other examples of
substitution were TizCsSe, Ti3C20, and Ti3Co(NH) MXenes from reactions of TigCoCly and Ti3CyBry with LisSe, LioO, and NaNHo,
respectively.

Treatment of the multilayered Ti3CoT, MXenes (T = Cl, S, NH) with n-butyl lithium introduced a negative surface charge thereby
allowing intercalation of Li* between the layers. This facilitated easy dispersion of the MXenes in polar organic solvent (N-methyl
formamide) providing a stable colloidal solutions of single layer flakes. The authors were also able to achieve the highlighted surface
modifications for TiyCCly, TioCBro, and NbyCCly. Through reductive elimination of TizCoBre and TipCBrp with LiH at 300 °C, bare
TisCy[2 and TipC[J2 MXenes ([] = vacancy site) were also created. HAADF analysis confirmed the vacancy sites by revealing the
center-to-center distance between the Ti3C, sheets was 7.59 A, as opposed to a theoretical predicted value of 8.26 A for TizCoHo and a
predicted smallest spacing value of 7.23 A. They also demonstrated that surface modifications for NbyCT, MXenes (T = S, Se, NH)
influenced control in superconductivity.

Sarfraz et al. developed Cl-doped MXene (Ti3C2Cly) electrodes for electrocatalytic water splitting (OER and HER) in alkaline media.
[73] Preparation involved grinding MAX phase powder (Ti3AlCy) with copper chloride (CuCly) in a 1:6 M ratio, that was then subjected
to 550 °C under an argon atmosphere for 5 h in a tube furnace. After cooling, the work up involved 5% HCI treatment for 2 h to remove
any residual copper contaminants, followed by centrifugation (4000 rpm for 5 min), washing with deionized water and then drying at
60 °C. XPS data analysis revealed peaks for Cl 2p at 198.5 and 200 eV confirming the Ti-Cl bonds of 2p 1,2 and 2p 3,9, respectively.
Peaks for Ti-C 2ps3/, and Ti-C 2p; 2 bonds were also determined at 456.7 and 461.89 eV, respectively. The prepared Ti3CoCl, MXene
electrodes exhibited good electrocatalytic activity for HER and OER in 1 M KOH with an overpotential of 259 mV and Tafel slope of 92
mV dec™! (at 10 mA cm ™2 current density) and 330 mV and 48 mV dec ™! (30 mA cm ™2 current density) respectively. This was superior
to electrodes prepared from HF etched MXene, Ti3CyTy, for HER (overpotential of 444 mV, Tafel slope of 311 mV dec 1) and OER
(overpotential of 390 mV and Tafel slope of 136 mV dec™!). The improved performances were attributed to the increased interlayer
spacing and greater stability due to structural enhancement afforded by uniform Cl terminations over that of the mixed F and O
terminated MXenes.

An interest in chloride-ion batteries (CIBs) led to Zhu et al.’s preparation of Cl-terminated MXene (Ti3CyCly) as a cathode material
that allowed for high CI” capacity with low CI™ diffusion barrier for chloride-ion hybrid capacitors (CHCs).[74] Mixing a stoichiometric
molar ratio (1:3) of MAX Phase TizAlCy and CuCl, with NaCl and KCl as a Lewis-acidic-melt (700 °C, argon, 24 hrs) yielded the Ti3CoCly
MXene after NH3-Ho0/NH4Cl solution work up. High-resolution XPS analysis confirmed Ti 2p peaks at 463.0/456.7 and 464.3/458.4
eV bonds for the Ti-Cl and Ti-O bonds, respectively, and the presence of Ti-Cl bond further confirmed with respective Cl 2ps/» and
2p1,2 peaks at 198.7 and 200.4 eV. The presence of Ti-O bond was attributed to oxidation in the work up wash, however, the XPS
assessed atomic ratio of Ti to CI as 3:1.59 in the TigCyCl, MXene, indicating close to complete Cl-termination of the MXene. The
Ti3CCly based electrode demonstrated a gravimetric capacity of 536 mAh-g~! with impressive Coulombic efficiency (>99.5% after
1000 cycles at a current density of 0.2 A-g 1) whilst the TigC,Cl, Mxene’s rate capability of 181 mAh-g ™! (at 0.2 A-g~1), was superior to
that of HF prepared Ti3CyTx (96 mAh~g_1) for CHGCs.

Gong et al. recognizing that regulating the surface terminations of MXenes was a major challenge for enhancing the electrochemical
performance in pseudocapacitor performance. [75] They set about by-passing the typical resultant deleterious surface terminations (F,
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OH, and O) obtained in MXenes by HF etching of the MAX phase material, by instead taking a top-down (ex-situ) approach in
introducing iodine terminations via a facile Lewis-acidic-melt etching method using Cul with the MAX phase to form the I-doped
Ti3CyTx MXene. The MAX phase, Ti3AlC; (0.5 g), was mixed and ground with Cul (3 g) under Ar, and placed in an alumina crucible and
calcinated at 700 °C (4 °C/min) for 9 h under Ar. On cooling, the mixture was washed with NH4Cl/NH3-H30 solution, then DI water,
and freeze dried to yield I-Ti3Co MXene. XRD data of the as synthesised I-Ti3Co MXene revealed that the characteristic peaks of TigAlCy
had disappear. XPS analysis revealed peaks for Ti 2p, confirming the presence of Ti-I and Ti—O bonds, due to -I and -O surface ter-
minations, as well as Ti-C bonds. In addition, the Ti-I bond was further confirmed by the presence of I 3d peaks in the spectral analysis
of I-TizCy MXene. The successful introduction of iodine terminations of I-TisCy MXene demonstrated remarkably higher specific
capacitance than for pristine Ti3CyTy MXene with incredible long-term cyclic performance at high current density (50 A/g) and 91%
specific capacitance retention after 100,000 cycles, with average specific capacitance loss of only 0.00009% per cycle.

Taking the more traditional approach with HF etching, I-doped Ti3CyT, MXenes were prepared by Yu et al. as a catalytic layer in
Li-S batteries for trapping of lithium polysulfides (LiPS) and suppression of the shuttle effect thus, reportedly, enhancing the elec-
trochemical performance of Li-S batteries tested. [76] They ground together potassium iodide (500 mg), with few-layered TizCaTy
MXene(200 mg), and then transferred the mixture to a quartz porcelain boat for calcination in a tubular furnace at 500 °C (5 °C min™)
for 12 h under Ar gas. On cooling, the sample was washed with acetone and vacuum dried overnight to yield I-Ti3CoT, MXene powder.
High-resolution XPS survey of I-TigCoTx MXene displayed 3ds/2 and 3ds 2 peaks, at 618.5 and 630.0 eV, corresponding to the Ti-I bond
and atomic iodine (I"), respectively, thus confirming chemical bonding of the atomic iodine with MXene. XRD confirmed an enhanced
interlayer distance for the as synthesised I-Ti3CyT, MXene due to iodine-doping. A DFT computational study investigated structural
arrangements and binding energy between I-MXene and polysulfides. Data calculated based on the optimized structure of TizCyT, and
as tested for various surface functional groups, revealed that Ti3Coly had the lowest band gap, a value near 0 eV, of those studied
(Ti3Co(OH),, TizCoFs, TizCy09, TizCaCly), implying iodine-doping can enhance electronic conductivity.

2.2.6. Oxygen doping

The ubiquitous functionalization with a non-uniform mixture of OH, F, Cl, and O, as terminal groups that comes with the HF etching
process of MXenes reflects the persistent challenge in functionally tuning MXenes. Among the terminal atoms of interest in the tuning
of MXenes is oxygen,[77] which based on extensive theoretical/computational (DFT) studies suggest favorable enhancements for
electrochemical energy storage [78], semi conduction [79], hydrogen evolution reaction [80], photocatalysis [81], piezoelectricity
[82], topological insulator [83], sensors [84], and superior mechanical strength [85]. However, controlled oxidation of MXene sur-
faces is not trivial where non-selective or over oxidation leads to structural issues in phase stability or oxide formation, respectively, a
significant detrimental risk in preparation.[86] Given oxygens’ greater electronegativity (O (3.44), C (2.55), S (2.58), N (3.04)), its
impact as a dopant is expected to reflect significant modulation of the electron distribution and cloud density of doped MXenes,
particularly as a surface termination group, impacting on the intrinsic surface chemistry. As a global surface termination group, oxygen
would also be expected to increase electrostatic repulsion between the MXene 2D nanosheets deterring agglomeration.

Exclusive termination with O of MXenes (My 1 X0O2) had proved elusive till Persson et al. explored the limitations of tuning and
tailoring of Ti3CeTx MXene surface.[77] Their preparation involved drop-casting 0.1 pL colloidal suspension of Ti3CyTy singe-flakes
(20 x 20 pm) (prepared from LiF— HCI solution) on a DENS solutions Wildfire nanoreactor chip for HRTEM image acquisition and
EELS. In-situ data collection was procured in high vacuum with sequential 2 mbar O3 exposures for single sheets for temperatures
ranging from RT to 450 °C. The HRTEM and EELS analysis confirmed exclusive O termination on MXene surfaces (Ti3C05) over a
temperature range of 100 — 250 °C. Temperatures above this up to 400 °C led to supersaturation (x ~ 3.5) whilst still maintaining a
stable MXene sheet structure. However, extended O, exposure at 450 °C resulted in destabilization of the MXene structure with C loss
and TiO5 formation.

Jiang et al. explored the removal of the detrimental fluorine for oxygen terminations from MXenes for the hydrogen evolution
reaction, citing that a previously published DFT study indicated that oxygen terminations would favourably lower AGy+ (0.00283 eV)
suggesting the changes would make the MXene an ideal electrocatalyst for HER activity.[80] Pristine Ti3CoTx nanosheets etched from
Max Phase Ti3AlC, (HF solution, DMSO-intercalation, isolated via centrifugation) were subjected to 10 wt% KOH solution (4hr, RT) to
remove F terminal groups for OH groups to form Ti3Co(OH)x MXenes. Both the pristine TigC,Tx nanosheets and as prepared TizCa(OH)y
were calcined (450 °C, 3hr, Ar), dehydrating the MXene surfaces forming O terminal groups from the OH groups, denoted Ti3CTx-450
and Ti3Co0y, respectively. The high-resolution XPS survey for pristine Ti3CoTy displayed peaks for F 1s and O 1s orbitals attributed to
Ti-F terminations, and Ti-OH (532.3 eV) and Ti-O (530.4 eV) terminations, respectively. The base treated MXenes (Ti3C2(OH)y)
displayed almost complete removal of the Ti-F peak, but with significant concomitant increase in peak intensity for Ti-OH bond. XPS
of the calcinated TizCa(OH)y, revealed <5 % Ti—OH was left on the as prepared TizC20x, surface. These results combined with HRTEM
and XRD data confirmed calcination as an effective approach for TizC2;0x MXene preparation without detriment to morphology and
structure. The TisC0yx MXene exhibited superior HER activity (190 mV overpotential at 10 mA cm 2 and Tafel slope of 60.7 mV
Dec™ 1) in acidic media (in 0.5 m H,SO,) with long-term stability over that of its as prepared analogues, Ti3CoTx-450 and TizCo(OH)x
(266 and 217 mV at a current density of 10 mA cm™~2 and Tafel slopes of 109.8 and 88.5 mV Dec ! respectively). Confirmation that the
O terminations rather than the OH terminations on the basal plane of Ti3C, that provide active catalytic sites large with surface area
and high conductivity for the superior HER performance.

In pursuance of non-noble-metal heterogeneous catalysts for dehydrogenation of HCOOH, Hou et al. explored modifying the ter-
minal groups Ti3CoTx MXenes with O terminations. [87] Pristine TizC2Tx MXene samples were heated in a muffle furnace under air at
150, 250, and 350 °C for 1 hr. Each of the treated samples exhibited under HAADF-STEM analysis nanosheet morphology resembling
that of the pristine TizC,Tx MXene. The 250 °C sample had lattice spacing of 2.6 A, consistent with the (0110) crystal plane for the
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pristine TizCoTx MXene. XPS survey analysis was performed for each of the treated TizCoTx MXene samples, and identified were four O
1s peaks at 533.7, 532.2, 531.7, and 529.7 eV attributed to the surface-adsorbed O, O-Ti bond, Ti-OH bond, and lattice oxygen in TiOx,
respectively. Peaks attributed to O-Ti grew for each sample with increasing temperature such that the percentages of O-Ti bonds were
estimated as 3.4, 7.3, and 26.5% for the pristine Ti3CoTx MXene, and TisC,Tx samples treated at 150, and 250 °C, respectively. The
TiO4 at 529.7 eV was the dominant peak for the 250 °C sample. Further XPS analysis confirmed Ti 2p peaks at 461.1/455.3 eV, 464.4/
458.8 eV, and 461.9/457.8 eV corresponding to Ti-C, Ti-O, and Ti-F, respectively. A progressive decrease in the Ti-F peak was also
observed with the associated increased sample preparation temperature, along with the Ti-O peak being most prominent for the 250 °C
treated sample. The 350 °C sample showed deterioration of the MXene where Ti-O peak was dominant but peaks for Ti-C and Ti-F were
negligible. This was reflective of the experience discussed earlier by Persson et al.. [77] The TizCyTx prepared at 250 °C exhibited a
mass activity of 365 mmol g ~'h ™! with 100% of selectivity for Hy, twice that of commercially available Pd/C or Pt/C. This performance
was attributed to the lowered reaction barrier energy for conversion of HCOO* to CO2* and the role of the increased oxygen surface
coverage of Ti3CoTy MXenes in weakening the adsorption energy for CO, and Ha.

Hart et al. investigated increased O functionalization for MXenes (Ti2CTx and MosTiC,Ty) through iterative vacuum annealing and
Ar + O low-power plasma annealing, in preparation of MXene for thin films. [88] This was in recognition of the prevailing challenges
that remain in tuning the MXene surface termination groups and the promise predicted by previously mentioned DFT studies. The
process was followed with in-situ monitoring using electron diffraction, electron spectroscopy, and resistance versus temperature (R vs
T) analysis. The MosTiC2Tx was etched from MosTiAlC; MAX powder (2 g, circa. 50% HF soln. (40 ml), 50 °C, 48 hr). Post etchant
work up involved delamination (2.5 wt% tetramethylammonium hydroxide (TMAOH) solution (10 ml, 12 hr), repeated washing and
centrifugation (pH of 7-8, 3 x (3500 rpm, 15 min)), where the final sedimentation was dispersed in 30 ml of DI water and centrifuged
(3500 rpm, 30 min) for isolation of single- to few-layer MXene flakes in the supernatant. Single to a few layered flakes of the respective
prepared MXenes (pristine TioCTy or Mo,TiC;Tx) were spin-coated (2000 rpm for 2 min, followed by 5000 rpm for 45 s) onto
transmission TEM chip and treated in situ with Ar + O plasma (100-300 °C, 1 °C /s, 80 % Ar and 20 % O, ~1 mbar, 18 W., 1 min).
Vacuum annealing (~1077 torr, 400-800 °C, 5 min) was used prior to plasma treatment to remove the non O termination groups (OH
and F) and residual intercalants (H,0, Li*, and TMA™). Alterations of the surface terminations for the respective MXenes (Mo,TiC0y
and TipCTy) was confirmed by electron energy loss spectroscopy (EELS) and rotationally averaged electron diffraction (RAED) data.
These demonstrated that Mo,TiC20x could undergo pure O functionalization with added value of being able to undergo reversible O
addition and removal from the Mo,TiC20x MXene surface. Global O termination for TiCTyx, however, remained challenging due to
residual F termination and limited thermal stability for TioCTx due to strong Ti-T bonds under the conditions explored. None the less
the authors did achieve a degree of success with the preparation of Ti,CO; gFy 3 with fully saturated Ti surface sites whilst maintaining
the intact TiyC structure. R vs T data revealed that increasing O termination increased electrical resistance, and both MXenes
(Mo2TiC2021 and TixCO20Fg 3) were found to be metallic, with Ti,CTx approaching temperature independent resistance with
increasing O termination. The authors also commented that the increased O termination for the MXenes studied reduced the surface
M-—site d orbital occupancy, which should afford insights into how surface termination alters MXene chemistry, properties relevant to
many of its diverse applications.

Most of the reported O-doped MXene syntheses have been primarily ex-situ route processes. In their pursuit of developing MXene
based supercapacitor electrodes, Tian et al. employed experimental and density-functional theory (DFT) to explore an in situ approach
to oxygen doped MXenes via introduction of the O-dopant, aluminum oxide, in preparation of TizAlCy.505 MAX phases. [78] Varying
molar ratios of Ti metal powder, aluminium metal powder, titanium carbide powder, and aluminium oxide powder ((1 + 3):
(1.2-1.58): (2-8): & (where & was 0, 0.03, 0.05, 0.08 and 0.10, respectively) were milled and sintered (1350 °C, 2 hr, Ar). XRD analysis
of the microstructural properties for the doped material confirmed changes reflecting reduction of the interplanar spacing in the c-axis
direction due to presence of shorter Ti-O bonds, and a shift in the (002) peak (9.44° to 9.50°) with increased O doping content, with
maximum doping observed for the O-TizAlC2-0.08 sample. XPS analysis confirmed peaks for Al-Ti-O (530.3 eV) in the pristine Ti3AlC,,
0-Ti3AlC-0.05, and O-Ti3AlC,-0.10 with the Al-Ti-O bond content increasing 33.2%, 33.9%, and 35.5%, respectively, reflecting the
increase in the doped oxygen content as well as confirming carbon atom substitution in the Ti octahedron. Flexible O-doped Ti3Ca.
505 Tx MXenes were etched (LiF and HCl solution) from the respective TizAlC,.505 MAX phases. High-resolution XPS survey revealed
O1s spectra for the Ti3Co 505Tx MXenes, consisting of C-Ti-O bond, O-Ti-O bond, C-Ti-OH bond. It also revealed that the C-Ti-O, O-Ti-O,
and C-Ti-OH bonds shifted to lower binding energies with the partial substitution of carbon atoms with oxygen dopant, confirming
electron cloud density enhancement for the respective O-doped MXene samples. The significant increase in O-Ti-O bonds also reflected
the conversion of —-OH to -O termination in the TizCy.505Tx nanosheets which complimented observed increases in the interlayer
spacing for the TizCy.505Tx MXenes due to O and -O repulsion. The increased partial substitution of carbon atoms (C-Ti-C bond to the
O-Ti-C) was also supported by the observed peak shift for the Ti-C bond from 455.1 eV to 454.8 eV atom. The changes to the titanium
octahedron through oxygen substitution was also supported by DFT. Electrochemical performances for the O-doped TizCz.505Tx
MXene sample, O-TizCyTx-0.05 film electrode, demonstrated a superior capacity of 306.0 C g~ * over that of the pristine TigCyTx
electrode, 216.8 C g 1. The improved capacitance capability being attributed to the higher Ti metal active centres, enhanced quantum
capacitance, and higher adsorption energy, all contributing to improved diffusion-controlled capacitance and interface capacitance.

2.3. Doping by metallic elements
Doping by metal ions offers many other opportunities for manipulating the intrinsic properties of materials like MXenes. Intro-
duction of metal ions into host materials (crystalline, amorphous, polymeric, composite) is employed in numerous applications. In the

field of energy storage and conversion, metal ions intercalation processes into transition metal oxides, sulphides, phosphates are
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significant and important. Many electrodes in batteries including graphite anodes, transition metal oxides, and phosphate cathodes,
exhibit their redox activity via intercalation/deintercalation processes of metal ions (Li*, Na*, Mg?") accompanied by parallel changes
in the transition metals oxidation states. It is important to distinguish between intercalation processes and that of doping host materials
with metallic elements. Intercalation processes are massive, change drastically the hosts’ stoichiometry, usually reversible, and
thereby induce reversible structural and valence changes in the host materials. Doping by metallic ions is typically aimed at inducing
irreversible structural changes that also change (positively) materials intrinsic properties. As an example in modulating intrinsic
properties of MXenes, Peng et al.’s interest in electrocatalytic nitrogen reduction reaction (NRR) led to their preparation of NRR
catalysts based on single-atomic Ru dopant in Mo,CTx MXene nanosheets (SA Ru-Mo,CTx) for nitrogen fixation at ambient conditions.
[89] The Ru element within the MoyCTx MXene nanosheets behaves as an active site for catalysis promoting N activation and hy-
drogenation of the absorbed N». The effectiveness of the doping for NRR catalysis is discussed later in 4.1.3 Nitrogen reduction reaction
(NRR).

After a lengthy ex-situ preparatory process was involved in initial prepping of the MAX phase Mo2GaC, the material was etched ina
Li-HCI solution, centrifuged, and washed successively (1 M HCI, 1 M LiCl, and DI water to a pH 6). This yielded (post ultrasonication
and centrifugation) single or few-layered Mo,CTx nanosheets. Preparation of SA Ru-MoyCTx involved stirring combined aqueous
solutions of Mo,CTy (10 ml, 0.1 mg ml™%) and RuCl; (50 ml, 0.1 mg ml~}) at room temperature for 10 h, product precipitation with
acetone, centrifugation, and vacuum-dried (60 °C, 10 h). The authors considered that the introduction of Ru®" ions would be readily
facilitated by the observed Mo single vacancies or vacancy cluster defects created in the etching process of the exfoliated MoyCTx
nanosheets by high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). Aided by the electrostatic
nature of the terminal functional groups (02~, OH™) the Ru>" ions were readily absorbed from solution and positioned on the Mo,CTy

Raman/FTIR/XAS

N
EDAX/STEM/ICP-MS

Fig. 5. Overview of techniques used for characterizing doped MXenes.
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nanosheets: the Mo vacancies reduced the dopant Ru®* ions into the more stable Ru doped Mo,CTx nanosheets. The mixed valences
observed by XPS for Mo (Mo (III) (3d3/, at 231.5 eV and 3ds/, at 228.2 eV) and Mo (IV) (3ds/2 at 232.1 eV and 3ds/, at 228.8 eV)
confirmed suitability of the pristine Mo;CT, nanosheets for redox catalysis. EDX spectroscopy elemental analysis confirmed uniformity
in the homogenous distribution of single-atomic Ru on Mo2CTy (SA Ru-Mo,CTx) nanosheets, and significantly, no Ru-based crystalline
phases were observed. Furthermore, XPS data for the SA Ru-Mo,CTy revealed binding energies for Ru 3ps,2 and Ru 3p; 2 (463.2 and
485.7 eV respectively) were between those expected for Ru (IV) and Ru (0) indicating a partial positive charge for the Ru dopant atoms
(Ru®") reflecting strong electronic interaction between single Ru atoms and Mo,CTx nanosheets. This attribution was complimented by
XPS data showing a higher energy shift for Mo 3d peaks for the SA Ru-Mo2CTx compared to pristine Mo2CTy reflecting a higher
oxidation state for Mo, along with a positive shift in binding energy for the C-Mo bond due to a possible overlapping effect of the C-Ru
and C-Mo bonds. The SA Ru-Mo,CTy catalyst exhibited a high and stable NRR performance with large Faradaic efficiency and excellent
electrochemical stability.

An approach by Tan and co-workers for a universal strategy in engineering single-metal sites for HER electrocatalysis targeted the
formation of single-metal sites on 3D porous N, P-co-doped Ti3C,Tx MXenes (denoted as M; SA-PNPM, M1 = Pt, Ir, Ru, Pd, and Au).

OFPt OMo©O

OTi oC

Intensity (a.u.)

02463810
Position (A)

Fig. 6. Scanning/transmission electron microscopy (SEM/TEM) technique for characterizing doped MXene structures: (a) SEM images of N-TizC,Tx
presenting a highly uniform and well-defined porous framework,HRTEM image of N- Ti3C,Tx showing expanded interlayer spacing of ~1.02 nm.
[93] (b) SEM image of wrinkled S-Ti3C,Tx MXene architecture. [58] (c) HAADF-STEM image of Mo,TiCoTx—Ptga. Magnified HAADF-STEM image
of Mo,TiCoTx-Ptss and its corresponding simulated image, and illustration of the structure of Mo,TiC,Tx—Ptss, showing the isolated Pt atoms
(circles)[95] (d) HAADF-STEM image of Pt/Tiz_4C,Ty. and Magnified HAADF image of the area in the yellow box. Schematic columns of atoms are
overlaid on the experimental images. Experimental raw and falsely coloured HAADF-STEM images and the simulated HAADF-STEM images using a
model with a Pt atom replacing one of the surface Ti atoms. [96] (e) HAADF-STEM image of Ruga-N-S-TizC,Ty (bright dots marked with red circles
indicate the Ruga on the Ti3CyTx MXene support). Scale bar, 2 nm. [97] Reproduced from [93,58,95,96,97] with permission from American
Chemical Society, Nature Portfolio, Wiley. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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[90] A prepared colloidal coagulation of melamine hydrochloride and delaminated pristine TizCyTx was stirred with a tert-butanol
solution of triphenylphosphine and respective metal complex (e.g., HoPtClg, HoIrClg, RuCls, KoPdCle, and HAuCly,), freeze-dried, then
annealed at 500 °C (2 h, 5 °C/min, Ar (50 sccm) flow) to yield M; SA-PNPM. The melamine pyrolysis and triphenylphosphine
decomposition provided the N and P doping on TizCaTx MXene and immobilized single metal atoms with good uniformity and
dispersion on 3D porous N, P co-doped Ti3CyTx MXene. The Pt SA-PNPM high resolution XPS spectral survey confirmed N 1s peaks at
396.6, 398.2, 400.1, 401.5, and 398.4 eV, assigned to Ti-N, pyridinic-N, pyrrolic-N, graphitic-N, and Pt-N bonds, respectively, with
the pyridinic-N coordinating Pt. Also confirmed, were peaks for P 2p that were deconvoluted as two sets of dual peaks for P-O (133.5
and 134.6 eV) and P-Ti/P-Pt (129.2 and 130.2 eV), thus verifying that both N and P atoms were coordinated with Ti and Pt in Ptga-
PNPM. The optimal prepared Ptsy-PNPM catalyst displayed greater electrochemical HER activity (~20-fold) than commercially
available HER Pt/C catalysts.

3. Dopants characterization

After introduction of dopants in the structure, it is important to understand the physical and chemical interactions between the
dopant atoms and the MXene hosts. Characterization using multiple techniques illuminates the mechanisms underlying the improved
performance (Fig. 5). Doped MXenes are typically characterized by combining several different techniques, principally electron mi-
croscopy (scanning/transmission), X-ray diffraction (XRD), vibrational spectroscopy including Raman, Fourier-transform infrared
(FTIR) and X-rays based spectroscopy. Secondary techniques include energy-dispersive X-ray analysis (EDAX), scanning transmission
electron microscopy (STEM), Brunauer-Emmett-Teller (BET), Barrett-Joyner-Halenda (BJH) and thermogravimetric analysis (TGA).

3.1. Characterization by electron microscopy

Scanning/transmission electron microscopy (SEM/TEM) has been the commonly used technique for characterizing doped MXene
structures (Fig. 6). One of the major advantages of electron microscopy is the exceptional spatial resolution, ~1 nm in SEM and ~ 1 A
in TEM. [91] It can provide information about morphology, crystal structure, atomic arrangement, elemental composition, and
chemical state. In contrast to other techniques, electron microscopy has become quintessential for investigations of MXene based 2D
systems. This section highlights the findings from electron microscopy, which play a significant role towards successful integration of
foreign elements into the MXene matrix.

Different morphologies of doped MXenes were uncovered depending on the experimental methods. For instance, Wen et al
characterized as-synthesized MAX TizAlCy and TizCaTy and N-Ti3CoT, MXenes using SEM and revealed the Al layers etched by HF from
the Ti3AlC, phase directed for generating well stacked nanosheets in the multi-layered Ti3C2Tx. SEM also uncovered the perfectly
stacked nanosheets of N-doped MXenes.[48] In another study, Yan et al. used SEM and TEM and exposed an accordion-like architecture
with layered Ti3Cy structure changing to thin lamellas of Ti3Cy layers after delamination by the intercalants, when TizCy was prepared
by etching Ti3AlC, in the presence of HF at ambient temperature for removing Al. Nitrogen doping of Ti3C, derived from a restacked
layered structure lead to generation of small nanosheets on the thin Ti3Cy providing nicely nanoscale lamellas and rough carbonized
lamellas.[92] Based on the SEM images of synthesized Ti3C, and N-Ti3C, samples, Tang et al. showed N-doped MXene holding perfectly
layered nanosheets comprising a small amount of rod-like TiOy nanoparticles. The nanosheets were evidently separated from each
layer compared to unreacted TizAlCy particles. Retaining a 2D multi layered structure in N-Ti3Cy provides added advantage for
intercalation and diffusion of electrolyte ions. [47] fan et al. [93] investigated the morphological features of fabricated N-TizCyTy using
SEM, low magnification TEM, and high-resolution TEM (HRTEM). The SEM and low magnification TEM images show N-Ti3CyT,
comprising a highly uniform and well-defined porous framework with the inner voids maintained by outer shells composed of thin
nanosheets. HRTEM examination of N-Ti3CyT, uncovered a few layers of wrappings with expanded interlayer spacing of around 1.02
nm, which facilitate enhanced uptake/release of sodium ions.[93] A similar wrinkled structure of sulfur doped Ti3C,T, was observed
by Bao et al. [58]SEM images reveal an enlarged gap between the exfoliated layers, producing a larger surface area. The observed
morphology of sulfur-doped MXene (S-Ti3C,T,) nanosheets led to a high areal sulfur loading of up to 4.5 mg/cm? for MXene/sulfur
electrode.

Understanding the coordination environment of single atom noble metal catalysts (Pt, Pd, Au, Rh) is particularly important for
stabilizing the atomic dispersion on MXene substrates. The coordination environment strongly contributes to the electronic structure
and in turn influences the catalytic performance. HRTEM images can reveal the atomic structure of the dopant. During synthesis, the
aggressive etching of the MAX phase using HF leads to metal atom vacancies or vacancy clusters. These highly unstable vacancy sites
are ideal for supporting single metal atoms.[94] For example, single Pt atoms can be stabilized on Mo vacancy sites by formation of
covalent Pt-C bonds with the surrounding C atoms of MoyTiCoT, MXene.[95] High-angle annular dark-field scanning transmission
electron microscopy (HAADF- STEM) images of MoyTiCoTy-Ptga (Fig. 6d) show that isolated Pt atoms are immobilized exactly at the
Mo (vacancy) positions on Mo,TiC,T,. As highlighted in Fig. 6d and Fig. 6e isolated single Pt atoms appear as bright dots within the
regular MXene crystal lattice fringes. Interestingly, the atoms were found to be located at the lattice plane walls of the Ti columns
rather than in the spacings between them, indicating that the single Pt atoms were stabilized in the Ti vacancies by substitution rather
than interstitial doping.[96] A similar uniform dispersion of isolated Ru single atoms on the Ti3CyT, support was also observed from
the HAADF-STEM images.[97] Hence, TEM techniques have been pivotal to fundamental understanding towards superiority of
MXenes as support for single atom catalysts.
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3.2. Characterization by X-ray diffraction

X-ray diffraction (XRD) is a non-destructive characterization technique which does not require sophisticated sample preparation for
analysis. In XRD, a cathode ray tube produces monochromatic radiation (incident rays) to bombard a sample. XRD is used to determine
crystal structure (orientation and stacking order of 2D layers, as well as interlayer spacing and crystal symmetry), identify different
phases including secondary phases or impurities from a few atoms thickness, and determine structural changes due to external physical
and chemical perturbations. XRD is a commonly used technique to determine the phases of MXenes (Fig. 7). [48,98,99] The (002)
diffraction peak is used as an indicator for changes in the lattice parameter.[9] Studies using XRD for characterizing doped MXenes
consistently reveal a peak shift corresponding to (002) from higher to lower angle confirming doping.[47,48,92,93] The successful
preparation of TizCyTy from TigAlCy can be confirmed from the XRD data itself. Upon removal of the Al layer, the corresponding
Ti3AlC, diffraction peak (1 04) at 20 = 39.08° disappears making the (002) peak the prominent feature in the diffractogram.[48] Upon
doping this characteristic (002) diffraction peak was found to show a clear shift towards lower degrees for both metallic and non-
metallic dopants.[37,100-103] This shift in the (002) peak represents a change in c-lattice parameter (c-LP) and indicates an in-
crease in interlayer spacing. Wen et al. observed that the (00 2) diffraction peak for Ti3CyTy shifted from 9.20° to 7.18° after nitrogen
doping (N-Ti3CyT,) which corresponds to c-LP of 1.92 nm (0.96 nm d-spacing) and 2.46 nm (1.23 nm d-spacing) respectively.[48] In
the study by Yan et al., after urea assisted nitrogen doping the (00 2) peak of TizC; shifts from 8.8° to 6.9° corresponding to an increase
in d-spacing from 1.01 to 1.27 nm, as shown in Fig. 7(a).[92] Furthermore, the increase in c-LP and (002) peak intensity confirms
nitrogen doping in the Ti3C; lattice along with an organized crystal structure of N-Ti3Ca. Yoon et al. observed a temperature dependent
structural evolution of phosphorus doped V,CT, MXene.[100] Pristine VoCT, showed a broad (002) peak at 9.14°. After P-doping at
300 °C (P1-V2CT,), 400 °C (P2-V,CT,) and 500 °C (P3-V,CT,) the diffraction peak shifted to 8.06° (c-LP = 21.92 10\), 8.28° (21.34 A)
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Fig. 7. X-ray diffraction (XRD) technique to determine the phases of MXenes: (a) XRD patterns showing a shift in the (002) peak of Ti3C, after urea
assisted delamination (d-Ti3Cy) and nitrogen doping (N-d-Ti3C,) and schematics of the TizC, layers with corresponding d-spacing. [92] (b) XRD
patterns showing temperature-dependent structural transition of phosphorus doped V,CTy and variation of the interlayer distance (c-LP) from the
shift in the (002) peak position. [100] (c) Le Bail fitting of the XRD data for Mo,CTx:Co material revealing that all reflections are assigned to Mo,CTx
and p-Mo,C phases along with schematic representation of the Mo;CTx:Co structure and two projections of the coordination environment of cobalt.
The model structure substitutes a Mo atom by Co in the parent Mo,CTy assuming that the surface is fully terminated by oxygen groups. [102]
Reproduced from [92,100,102] with permission from Elsevier, Wiley and American Chemical Society.
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and 8.48° (20.84 10\), respectively (Fig. 7(a)). This variation is attributed to gasification of the dopant source triphenylphosphine at
higher temperature (350 °C). On the other hand doping with larger ions, e.g Ce>* did not result in the inter lattice insertion but resulted
in the formation of surface oxides. [104].

Crystallographic modelling of doped MXene systems is quite challenging due to the nano crystallinity of MXene sheets, the short-
range order of the surface structure, and the stacking disorder between adjacent single layers. Structural analysis using a pair dis-
tribution function showed that MXene adopts the same P63/mmc space group structure as the MAX phase. Kuznetsov et al.[102] were
able to find the lattice parameter for Co-doped Mo,CT, by fitting their experimentally acquired XRD patterns with P63/mmc space
group (Fig. 7(c)). The carbon atoms occupy octahedral positions, forming close packed Mo,C sheets terminated by Ty groups bound to
Mo atoms.[102] This section highlights the importance of XRD in identifying the crystal phases of various doped MXene structures and
how it helps to unfold the structural evolution of multi-layered, delaminated, and porous structures.

3.3. X-ray spectroscopy

X-ray spectroscopy is a powerful tool for probing the characteristics of doped MXene systems. It is often carried out in the soft
(0.1-2 keV) and hard (2-35 keV) regimes. Soft X-rays are highly sensitive to surface chemistries and electronic states, while hard X-
rays penetrate much deeper into the sample and are more bulk sensitive. Among the many techniques, X-ray photoelectron spec-
troscopy (XPS) and X-ray absorption spectroscopy (XAS) are the most widely used. XPS and XAS include primarily photon-in-electron-
out and photon in photon processes. XPS uses a single photon source and can be carried out at lab scale, while XAS requires syn-
chrotron facilities for photons with variable energy and high brilliance.[105].

In many applications, knowledge of the surface chemistry is critical. X-ray photoelectron spectroscopy (XPS) is a powerful surface
sensitive tool to understand the electronic properties of systems with a sampling depth about 1-5 nm. This is primarily used to
determine chemical bonding, ionic state, charge transfer characteristics, core level characteristics of elements, hybridisation of
different orbitals (in valence band). Another important information related to the surface layer, any contaminants or adsorbates,
oxidation state of transition metals, bonding configuration of functional groups on the surface, surface sensitivity/reactivity of the 2D
layers, interface between the layers and other materials, stoichiometric quantity of elemental composition, and density and
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Fig. 8. X-ray photoelectron spectroscopy to probe the surface chemistry of doped MXene systems. (a) High resolution Ti 2p and N 1s core level XPS
spectra showing changes in the chemical composition after nitridation of Ti2CTx MXene. [101] (b) Valence band spectra of bare ITO, PEDOT:PSS
and nitrogen doped Ti3C2Tx MXene to measure corresponding work function values. [111] (c) Ti 2p and S 1s core level XPS spectra showing
changes in surface chemistry after sulfur doping of Ti3C2Tx. [58] (d) V 2p, C 1s and P 2p core level spectra of triphenyl phosphine treated vanadium
carbide MXene and variation in P composition in P 2p core level spectra as a function of reaction temperature, survey spectra of pristine-V2CTx and
all synthesized products after heat treatment.[100] Reproduced from [101,111,58,100], with permission from Royal Society of Chemistry, American
Chemical Society and Wiley.
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distribution of surface functional groups. All these pieces of information’s are critically important to understand the chemical
behaviour of 2D systems as they have different functional groups with differing bonding nature, influence of dopant might alter the
electronic structure and hence the properties of materials.[106-109].

XPS can be used to determine dopant concentration and elemental oxidation states at the surface of the material. XPS allows to
calculate the concentration of nitrogen dopant in N-Ti3CoT,. Wen et al. evidenced that the concentration of nitrogen increased with
respect to the temperature of the ammonia treatment. Also, the XPS result revealed the complete removal of F introduced during HF
etching.[48] The nitrogen spectra showed that the bonding environment varied with temperature. At higher temperature (>500 °C)
nitrogen was predominantly bonded to Ti, while at lower temperature Ti-O-N and surface adsorbed nitrogen was observed. Yan et al.
used XPS as a confirmatory technique to ascertain the successful incorporation of nitrogen in the nanosheets of d-TizCy through the
presence of an additional strong N 1s peak in N-d-Ti3Cy.[92].

In another study [47] XPS data revealed the presence of Ti 2p, C 1s, O 1s, N 1s and F 1s elements and an additional peak of N 1s
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Fig. 9. Hard/High energy X-ray absorption spectroscopy of Doped MXenes. (a) Chemical state and coordination environment of Ru single atoms in
the RuSA-N-S- Ti3C,Ty catalyst. High-resolution C 1s, Ru 3d and N 1s XPS spectra of N-S- TizC,Tyx and RuSA-N-S- TizCoTy. FT-EXAFS spectra of Ru
foil, RuO2 and RuSA-N-S- Ti3C,Ty. Quantitative EXAFS curve fitting in r-space for RuSA-N-S- Ti3C,Ty, and normalized Ru K-edge XANES spectra of
Ru foil, RuO,, and RuSA-N-S- TizCyTy. [97] (b) XANES and EXAFS characterization of PtSA/ TizC,Ty. XANES spectra at the Pt Lg-edge of PtO, and Pt
foil and Pt-SA/ Ti3C,Tx with corresponding FT-EXAFS spectra. WT-EXAFS plots in which k and (R + a) represent the electron wave vector and
interatomic distance without phase correction, respectively. Fitted FT-EXAFS curve and atomic-structure model of PtSA/ Ti3CoTx.[112] (c)

Normalized Co K-edge XANES spectra of Mo,CTy:Co with Co, CoO and Co304. Phase-uncorrected Fourier-transform of Co K-edge EXAFS function for
Mo,CTx:Co and its fit, and single scattering paths used in the EXAFS fit.[86] (d) Normalized Ir Ls3-edge XANES spectra of single atoms (IrSA) on N-
doped and N,S co-doped Ti3C2Tx, corresponding Fourier transform of the EXAFS spectra of Ir-N- Ti3CyTy, IrSA and N,S co-doped TizC.Ty, and fitted
average oxidation state of Ir spectra obtained from XANES.[69] Reproduced from [97,112,102,69] with permission from Wiley, Royal Society of
Chemistry and American Chemical Society.
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suggestive of incorporation of nitrogen in the nanosheets of N-Ti3Cs. In this case, the chemical structure of N-Ti3Cy was evaluated using
fitting of three XPS peaks at 396.1, 399.3 and 401.0 eV assigned to nitride N (N-Ti), pyrrolic N (N-5) and quaternary N (N-Q)
respectively.[47] In the study by Fan et al.,[93] the chemical compositions of synthesized N-Ti3C,T, were explored using XPS. The
quantified surface atomic ratios indicate a nitrogen content that is amplified with respect to melamine formaldehyde (MF) dosage. The
XPS spectrum depicts the high-resolution N 1s signal of porous N-Ti3CyT, with three deconvoluted peaks at 397, 398.3 and 399.8 eV
corresponding to Ti-N, pyridinic N and pyrrolic N, respectively. The bonding of Ti-C, Ti-N, and Ti—OH is revealed in the high-
resolution Ti 2p spectrum with peaks at 455.2, 456.0 and 458.7 eV, and the appearance of a signal at 457.2 eV suggests partial
oxidation of Ti3CyTy upon sample synthesis.[93] Yoon et al. used the Ti 2p and N 1s core level spectra of TioCT, MXene to quantify the
chemical nitridation after annealing in NaNH; (Fig. 8(a)).[101] They identified multiple bonding environments corresponding to Ti-C,
Ti%*, Ti®* and Ti*" in the Ti 2p spectra and the N-Ti, N-O-Ti bond, C-N = C, pyridinic N-C, graphitic N-C, and pyridinic-N oxide
(0O"-N"-C) from N 1s. Quantitative analysis of these Ti 2p and N 1s spectra revealed that NaNH; not only prevents surface oxidation
but also leads to nitridation of TioCTy.

Ultraviolet photoelectron spectroscopy (UPS) is a widely used method to understand the valence band electronic properties, UPS is
key technique to determine the work function of materials. By exposing a material to ultraviolet radiation and measuring the energy of
the emitted electrons, UPS provides valuable information about the material’s electronic structure, hybridisation, total density of states
at the valence band edge (close to Fermi Level) (sampling depth of He-II excitation about 0.5-0.8 nm). This technique is highly surface
sensitive, making it ideal for analysing the electronic properties of thin films, and interfaces. It reveals the occupied electronic state and
density of the valence region or conduction bands, binding orbitals between adsorbates or surfaces functional groups and surface
atoms. With a polarised UV irradiation, UPS can be used to study adsorbate orientations relative to the surface. It is particularly useful
for analysing materials used in electronic and optoelectronic devices, such as 2D semiconductors and organic materials. By providing
insights into the energy levels and electronic transitions occurring within these materials, UPS can help improve their performance.
[106,110] Yu et al. reported tuning of the work function of MXenes by mapping the valence band using ultraviolet photoelectron
spectroscopy (UPS) shown in Fig. 8(b).[111] In UPS the excitation is carried out by an ultraviolet source, providing a higher cross
section and resolution at the valence band. UPS provides one of the most effective ways to measure the work function of materials,
which has particular importance for solar cell and optoelectronic devices. From XPS analysis Bao et al. inferred the binding energy of S
doping at the Al and C sites, —5.372 eV and —5.122 eV, respectively. Accordingly, S is more prone to doping in the Al layer (Fig. 8(c)).
[58] Typically it is observed doping of a MXene happens via the substitution of the surface terminated oxygen groups. However, the
Yoon et al. found that at elevated temperatures the heteroatom can substitute a metal centre favouring bonding with carbon. For
phosphorus doped V2CTx, the calculated free energies for P bonded to carbon is much smaller than P bonded to oxygen or P bonded to
vanadium. [100] XPS analysis on the P doped V2CTx confirmed these theoretical findings. As shown in Cls spectra of Fig. 8(d), the
formation of carbon-phosphorus bonds started at 300 °C and gradually increased up to 500 °C. Also, by comparing the V 2p and P 2p
spectra, it could be confirmed that such heteroatom can be doped or substituted at the V defect sites, along with the surface terminated
oxygen. In this case XPS provided vital information on the chemical evolution of the doped MXene with varying temperature.

Hard X-ray absorption spectroscopy is particularly suited for single atom supported catalysts where long-range order is absent but
there exists a well-defined coordination around the single atom catalytic sites. For example, for ruthenium single atom catalyst
supported on nitrogen (N) and sulfur (S) co-doped (Ti3C2Tx) MXene, the successful coordination of ruthenium single atom with the N
and S species can only be probed using hard X-ray absorption spectroscopy.[97] The high-resolution N 1s and S 2p core level spectra of
the system identified the Ru-N and Ru-S bond, confirmed by quantitative EXAFS fitting of Ru k-edge spectra shown in Fig. 9(a). The
well dispersed and stable single Pt atom on TizCyTy is formed by Pt-O coordination on the surface-adsorbed oxygen. Zhao et al. used
density functional theory calculations and X-ray absorption spectroscopy to validate that the single-atom Pt sites are captured by
surface oxygen-containing groups rather than Ti vacancy sites.[112] Here Fourier transform (FT) and wavelet transform (WT) of Pt Lg-
edge EXAFS oscillations were employed due to their powerful resolution in both k and R spaces to understand the atomic dispersion of
Pt on the TigCyTx matrix (Fig. 9(b)).

Kuznetsov et al. confirmed the single site Co substitution in Mo2CTx by comparing EXAFS data of Mo,CTx:Co in R-space with Co,
CoO and Co304 references. The local structure of cobalt in MoyCTy:Co differs significantly from the reference materials (Fig. 9 (c)). By
fitting the EXAFS data, they observed that Co-Co scattering was missing, while two non-equivalent Co-Mo shells indicate partial
substitution of Mo in MoyCTx by Co, in excellent agreement with experiment. Some of the results presented in this section highlight
that X-ray spectroscopy is the most suitable technique for obtaining direct insights into the surface chemistry, electronic structure, and
local atomic environment of doped MXene systems used in a range of energy generation and storage applications. Lin et al. were also
able to observe a similar electronic metal-support interaction due to formation of new chemical bonds and rearrangement of molecular
energy levels inducing orbital rehybridization and charge transfer across the iridium metal and Ti3C2Tx support.[69] Fig. 9(d) shows
the X-ray absorption spectra of iridium single atoms on nitrogen and nitrogen, sulfur co-doped TizCyTx MXene (IrSA-NS-Ti3C2Tx).
Comparing the Ir L3-edge XANES spectra with those of IrO2 and metallic iridium, they found that the number of unoccupied states in
the 5d orbitals of iridium in IrSA-2NS- Ti3CyTy is between those of IrO5 and metallic Ir. Increasing dopant concentration, a linear
increase in intensity was observed. Fourier analysis of the spectra revealed that the average iridium oxidation state originates from the
increase in Ir-N ligands and is independent of the Ir-S and Ir-Ti scattering interactions. Supported by DFT calculations, these highly
coordinated Ir-N interactions result in charge redistribution in the interfacial region of the Ti3CyTy support, improving the overall
catalytic activity toward hydrogen evolution.
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3.4. Vibrational spectroscopy: Raman and infrared spectroscopy

Vibrational spectroscopy is extensively used to characterize 2D materials. Both Raman and Fourier transform infrared spectroscopy
can successfully determine the structure and obtain a molecular fingerprint. Raman spectroscopy has been the most widely used
technique for various 2D systems due to its speed, non-invasive nature, and high structural sensitivity. Analogous to other cases, the
Raman spectra of MXenes consist of A1g and Eg vibrational modes corresponding to out of plane and in plane vibrations, respectively,
and depend on phonon dispersion relations.[113] However, according to the M, X and T constituents, the vibration modes can shift to
different wavenumbers.[11] MXene falls in the P63/mmc space group, however the structure is highly distorted due to the surface
terminal groups, leading to broadened vibrational bands, referred to as “pseudo-P63/mmc”.[114] For Ti3C2 the vibration modes can
be represented as 4Eg + 2A1g + 4Eu + 2A2u. Among these vibrations, Eg and Alg are the Raman-active modes, whereas Eu and A2u
are [R-active. Fig. 10(a) shows the Raman spectrum of Ti3C2Tx. Sarycheva et al. analyzed this complex spectrum by separating it into
several regions including a flake region consisting of Eg(Ti, C, O) and A1g(Ti, C, O) modes, in-plane (Eg) vibrations of surface groups
attached to titanium atoms, and carbon vibrations (both Eg and A1g).[113] In addition, there are two peaks located between 1200 and
1800 cm ™}, which are characteristic for the D and G-modes of graphitic carbon. Like graphite and its derivatives, these two peaks have
been the descriptor of any doping induced structural changes for doped MXene systems. In several instances, after doping no changes
could be observed in the Raman spectra at wavenumbers below 1000 cm-1 (Fig. 10(b)).[46,95,115-117] Almost identical Raman
fingerprints were observed for Mo2TiC2Tx-PtSA vs. Mo2TiC2Tx and V-Ti3C2Tx vs. Ti3C2Tx.[95,115] However, the increased ratio
between the intensities of D and G bands (ID/IG) can be ascribed to disorder and defects upon doping. This can be seen from the
calculated ID/IG of 0.89 for Ti3C2, 0.98 for Ti3C1.8 N0.2, and 1.06 for Ti3C1.6 N0.4 (Fig. 10(c)). Lu et al. used ID/IG to study the
defects induced during synthesis of nitrogen doped MXene.[46] They compared between Ti3CN prepared by in-situ etching from
Ti3AICN, hydrothermally prepared N-Ti3C2 (labelled as HND) and cold plasma induced N-Ti3C2 (labelled as PND). ID/IG ratios for
Ti3C2 and Ti3CN, HND and PND MXenes were found to be 0.59, 0.60, 0.86 and 0.97 respectively (Fig. 10(d)). These values indicate
that hydrothermal and cold plasma treatment promote formation of thinner nanosheets and defects, eventually affecting the elec-
trochemical properties. The Raman spectra of Ti3C2, d-Ti3C2 and N-d-Ti3C2 reveal that delamination and carbonization promote the
formation of thinner nanosheets with large structural defect.[92] Furthermore, in the study by Tang et al.[47] the Raman spectra
illustrate characteristic broad peaks around 1350 and 1590 cm ! corresponding to the D (amorphous carbon deformation vibrations of
a hexagonal ring) and G modes (stacking of the hexagonal network plane) of graphitic carbon. Possession of larger graphitic domains
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Fig. 10. Raman spectroscopy of doped MXenes to show the structural changes and obtain a molecular fingerprint (a) Deconvoluted Raman
spectrum of Ti3C2Tx film excited with a 785 nm laser.[113] (b) Identical Raman spectra of pristine and vanadium doped Ti3C2Tx between 100 and
800 cm . [95,115] (c) Increase in ID/IG ratio for N-doped compared to pristine Ti3C2Tx. [46,95,115-117] (d) ID/IG ratio of pristine MXene vs.
material doped in three different ways showing the corresponding induced disorder.[46] (e) FTIR spectra of N-Ti3C2Tx nanosheets and etched
Ti3C2Tx.[119] Reproduced from [113,95,115,46,119] with permission from American Chemical Society, Wiley-VCH and Wiley.
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or more carbonaceous defects and partial substitution of carbon with nitrogen in N-Ti3C2 due to the hydrothermal treatment in the
presence of urea was confirmed by the higher ID/IG ratio.[47].

On the other hand, IR spectroscopy which is more sensitive to functional groups is complementary to Raman spectroscopy. The
presence of trapped water molecules can sometimes prove disadvantageous, hence careful sample preparation is important for reliable
FTIR data. FTIR spectra provide information about the bonding environment of the dopant. After nitrogen incorporation the spectra of
Ti3C2Tx MXene show four additional peaks around 1410, 1360, 1255 and 1040 em! attributed to N-Ti vibrations (Fig. 10(e)).
Similarly, incorporation of N and S into Nb2C MXene quantum dots is evident from peaks at 3470.4, 1638.8, 1105, 992 and 832.6 cm-1
attributed to -OH and -NH groups, C = O stretching vibration, C-S bonds, C-F bonds, and Nb-O bonds, respectively. The good water
solubility and stability of N-S functionalized nanomaterials revealed by FTIR of S,N co-doped-Nb2C MXene quantum dots promoted
surface modification of nanomaterials with hydroxyl and carbonyl groups.[118].

3.5. Other techniques

3.5.1. EDAX/STEM

Apart from XPS, EDAX/STEM is also used for elemental analysis of doped MXenes. In the fields of materials science and chemistry,
EDAX is a technique used to analyse the elemental composition of a sample. Typically, EDAX is paired with scanning electron mi-
croscopy (SEM) to examine the sample’s surface and identify its chemical composition. During the EDAX process, a high-energy
electron beam is directed towards the sample’s surface, causing the atoms in the sample to emit X-rays. The X-rays have a distinct
energy level corresponding to the emitting element and helps in determining the sample’s elemental composition. An X-ray detector is
used to measure the energy and the intensity of the emitted X-rays. EDAX can analyse both conductive and non-conductive samples
without causing damage, making it particularly useful for analysing small particles, thin films, and surface layers at a scale of mi-
crometers or even nanometers [118] Moreover, EDAX can map out the spatial distribution of elements across a sample. Furthermore, it
is a non-destructive technique that does not alter or damage the sample. EDAX is fast and easy to use, making it a valuable tool for
routine characterisation.[119,120] EDAX can be used to identify the elements present in a MXene sample. STEM is a cutting-edge
imaging technique that uses a focused electron beam to produce high-resolution images of materials at the nanoscale. STEM works
by scanning across the sample with a tiny electron beam and detects the electrons emitted from sample. STEM instrument is made up of
an electron source, electromagnetic lenses, and a detector for collecting the transmitted electrons. The detector can be positioned at
different angles to capture various signals, like bright-field (BF) and dark-field (DF) images, high-angle annular dark-field (HAADF)
images, and energy-dispersive X-ray spectroscopy (EDX) spectra. [121,122] STEM can also be used for elemental mapping and
chemical analysis. The high spatial resolution of the STEM technology can enable the examination of individual atoms and their ar-
rangements in MXene materials. In addition, STEM can provide 3D imaging of MXene materials allowing for the visualisation of their
structure stability and morphology. STEM can also be used to study MXene materials under different conditions in real time, providing
insights into their behaviour and properties. Importantly, this technique is non-destructive, meaning that MXene materials can be
analysed without any changes to their structure or properties. [123,124] EDAX confirmed the presence of nitrogen in the interlayers of
N-d-Ti3gCy nanosheets and the composition of elements, namely Ti, C and N. Furthermore, it showed that the decrease in F content led
to an increase in C, N, O content resulting in a significant improvement in the specific capacitance.[92] EDAX mapping performed to
determine the element distribution of the N-Ti3Cy nanosheets uncovered evenly distributed Ti, C and homogeneously doped 9.97% of
N in the matrix of N-Ti3Cy sheet.[47] Scanning TEM (STEM) elemental mapping analysis discovered not only the presence of Ti, C and
N, but also a uniform distribution of N within the porous network indicating the successful incorporation of nitrogen doping in N-
TizCoTy.[93].

3.5.2. BET/BJH

BET technique, or Brunauer-Emmett-Teller, is widely used in materials science and engineering to measure the specific surface area
of porous materials like catalysts, adsorbents, and powders. This technique involves adsorbing gas molecules onto the material’s
surface, measuring the gas adsorption at different pressures and fitting the data to the isotherm model to calculate the total surface
area. The theoretical assumption is that gas molecules form a uniform monolayer on the material surface and measuring this layer’s
thickness allows for surface area calculation. Surface area is a vital parameter affecting catalyst’s activity and selectivity in many
applications. This quantitative measurement can allow precise comparisons of different doped MXene materials and to optimise the
doping process. Additionally, the BET method is non-destructive, making it possible to reuse the material after the measurement is
taken. This is particularly useful when the doped MXene material is expensive or difficult to synthesise. The BET method is highly
sensitive and can detect even small changes in surface area due to the doping process). [125,126].

The BJH analysis method, also known as Barrett-Joyner-Halenda, is used to study pore size distribution of porous materials like
zeolites, activated carbons, MXene and metal-organic frameworks, including micropores and mesopores. The method relies on the
adsorption and desorption isotherms obtained from BET analysis. It uses the Kelvin equation to translate relative pressure values into
pore diameters and then employs the BJH equation to calculate the pore size distribution [127,128] When MXene is doped, it changes
the way it absorbs and releases substances due to changes in its surface and pore structure. Hence, BJH can be used for doped MXene
characterization. Studies showed that the SSA of Ti3Cs (5.1 mz/g) increases dramatically to 23.5 m?/ g in N-d-Ti3C, after delamination
and carbonization; this area is smaller compared to d-TizCy (27.9 m?/ g) due to restacking of TisCy nanolayers.[92] TizCy, d-TisCy and
N-d-Ti3C, samples subjected to BJH follow type IV isotherms with type H3 hysteresis and relative pressure between 0.45 and 1.0,
indicating mesoporosity and slit-shaped pores with size of 4-70 nm.[92] N5 adsorption/desorption isotherms of synthesized N-TizCyTy
uncovered a much higher surface area of 173 m?/g.[93] Karthikeyan et al. used the BET and BJH models to analyse the MXenes,
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focusing on their specific surface area, pore diameter and total pore volume of 11.21 rnz/g, 21.2 nm, and 0.04 cm3/g respectively,
through nitrogen adsorption-desorption isotherm.[129] Based on the isotherm classification, the authors observed a type IV isotherm,
which suggests a sheet-like structure and organized mesoporous nature. The authors concluded that a high specific surface area is
crucial for effectively removing toxic anions. In another study by Gul et al. erbium adsorption increased the surface area of MXene from
1.68 m?/g to 5.48 m?/g. [130] The higher surface area improves electrochemical sensing due to increased ion diffusion and easier
access to active sites for reactions. The surface area and pore volume of samples tested were in the range of 2.68 to 5.48 m?/g and 0.311
to 0.34 cm®/g respectively. The results showed that the incorporation of erbium forms erbium oxide, which contributes to the larger
surface area. Tahir et al. (2022) measured the surface area, pore volumes, and pore-size distribution of pure VO, the composite GVO,
and the GVO-MXene composite using the BET and BJH methods. [131] The results showed that GVO-MXene had the largest surface
area of 23.69 m?/g, while VO and GVO had surface areas of 4.32 and 20.46 m?/g, respectively. The pore volumes were 0.019 cm>/g for
V0, 0.027 cm®/g for GVO, and 0.038 cm®/g for GVO-MXene. The isotherm of all samples showed type IV behavior, indicating that they
were mesoporous. Gd™> doped VO showed an increase in surface area.

3.5.3. TGA

Thermogravimetric analysis (TGA) is a method used to examine how materials react to heat and can provide valuable information
about a material’s thermal stability, composition, and purity. It is commonly used in fields like polymer science, materials science, and
chemistry. During TGA, a small material sample is heated at a steady pace under controlled conditions and its weight is continuously
monitored. As the temperature increases, the sample undergoes different thermal events like evaporation, decomposition, oxidation or
reduction, which changes in the sample weight can detect. Information obtained from TGA can be used to calculate various properties,
such as the mass loss rate, decomposition temperature, and activation energy. In addition, TGA analyses doped MXene materials by
measuring their weight changes during heating. This helps to determine their thermal stability, composition, and decomposition
behaviour. [125,132,133].

Bao et al. studied the thermal stability and composition of S-Ti3CyT,/S using thermogravimetric analysis (TGA) with nitrogen and
determined the sulfur content in the as-prepared S-Ti3CyTy/S. The mass loss observed at 250-310 °C in the TGA curve indicates
evaporation of elemental sulfur. The final S content was found to be 72.38 wt%, and the MXene structure decomposed at higher
temperatures. TizCyTy/S showed only 58.75 wt% of sulfur.[58] The effect of MXene on the thermal decomposition of poly (vinyl
alcohol) (PVA) was studied by Pan et al. using TGA to determine the thermal stabilities of PVA and PVA-MXene. [134] The results
showed that MXene enhances the thermal stability of PVA, improving its char residue and lowering its weight loss rates during
degradation. PVA-MXene composites showed a 20 °C improvement in T-5% compared to pure PVA. Karthikeyan et al. (2021)
investigated thermal behavior of MXenes using TGA. [135] The authors found that the MXenes were thermally stable and as the
heating rate increased, degradation occurred in three stages. The first stage (30 and 220 °C) was due to the evaporation of sorbed water
molecules. The second stage (220 and 360 °C) was caused by the degradation of interlayer ions. The third stage (360 and 800 °C)
occurred due to the dehydroxylation of brucite-like layers and the collapse of the layered arrangement. A recent study by Zhang et al.
(2022) used TGA to analyze how PS and PS-O-Ti3C2 nanocomposites behave during thermal decomposition. The results showed that
the PS-O-Ti3Cy nanocomposites, which contained 2D layered Ti3C2 and, delayed T5% by an average of 60 °C. [136] This was because
of the MXene nanosheets acting as a physical barrier with thermal stability and prevented early degradation of the PS molecular chain.
These findings suggest that incorporating layered MXene nanosheets can significantly enhance thermal stability and delay the
degradation of PS.

4. Applications
4.1. Electrocatalysis

Electrocatalysis has grown to become one of most important branches in electrochemistry. Regulations and concerns regarding
sustainability are the driving force behind the developments. Electrocatalysis holds the promise to generate greener energy and
conversion of greenhouse emissions. In a typical electrocatalysis, redox reactions occur on the surface of electrodes. However, the
promise of electrocatalytic processes is severely challenged by the large overpotentials and unsatisfactory selectivity. To lower the
overpotential of specific electrochemical reactions, catalysts are introduced at either electrode. Hence, material discovery is the key to
achieve higher electrocatalytic efficiency. In this section we discuss the developments in doped MXene based catalysts for water
splitting (hydrogen and oxygen evolution), nitrogen reduction reaction, and carbon fixation, while Table 3 highlights the best per-
forming electrocatalysts along with the doping strategies.

4.1.1. Hydrogen evolution reaction (HER)

Rising concerns for global warming and excessive dependence on fossil fuels led to a paradigm shift towards cleaner and carbon free
sources of energy. Using hydrogen as energy source is considered the clean and sustainable solution for a carbon neutral economy. A
wide range of techniques can be used to produce hydrogen including biomass conversion, water gas shift reaction, formic acid
decomposition, reforming hydrocarbons, and water splitting.[16] Among these, electrocatalytic splitting of water is the most desirable
method. Electrocatalytic water splitting is not only clean, safe, and cheap, but can employ renewable energy as well. In a typical
electrocatalytic water splitting, hydrogen is evolved at the cathode upon a bias applied between two electrodes. Platinum is considered
the ideal material for the hydrogen evolution reaction (HER) due to its low Gibbs free energy for hydrogen adsorption (AGy*). Ac-
cording to the Brgnsted-Evans-Polanyi relationship, the hydrogen adsorption energy is the rate determining step as it is linearly
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correlated to the HER activation.[120] However, the high cost and rarity of Pt makes it practically impossible for industrial appli-
cations. Hence, for a material to be an ideal alternative to Pt it is essential that the hydrogen adsorption energy is near zero. Both
theoretical and experimental studies show that MXenes may be promising materials for HER catalysis. Unlike other 2D systems such as
2H-MoS,, where HER catalytic activity is restricted to the edge sites, the basal planes of MXenes have demonstrated a significant
density of catalytic sites per particle.[121-123] Gao et al. were among the first to predict the surface oxygen atoms on the top and
bottom layers of 2D MXenes as the catalytic active sites for the HER.[123] Most importantly, MXenes are stable under acidic elec-
trolytes.[121] Although several reports predict and demonstrate the HER-activity of bare 2D-MXenes, their key catalytic performance
is far from ideal.[11,16,120].

Multiple strategies were implemented to improve the HER activity of MXenes, such as modifying the surface terminal groups,
structural engineering, coupling with other active materials, and doping.[33] Among these, doping is the most viable due to the ability
to intrinsically optimize the electronic structure for improved HER activity. Studies on MoyC nanosheets showed that doping with
nitrogen and sulfur can significantly enhance efficiency.[124,125] Although these systems are not derived from MAX phases, results
indicate the potential of doping MXenes to improve their HER activity. Previous reviews showed that nitrogen doping is an effective
way to tailor the properties of 2D materials for potential use in HER.[25,26] Among all MXenes, 2D titanium carbides Ti»CT, and
Ti3CyTy are the most extensively studied and were demonstrated for a multiple applications.[126] However, the HER catalytic activity
of TiyCTy can be termed poor, requiring an overpotential of > 600 mV to achieve a current density of 10 mA/cm? and low cycling
stability.[121] Yoon et al. were able to significantly reduce the overpotential to 215 mV vs. normal hydrogen electrode (NHE) for HER
at 10 mA/cm? through nitrogen doping of TioCTy. In addition, after nitrogen doping TioCTy showed excellent durability under acidic
conditions (0.5 M HyS04).[101] Nitrogen-terminated or substituted N-Ti,CT, with HER active Ti-N, motifs resulted in higher elec-
trocatalytic activity and stability in comparison to oxygen-terminated TisCTy. The higher HER activity originates from these Ti-N,
motifs, which provide efficient pathways for transferring electrons by spin polarization. DFT calculations show that N substitution
lowers the Fermi level of TioCTy to 0.972 eV and AGy* to —0.347 eV.

Le and co-workers achieved better performance with nitrogen doped Ti3C,Ty MXene.[44] N-Ti3CoT, shows an onset potential of 30
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Fig. 11. Electrochemical HER performance of doped MXenes. (a) polarization curves of different N-doped Ti3C,Ty catalysts, (b) AGy* diagram of
different H adsorption states corresponding to H coverage of 3/8 on N-terminated (50%) Ti3NC, 4/8 on N-terminated (75%) TisNC, 2/8 on N-
terminated (25%) Ti3Cs, 3/8 on N-terminated (50%) Ti3Cs, and 4/8 on N-terminated Ti3Cs. [44]; (c) Electrocatalytic performance for HER of P
doped Mo,CTx MXenes, (d) calculated free-energy diagram of the HER on M0,CO._4Py catalysts. [37] Reproduced from [44,37] with permission
from American Chemical Society.
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mV and an overpotential as low as 198 mV at 10 mA/cm? as well as a much smaller Tafel slope of 92 mV/dec (Fig. 11(a)). Their studies
revealed that all nitrogen related species (e.g., N-H, O-Ti-N) contribute to HER enhancement rather than only Ti-N, motifs as stated by
Yoon et al.[101] (Fig. 11(b)). Also, heavy doping of nitrogen resulted in poor HER activity and partial transformation of titanium
carbide to titanium nitride. A similar improvement in catalytic activity of Ti3C2Tx MXene upon nitridation was reported by Han et al.
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Fig. 12. Scheme of modulating the HER performance of V,CO, by introducing a transition metal onto the surface. (a) The combination of H 1s
orbital and O 2p, orbital forms a fully filled bonding orbital and a partially filled anti-bonding orbital in which the occupancy of the latter de-
termines the strength of the H-O bond. (b) Charge transfer from H to O will occur when H adsorbs on O; by introducing a TM atom onto the surface,
O will gain extra electrons from the TM, leading to less charge transfer from H to O and a higher occupancy of the anti-bonding orbital when forming
the H-O bond. [129] (c) The structure of H atom adsorbed on the modified surface. Color-coded active site number: the more active sites, the darker
the shade. White means no active site. The AGy* of TM-modified carbide and nitride MXenes. The green shaded region marks the HER active energy
windows with AGy* from —0.2 to 0.2 eV. [131] Reproduced from [129,131] with permission from Royal Society of Chemistry and Wiley-VCH. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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[57] where nitrogen doping was achieved at a lower temperature (35 °C) by ultrasonication in ammonia solution. The best performing
catalyst in their case achieved 10 mA/cm? at overpotentials around 160 mV in No-saturated 0.5 M HySOj4 electrolyte solution. In
addition to nitrogen, the influence of other heteroatom doping (X = N, B, P, S) on the HER activity of MoC MXenes (M = Ti, Mo) with or
without oxygen functional groups was investigated by Ding et al. using density functional calculations.[127] By calculating the Gibbs
free energies of hydrogen adsorption (AGy*) they found that N-doped Ti»CO- can exhibit higher electrocatalytic activity than Pt(111),
although pristine TiC is not good for HER catalysis. After heteroatom doping MXenes becomes more metallic in nature, and the
electronegative dopants (N, P, S) were able to cause a favourable shift in the Fermi level. Nitrogen as a dopant improves the HER
catalytic performance up to a certain threshold concentration above which the catalytic activity is adversely affected. For Ti,CO; 8.8
atom% was found to be the optimal N-doping [128] with the lowest AGy* and highest conductivity. It was also predicted that this 8.8%
dopant concentration will be thermodynamically most favoured when NHj is used as doping agent. [128] Studies by Qu et al. and Yoon
et al. revealed that phosphorization can also be an effective route to enhance the HER activity of MXenes.[37,100] Qu et al. synthesized
phosphorus doped P-Mo,CT, by annealing Mo,CT, MXenes in phosphorus/argon atmosphere.[37] As can be seen in Fig. 11 (c), the
HER overpotential dropped by 114 mV at 10 mA/cm? The improved conductivity of P-Mo,CTy facilitates electron transport,
improving HER kinetics. Yoon et al. doped vanadium carbide MXene with phosphorus by heat treatment at different temperatures
(300, 400, 500 °C) with triphenyl phosphine (TPP).[100] The catalyst prepared at 500 °C showed the smallest overpotential of —163
mV at 10 mA/cm in 0.5 m HySO4. Combining computational and experimental results they showed that P-C bonds in P-V,CTy are the
active sites with the lowest AGy*, which promote HER kinetics through electron transfer into the antibonding orbitals of V-H and/or
O-H bonds. (Fig. 11 (d)).

Transition metals (TMs) have long been engineered in various ways to compete with the benchmark Pt catalyst for HER. Incor-
porating TMs into MXene is a key development towards improving HER performance. Ling et al. were among the first to theoretically
predict the extremely high catalytic activity after introduction of TM (Fe, Co, Ni) atoms onto the surface of fully terminated vanadium
carbides (V2CO5).[129] Using first-principle calculations they were able to show that under optimal conditions, introduction of TMs
can reduce AGy* to 0, better than Pt(111). This enhanced activity stems from the strong charge transfer between the metal atom and
surface O atoms of VoCO (Fig. 12 (a,b)). They also discovered that the catalytic activity of TM modified V,CO; can be further
modulated by applying tensile strain. It should be noted that under alkaline conditions MXenes are inert toward HER, mainly due to the
oxygen terminal groups. These terminal groups obstruct the adsorption and dissociation of water molecules, thereby increasing the
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Fig. 13. Enhanced activities of precious metal atom immobilized MXene. (a) HER polarization curves of carbon paper (CP), Mo,TiCyTy,
Mo, TiCoTy—Vime, M0oTiCoTy—Ptsa and Pt/C (40%) acquired using graphite rod as the counter electrode in 0.5 M H,SO4 electrolyte. (b) EIS Nyquist
plots of Mo,TiCoTyx—Pt and Mo,TiC,Ty catalysts. (c) Exchange current densities of the catalysts, and mass activity of state-of-the-art Pt/C and
Mo,TiCoTx—Ptsa. [95] (d) Device structure for PEC H, production performance of the Ru-N-S-TisC,Ty catalyst integrated with n"np™-Si photo-
cathode. (e) Band structure diagram of the Ru—N—S—Ti3C2Tx/n+np+—Si photocathode. (f) Current density-voltage (J-V) characteristic curves of
TisCoTy and Ru-N-S-TisC,Ty integrated on the n'np*-Si photocathode. [97] Reproduced from [95,97] with permission from Nature Portfolio
and Wiley.
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energy barrier for the first steps of the reaction. However, anchoring transition metals on the MXene vacancy sites can remarkably
improve the kinetics and thermodynamics of water dissociation.

Tahini et al. recommended Mn anchored on Ti;CO3 and VoCO», Fe on V2CO4, and Ir on NbyCO5 as promising candidates as TM
single atom MXene catalysts for alkaline HER.[130] Similar findings were reported by Li et al. for MoXO, type MXenes modified with
different TM adatoms. [131] They systematically measure the AGy* values for a combination of 16 different types of M2XO, with 13
types of TM adatoms and identified Os-TazCO, Ir-ScoCO2, Ag-NbaNO9, Re-NbyNO2, W-NboNOg with AGy* very close to the ideal value
of 0 eV (Fig. 12 (c)). The TM adatoms can change the preferential reaction mechanism from Volmer-Heyrovsky to Volmer-Tafel via
TM induced electron redistribution on the surface of the MXene. All recent reports on simulated HER activities of TM doped MXenes
mention the suitable tuning of AGy* after TM incorporation.[132-134] The main advantages of TM dopants are that they change the
conductivity of MXenes, turn nearby sites active for catalysing HER, and transfer charge to the surface O terminal groups, resulting in
increased occupancy, thereby weakening O-H bonds.

One effective way to overcome the restrictions of precious metal catalysts is to significantly reduce the metal loading through single
atom immobilization. Zhang et al. were among the first to practically realize single atom immobilized MXene for HER.[95] In their
work, they synthesized Pt atoms immobilized onto double TM MXene nanosheets Moy TiCyTy. Through electrochemical exfoliation
they prepared Mo,TiC,T, nanosheets with abundant Mo vacancies which acted as anchoring sites for single Pt atoms. These Pt atoms
were stabilized by the formation of covalent Pt-C bonds with the surrounding C atoms on the MXene sheets. Most importantly, this
Mo, TiCoT,-Pt catalyst demonstrated HER activity equivalent to Pt and even surpassed the commercial Pt/C catalyst. Overpotentials of
30 and 77 mV were recorded to achieve 10 and 100 mA/cm? HER current densities and a mass activity about 40 times greater than the
commercial platinum-on-carbon catalyst shown in Fig. 13(a-c). The superior activity was due to the extremely low H' adsorption
energy of single Pt atom on MXene with AGy* of about —0.08 eV, below the commercial catalyst (-0.10 eV).

Jing et al. also explored the electrocatalytic performance of Pt doped Mo,TiC20, monolayer using first principles calculations.[135]
However, they used a different approach, placing Pt atoms at the oxygen vacancy sites. After measuring the AGy* values for all
intrinsic and extrinsic defects sites, Pt-O defect sites were found to remarkably enhance HER activity. Similar increase in HER activity
was observed for Pt loaded VoCTy and TizCoTyx MXenes. [136,137] For both systems the activity was comparable to the commercial
catalyst. Pt-VoCT, exhibited 10 mA/cm? at a low overpotential of ~ 27 mV in 0.5 M HySO4, while Pt-Ti3C,T, electrocatalysts exhibited
a much lower overpotential of 12 mV under similar conditions. The presence of vacancies is critical for successfully immobilizing the Pt
atoms. Also, the oxygen terminal groups mediate the electron transfer from Pt to surrounding atoms thereby reducing the hydrogen
adsorption energy. These results suggest that the immobilized Pt atoms primarily contribute to the hydrogen adsorption and the
overall catalytic activity. A plausible way to increase the involvement of MXenes support during catalysis is to tune its electronic
properties by heteroatom doping along with single atom immobilization.

Ramalingam et al. used this strategy to further enhance the HER activity of single atom immobilized MXenes.[97] They studied the
coordination interaction between ruthenium single atoms and 2D titanium carbide (TizC2T,) MXene support with nitrogen and sulfur
heteroatom dopants. In this case the Ru atoms were stabilized via formation of Ru-N and Ru-S bonds. The heteroatom mediated Ru-
Ti3CyT, showed superior HER kinetics in comparison to the bare Ru-Ti3CoT, catalyst. Ru-N-S-TizCyT, exhibited nearly zero onset
potential and the smallest overpotentials of 76 and 237 mV to attain 10 and 100 mA/cm? (0.5 M HyS04) in comparison to Ru-Ti3CyTy,
requiring 215 mV to reach 10 mA/cm?. The catalyst showed excellent activity in alkaline and neutral electrolytes as well. The HER
kinetics for Ru-N-S-TisC, T, followed the Volmer-Heyrovsky mechanism which includes a fast initial Volmer reaction step of HzO" +
e~ — Hags + HoO followed by a slow Heyrovsky reaction step of Hags + H30™ + €~ — Hags + Ho0. For practical implementation, they
integrated the electrocatalysts with n"np™-Si photocathode and evaluated their PEC H, production performance; the device structure
is shown in Fig. 13 (d-e). A photocurrent density of 37.6 mA/cm? was achieved with Ru-N-S-Ti3CyTy, 10 times higher than Ti3CyT,/
nnp'-Si photocathode (Fig. 13 (f)). Similarly, for Ir single atoms confined on N, S co-doped TisCyTy, the highly coordinated Ir-N and
Ir-S bonds improve the charge redistribution in the interfacial region of the Ti3CyT, support, resulting in improved HER activity.
Recently, Huang et al. used Nitrogen-Doped NbyCTy as the support matrix to host Ni nanoparticles for HER in 1 M HClO4.[138] As an
electrocatalyst Ni/N-NbyCT, demonstrated Pt-like onset potentials and could achieve 500 mA cm ™2 at overpotentials of only 383 mV.
Moreover, the catalysts remained stable for at least 24 h at high HER current density of 300 mA cm 2. Though this study establishes the
performance of Ni/N-NbyCTy as a catalyst, the influence of nitrogen as dopant has not been discussed.

Dual doped Ir-2NS-TizCyTy (nitrogen twice than sulfur) showed much improved catalytic properties compared to single atom doped
Ir-N-Ti3CyT,. This indicates that the coordination of Ir with N and S is important for achieving improved intrinsic activity.[69]
Notably, the overpotential at a current density of 10 mA/cm? is much smaller for Ir-2NS-TisC,Ty (57.7 mV) compared to the Ru-N-S-
Ti3CyTy catalyst (76 mV). This leaves us with new opportunities to optimize the coordination of precious metals with N, S co-dopants.
In another article published almost at the same time, Liu et al. present a similar work of single-atom ruthenium (Ruga) supported on
nitrogen (N)-doped TizCyTx MXene.[97,139] Their catalyst also showed superior electrocatalytic activity and durability compared
with commercial Pt/C catalysts toward HER in different pH conditions. They also mention that ruthenium single atoms are stabilized
on MXene species via formation of Ru-N bonds. Consequently, the Ru-N-TigC,T, catalyst demonstrated outstanding catalytic per-
formance towards HER with overpotential values of 23, 27 and 81 mV to achieve 10 mA/cm? current density in 0.5 M HySO4, 1 M KOH,
and 1 M phosphate-buffered saline (PBS) electrolytes, respectively.

Apart from nitrogen and sulfur, boron was successfully used as an alternative heteroatom dopant for Ti3CoT, MXene. Ru nano-
particles supported on B-doped TizC,T, MXene were demonstrated as a promising electrocatalyst for HER under acidic conditions.
[140] This catalyst achieved 10 mA/cm? at a relatively low overpotential of 62.9 mV. From DFT calculations the AGy« value for
Ru@B-MXene was found to be much lower than the established HER catalysts, namely AGy+ = 0.002 eV compared with Pt (-0.09 eV),
MoS; (0.08 eV) and WS, (0.22 eV). Most importantly the study also reveals that the outstanding catalytic performance is due not only
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to Ru anchoring on the MXene, but also to the effect of B-doping that provides abundant catalytically active sites. All works highlighted
here demonstrate the advantage of engineering noble metal-MXene interaction with heteroatoms for higher HER activity. Although the
activities are excellent under acidic conditions, they are not admirable under alkaline or neutral conditions.

Other transition metals such as cobalt and niobium doping were also reported to improve the HER catalytic properties of MXenes.
Kuznetsov et al. designed Co doped Mo,CT),, as hydrogen evolution catalyst in acidic conditions.[102] They developed a methodology
that uses a bulk p-Mo,C phase for incorporation of cobalt atoms that are retained in the final solid solution of MoyCT,:C. After Co
doping, the average |AGy*| value calculated for the adsorption of six H atoms in the vicinity of the Co site was 0.40 eV, significantly
lower than 0.61 eV for the unsubstituted Mo2CO,. Du et al. demonstrated that Nb-doping of TisCaTx MXene is crucial for achieving
higher HER activity for the Ni/Co(alloy)-MXene composite catalyst.[141] The influence of Nb doping could be seen from the over-
potential values of 55.5 versus 255.5 mV at jcq of 1000 mA/F for undoped MXene.

It has been established that HER is favoured in acidic conditions due to the abundance of H*. Most of the studies discussed above
have been performed in 0.5 M HySO4. The abundance OH™ significantly hinders the HER kinetics in alkaline conditions. Notable, very
few 2D materials have succeeded in achieving benchmark performance under alkaline conditions. Zou et al. addressed this research
gap using ruthenium single-atom modulated TizCyTyx MXene. [142] The Ruga@Ti3CTx achieved ampere-level HER current densities in
1 M KOH, which is remarkable considering the strong basic conditions. Rugy@Ti3C2Tx could readily attain high current densities of 1
and 1.5 A cm ™2 at over potentials of 425.7 and 464.6 mV (vs RHE), respectively. Compared to Ruga@Ti3CxTy, Ti3CoTx demonstrated
significantly inferior HER activity over the entire potential range. Notably, the Rugy @Ti3C,Tx outperformed even the commercial Pt/C
catalyst. To understand the mechanism of improved performance, they performed in-situ spectroelectrochemical Raman spectroscopy.
Here they used the out-of-plane vibrations of C atoms in TizCTx (A1 mode at 728 em 1) as the key descriptor for the protonation of -O
into ~OH. The in-situ studies showed that during the cathodic bias of 0 V to —0.3 V the A;; peak of Rusa@Ti3CoTy is red-shifted less
(728 to 725 cm ™) compared to Ti3CyTy (728 to 721 cm™!). They interpreted this findings as the low coverage of protonated ~OH on
Rugp@Ti3CyTy, resulting in improved HER kinetics. They mentioned that the Ruga modulate the surface protonation/deprotonation of
TizCyTy, significantly reducing the Gibbs free energy for hydrogen adsorption from —0.33 eV to —0.07 eV and hence the improved HER
activity. Another challenge in the field of electrocatalysis in the dissociation of water under mild or neutral conditions, which bypasses
the corrosive conditions. By dispersing Ru clusters on Mo,CTy, the catalytic activity of Mo,CTy can be significantly improved in 1.0 M
phosphate buffer (pH 7.0).[143] Though the Ru/MoyCTx couldn’t surpass the commercial Pt/C, their performances were similar. Ru/
Mo, CTy required overpotential of 73 mV while Pt/C required 52 mV at —10 mA cm ™2 and Mo,CTy 376 mV at—10 mA cm™2. Moreover,
Ru/Mo,CTy exhibited stable HER activity for 1000 cycles and at a constant cathodic of—20 mA cm™2 for 30 h. These findings are
critical in developing doped MXenes as electrocatalysts for water splitting in greener electrolytes.

4.1.2. Oxygen evolution reaction (OER) and oxygen reduction reaction (ORR)

During electrochemical splitting of water, hydrogen evolution occurs at the cathode while the oxygen evolution happens at the
anode under an applied bias. Water gets reduced at the cathode, to hydrogen gas and hydroxide ions., while at the anode, water gets
oxidized to oxygen gas and hydrogen ions. The efficiency of this redox process is dependent on the local pH at the electrode. HER is
favored in acidic media while OER is thermodynamically more favorable under basic conditions. Under acidic condition two water
molecules (H,0) are oxidized into four protons (H") and one oxygen molecule (O5), while in basic conditions hydroxyl radicals (OH")
are oxidized into H,O and O, as shown below:

40H™ < 2 HO(1) + Ox(g) + 4 e~ (alkaline electrolyte)
2 HyO(l) « 4H+ + O(g) + 4 e- (acidic electrolyte)

Compared to HER, the oxygen evolution reaction (OER) is kinetically more sluggish and requires energy beyond the theoretical
potential of 1.23 V. [144] The oxygen reduction reaction (ORR) is another fundamental reaction in electrochemistry, which is critically
important in fuel cells, metal-air batteries, and life processes such as respiration.[145] Unlike electrolysis, in proton exchange
membrane fuel cells (PEM) hydrogen and oxygen are made to react at the catalyst surface producing water and electricity. In a PEM
fuel cell hydrogen is catalytically split into protons and electrons at the anode while at the cathode oxygen molecules react with the
protons and electrons forming water. This reduction of oxygen to water is known as oxygen reduction reaction. The oxygen reduction
half cell reaction can be represented as:

05(g) +4H" + 4e” < 2 H,0

Both OER and ORR reactions suffer from the need of inherent 4-electron transfer. For OER, precious metal-based catalysts such as
IrO2 and RuO;, are often considered as benchmark materials. Similar to Pt, the large-scale applications of these materials are restricted
due to high cost and scarcity. Although the superior properties of MXenes such as high conductivity can ensure fast electron transport
during electrochemical reactions, pure MXenes show very limited OER activity.[146] Tang et al. improved the OER activity of TigCyTy
by nitrogen doping,[117] which created more active sites, accelerated charge transfer, and improved the wettability. The onset po-
tential for OER dropped from about 449 mV for fresh TizCy to ~ 246 mV for the nitrogen doped electrocatalyst (Ti3Cy ¢No.4). For ORR,
improved performance was demonstrated by Parse et al. using a composite structure of TiO, and nitrogen sulphur co-doped Ti3Cy
MXene. The optimized catalyst showed an onset potential of 0.98 V versus RHE and a substantial ORR current of 3.5 mA/cm?.

As mentioned in the previous section, several theoretical studies demonstrated the usefulness of single atoms supported MXene
based catalysts for enhanced HER activities. Influenced by these findings, single atom doped MXenes were also searched and applied
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for oxygen evolution/reduction through electrocatalysis. Cheng et al. investigated the OER activity of a series of TM atoms (Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn) supported by MaNO, (M = Ti, V, Cr) MXenes using DFT calculations. Among these, Cu anchored on TizNO3
demonstrated the potential to be the best OER electrocatalyst with an overpotential of 0.24 V. For ORR, Peng et al. proposed TizCOo-
supported Cu as a potential candidate based on first-principles calculations.[147] They screened a range of 3d, 4d and 5d TM single
atoms anchored on the surface of Ti,CO3, Ti3C202 and Ti3CNOy MXenes. Cu-TioCO, exhibited a much lower overpotential of 0.25 V in
comparison to commercial Pt/C catalyst (0.4 V) and could thus be an ideal cathode material for a proton exchange membrane fuel cell
due to its ultralow overpotential, high 4e” ORR selectivity, and acid stability as shown in Fig. 14 (a). Peng et al. also defined a
composition descriptor, which can provide important guidance for experimental design of MXene based catalysts. It is often mentioned
that the presence of various terminal functionalities (—O, —F, —OH) makes MXenes interesting candidates for various applications.
However, the effect of these terminal groups has not been fully investigated for electrochemical applications. Liu et al. investigated the
influence of surface terminations on the ORR activity of Ti,1C,Ty and Pt-decorated Pt/V-Ti,1C, Ty (n = 1-3, T = O and/or F) surfaces
by first-principles calculations.[148] For the Pt-decorated catalyst, F-terminated surfaces were predicted to show better ORR per-
formance than O-terminated surfaces. However, the F terminations were found to be less stable than O terminations. As already
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Fig. 14. Theoretical studies on doped MXenes as catalyst for OER and ORR.(a) Schematic 4e~ ORR associative mechanism. Free energy profile of
ORR proceeding on Cu-Ti,CO,, overpotential versus composition descriptor &, where atoms anchored on Ti;CO, are marked with element symbols
to guide the eye and the horizontal dotted line indicates the overpotential (0.43 V) of Pt(111) and schematic of MXene supported single atom ORR
catalysts at the cathode of a proton exchange membrane fuel cell.[147] (b) Catalytic activities described with hogr and hoggr Where A-N represent
TiyCTo-Vp-Pt, VoCTo-V-Pt, NbyCTo-Vy-Pt, M0,CTo-V-Pt, TizCoTo-Vp-Pt, Zr3CoTo- Vp-Pt, Ti3(C,N)2-CTo-V-Pt, Ti3(C,N)2-NT,-Vi-Pt, NbyC3To-V1-Pt,
TayCsTo-Vp-Pt, TigN3To-V-Pt, CroTiCoFo-Ve-Pt, M0, TiCoTa-V-Pt and Mo, TioCsTo-V-Pt (T = O; F).[159] () The d-band center on the surface of the
recombinant catalysts, A to H represent Nb,CO,-Pd, Nb,CO»-Pt, NbyCF5-Pd, Nb,CF»-Pt, Nb,CO,-VO-Pd, Nb,CO»-VO-Pt, Nb,CF>-VF-Pd and
Nb,CF,-VF-Pt, and volcano plots of these catalysts, which describe the relationship between activity and adsorption energy for intermediates. [160]
(d) Relationship of overpotential with TM valence charge, density of states of TM in TM/Cr,CO; and corresponding &4, schematic of active sites of
Ni/CryCO; for HER, and AGy* of Ni/Cr,CO- at different sites. [161] (e) Top and side views of Pd4@Ti3C20, morphology. Free energy diagrams for
the OER and ORR of Pd4@Ti3C»0; at electrode potential U = 0.[164] Reproduced from [147,159,160,161,164] with permission from Royal Society
of Chemistry and American Chemical Society.
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mentioned earlier, Pt atoms immobilized onto MXenes were considered as an alternative to bulk Pt. One way to further reduce Pt
loading is by alloying with a transition metal. Zhang et al. found that replacing Pt atoms with Au/Pt alloy on defective Ti,CO can be
considered as a potential approach to reduce Pt loading while maintaining high ORR activity.[149] The ORR activity was shown to be
Pt3Au/V-TioCOy > Pt3/V-TisCOy > Pty/V-TioCOy > Pt/V-TisCOs.

Janus MXenes (M;M,CoT,) with two TM centers show promising electrochemical properties and HER activity. [36,150,151]
Recently, Ma et al. explored the OER/ORR catalytic performance of Pt doped TioCNL (N = O/S/Se; L = F/Cl/Br/I) using first-principles
calculations.[152] They screened 31 combinations for ORR/OER bifunctional catalytic activity. Interestingly, all combinations showed
affinity towards ORR rather than HER. Most importantly, the electronegativity of the Pt doping site controlled the absorption of re-
action intermediates. A low electronegativity leads to high overpotential and low catalytic activity. The catalytic properties improve
further when Pt is doped on the side of Janus-MXenes with two empty orbital atoms (O, S and Se). There are reports that demonstrate
that controlled use of strain can improve the activity of a catalyst. [153-156] Therefore, by applying a controlled amount of strain on
these single-doped MXene catalysts, their electronic and catalytic properties can be enhanced further.[157,158] For example, a 6%
tensile strain on Pt-doped Ti;CO5 can enhance its efficiency as a bifunctional ORR/OER catalyst.[157] Similarly, Pt doped Ti,CF;
under a compressive strain of 14% and tensile strain of 4% showed the highest ORR/OER catalytic performance with overpotential of
0.45/0.43 V.[158].

Strain was predicted to reduce the bonding strength of OH on Pt doped Ti;CF5 and increase the d-band center. Under compressive
strain the center could be moved to a higher energy level, influenced by the F atoms. Furthermore, strain can also be used to tune the
work function of the catalyst. The work function of Pt doped Ti2CF; of 4.62 eV increased to 5.18 and 4.84 eV under —14% and 10%
strain, respectively. By adjusting the work function, the adsorption and desorption of OH* on the catalytic surface can be regulated.
[159] It is noteworthy to mention that the same phenomena are observed for a range of “strained” Pt doped MXenes including TioCNL
(N = 0/S/Se, L = F/Cl/Br/1), TioCF; and TioCO,. These results encourage to investigate the influence of strain on other single atom
doped MXene catalysts.

In fuel cells and metal-air batteries the ORR occurs during discharge, while the OER takes place during charge. Catalyst materials
that can perform both processes with high efficiency are best suited for these applications. The search for an MXene based bifunctional
catalysts consisted mostly of theoretical calculations and simulations. Kan et al. screened 26 different MXenes decorated with single Pt
atoms for the best performing bifunctional catalyst.[159] The list includes O and F terminated monometal carbide MXenes (Ti2C, V2C,
Nb,C, MoyC, TizCs, Zr3Co, NbsCs, TasCs), ordered bimetal carbide MXenes (CraTiCo, M05TiCy, M05TioC3), a nitride MXene (TigN3),
and a carbonitride MXene (Ti3(CN)3). The resultant adsorption energies and Bader charge are summarized in Table 2. Based on first-
principles calculations, TioCF2-Vg-Pt, TizCoF2-Vg-Pt, VoCO2-Vo-Pt, NboCF2-Vg-Pt, NbyC3Fo-V-Pt, CraTiCoF2-Vi-Pt, Tig(C,N)2-COo-Vo-
Pt and Ti3(C,N)2-NOy-Vo-Pt are promising ORR catalysts, while NbyCFy-Vg-Pt, NbsC3Fo-Vp-Pt and CraTiCoFy-Ve-Pt are effective
bifunctional ORR/OER catalysts. For the screening, all adsorption energies were compared against the benchmark Pt(111) (Eags-O2 =
0.69 eV and Ea4s-H20 = 0.34 eV) and IrO; (Eags-O2 = 0.22 eV and E,gs-H20 = 0.57 eV) catalysts and shown in Fig. 14 (b). Kan et al.
proposed Pt/Pd-doped NbyCT, MXenes as promising bifunctional catalysts.[160] Using detailed DFT calculations they shortlisted
eight Pd/Pt-supported systems (NbyC-Pd/Pt, NboCOo—Pd/Pt, NbyCF>-Pd/Pt and NboC(OH),-Pd/Pt) and four Pd/Pt-doped systems
(Nb2CO2-Vo-Pd/Pt and NboCFo-Vy-Pd/Pt) as stable bifunctional catalysts. Among these, Pt doped systems showed the best activity,

Table 2

Adsorption properties of reaction intermediates on various Pt immobilized MXene systems. E,4s-O2, Eads-O, and E,qs-H20 represent the adsorption
energies of Oy, O and H;0 molecules, and Q-O, and Q-H,O are the charge numbers of the adsorbates gained from the catalysts. Reprinted with
permission from Kan et al.[159].

System Eaqs-O2 (eV) EadsO (eV) Eaqs-H20 (eV) Q-0 (e) Q-H0 (e)
TizCO4-Vo-Pt —0.38 —0.41 —0.26 0.51 0.38
TiyCFa-Ve-Pt —0.65 —0.48 —0.33 0.60 0.44
V2CO0,-Vo-Pt —0.36 —-0.43 —-0.22 0.49 0.21
V2CFa-Vg-Pt —0.57 —0.66 —0.37 0.53 0.19
Nb,CO,-Vo-Pt —0.66 —0.48 —0.72 0.69 0.63
Nb,CF,-Vg-Pt —0.55 —-0.50 —-0.45 0.65 0.33
Mo2CO,-Vo-Pt —0.22 -0.23 —0.33 0.22 0.28
Mo,CFo-Vg-Pt —0.35 —0.28 —0.43 0.34 0.32
TizC202-Vo-Pt —0.40 —-0.43 —0.28 0.52 0.38
TizCoFo-Ve-Pt —0.68 —0.50 —0.36 0.61 0.42
Tiz(C,N)2-CO,-Vo-Pt —0.87 —0.45 —0.32 0.66 0.28
Ti3(C,N),-CF,-Ve-Pt —0.32 —0.69 —0.76 0.32 0.57
Ti3(C,N)2-NO2-Vo-Pt —0.94 —0.64 —0.50 0.72 0.31
Zr3Cy0,-Vo-Pt -1.13 —0.86 -1.24 0.82 0.76
Zr3CoF,-VE-Pt —1.48 —0.95 —1.05 0.90 0.83
Nb4C30,-Vo-Pt —0.68 —0.46 -0.77 0.69 0.63
Nb,C3F,-VE-Pt —0.57 —0.52 —0.49 0.65 0.33
Ta4C304-Vo-Pt —-0.31 —0.79 —0.36 0.27 0.31
CraTiCoFo-Vi-Pt —0.52 —0.54 —0.48 0.66 0.37
Mo,TiC202-Vo-Pt —0.22 —0.32 -0.27 0.39 0.21
Mo, TiCoF,-Ve-Pt —0.76 —0.21 —0.83 0.47 0.29
Mo,Ti;C302-Vo-Pt -0.27 —0.29 —0.30 0.42 0.28
Mo, TioCsFo-Ve-Pt -0.77 —0.33 —0.81 0.45 0.30
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and NbyCF,-Vp-Pt even outperformed the benchmark Pt(111) and IrO5(1 1 0) catalysts and can be seen form the corresponding d-band
centre energies in Fig. 14 (c).

For water electrolyser applications, the bifunctional catalysts need to be proficient for both HER and OER. Cheng et al. proposed
single atom Ni anchored on Cr,CO3 MXene as an ideal bifunctional catalyst.[161] Ten TMs (Mn, Fe, Co, Ni, Mo, Ru, Pd, Ag, Ir and Au)
anchored on CryCO5 were considered. Ni-Cr,CO5 can perform HER and OER at low (theoretical) overpotential of 0.16 and 0.46 V,
respectively, and a synthetic route to prepare it was proposed. Fig. 14 (d) shows the variation in overpotential values of these transition
metal doped CryCO- catalysts. In addition to bifunctional properties, Fu et al. reported trifunctional (OER, ORR, HER) properties of a
single Pd atom supported on Ti3C202 MXene. This catalyst was selected from 12 candidates, namely Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Os,
Ir, Pt and Au. The simulated activity showed that Pd supported on Ti3C205 can initiate all three reactions at low overpotential of 0.22,
0.31 and 0.34 V for HER, OER and ORR, respectively, making it an excellent trifunctional electrocatalyst suited for overall water
splitting and rechargeable air-based batteries. It is important to note that for all 3d, 4d and 5d TMs studied as a single atom MXene-
supported catalyst, the d orbital electrons are those that perturb the electronic state, enhancing the overall catalytic activity. Recently,
Shabana et al. demonstrated Pt/Nb,CT, as an efficient bi-functional catalyst for HER and ORR. [162] The HER activity was investigated
in 0.5 M HClO4, and the ORR activity was tested in Ny or Oz saturated 0.1 M KOH. A substantial increase in electrocatalytic perfor-
mance was observed after Pt loading. Though the reported activities are inferior to the commercial Pt/C for both HER and ORR, the Pt
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Fig. 15. Theoretical and experimental studies on the NRR activity of doped MXene catalysts.(a) Calculated limiting potentials for HER (U.(HER))
and NRR (UL(NRR)) on the surfaces of various single atoms supported onto Mo,TiC,0, defective layers. When U (NRR) < UL(HER), the electro-
catalysts are selective for NRR.[172] (b) Reaction free energies for *N; to *NNH on various single atom transition metal supported Ti;CO and
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with permission from Wiley and Royal Society of Chemistry.
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mass activity of Pt/NbyCT, was found to be 5 times higher than Pt/C for HER and 10 times higher than Pt/C for ORR. Having Ag
nanoparticles dispersed on Ti3CyTy can also improve the bifunctional activity of TigC,Ty towards HER and OER. [163] By optimizing
the Ag loading, the catalyst could achieve current density of 10 mA cm ™2 at overpotential of 0.117 V and 0.25 V for HER and OER,
respectively in 0.5 M H2SO4, which are lower compared to commercial counterparts. Most importantly, these works demonstrated the
viability of Single Atom Catalyst (SAC)-MXene as bifunctional catalyst. Using theoretical investigations and rational design techniques,
SAC-MXenes can become a suitable alternative to rare earth catalysts.

A plethora of studies relate MXenes to OER/ORR, but experimental realization is rare. In most cases, MXenes are synthesized by HF
etching of the MAX phase. Pang et al. devised a safer electrochemical etching (E-etching) technique to exfoliate and prepare TioCT,,
CryCTy and V,CTy MXenes from the corresponding MAX phases.[164] These E-etched MXenes were then decorated with Co®* ions to
obtain a full water splitting catalyst. An initial improvement in HER performance was observed after Co>* incorporation, and the
measured overpotentials were in the order C03+—Cr2CTx, 404 mV > C03+—Ti2CTx, 458 mV > Co3+—V2CTx, 460 mV. However, no dif-
ference in OER activity was observed, indicating that this activity was independent of the MXenes and occurred through the OER-
active Co species. Kan et al. already stipulated the superior OER/ORR activities of Pt-MXenes in their first principles study.
[159,160] The practical realization was carried out by Zhang et al. using Pt/Ti3C,Ty as ORR catalyst.[165] The catalyst was tested in
both alkaline and acidic electrolytes and demonstrated superior activity with respect to commercial 20% Pt/C. The catalytic activity of
Pt/Ti3CyT, was found to be higher in alkaline (0.1 M KOH) than acidic conditions (0.5 M H2SO4). Though the isolated single atoms on
MXene are the best candidates for electrocatalytic applications. However, during practical applications these isolated metal atoms tend
to aggregate into clusters due to the high surface free energy. Fu et al. investigated the effect of metal clusters on the OER and ORR
properties of TigCo04 supported Pd catalysts. [164] They found even if these catalysts aggregate to form small clusters, the over-
potential for OER and ORR increases negligibly. Using the smallest stereo-cluster of Pd (Pd4 cluster), as shown in as shown in Fig. 14(e)
they calculated the corresponding overpotentials for OER and ORR. Compared with Pd; @Ti3C,0; (single atom), the OER and ORR
overpotentials increased by only 0.06 V and 0.07 V, for Pd4@Ti3zC205.

Hence, even with small atomic clusters the excellent OER and ORR activities could be maintained. This section highlights the
emerging role of MXenes that can be integrated with other materials and engineered at the atomic scale to yield hybrid hetero-
structures with multifunctional catalytic activities.

4.1.3. Nitrogen reduction reaction (NRR)

Ammonia (NH3s) is the key ingredient for production of nitrogen-containing chemicals and is used heavily in the pharmaceutical
and fertilizer industries. Due to its huge demand, developing new synthetic strategies for ammonia has been of interest for decades.
Ammonia is produced mostly using Haber-Bosch methods. Conventionally, the Haber-Bosch process is conducted at high temperature
(400-500 °C) and pressure (10-30 MPa) and is highly energy demanding, requiring 1-2% of the global energy consumption, and bears
a heavy carbon footprint (300 million metric tons of CO, annually).[166] Electrochemical reduction of nitrogen (ENRR) has attracted
interest as a green and efficient way to synthesize ammonia. Thermodynamically, ENRR is 20% more energy efficient than traditional
Haber-Bosch process.[167] However, the significant amount of energy required to break the nonpolar N, triple bond makes ENRR
extremely challenging to carry out. The major challenge is the inherent selectivity for the HER due to its lower theoretical potential. As
an emerging catalyst, MXenes have also been used for the conversion of N3 to NHs. So far, various reports predicted and highlighted the
potential of MXenes as promising NRR electrocatalysts.[168-171] It is notable that bare MXenes are likely to be unstable under NRR
operating conditions, and it is important to introduce foreign elements to overcome the parasitic effect of the HER.

Computational studies based on DFT calculations are crucial for understanding the mechanisms involved in the NRR. Li et al.
simulated the performance of single TM incorporated MXenes as NRR catalysts.[172] They used DFT calculations to systematically
study the NRR performance of Mo,TiC02 nanosheets with single 3d, 4d, and 5d TM atoms (except Tc, Hg and lanthanides) embedded
at the vacancy sites. The studies reveal that defective Mo2TiC202 nanosheets doped with Zr, Mo, Hf, Ta, W, Re or Os exhibit signif-
icantly higher NRR activity. Among all, Zr doped Mo,TiC202 was found to be the most promising catalyst due to its extremely low
limiting potential of —0.15 V and excellent NRR selectivity as shown in Fig. 15(a). Also, the formation energy of Zr doped Mo,TiC20,
was calculated to be much more negative than Pt doped Mo,TiC20, indicating the feasibility of synthesizing the catalysts.

Huang et al. studied Ti2CO5 and Mo,CO, MXene monolayers supported with a series of single atoms towards electrocatalytic NRR
using well-defined first-principles calculations.[173] Fig. 15(b) summarizes the measured reaction free energies of “NNH formation for
the single atom supported TioCO, and Mo,CO5 MXene surfaces. Their calculations indicated that Ru and Mo anchored MoCO2 and
TioCO2 MXene monolayers exhibit higher activity towards nitrogen reduction to ammonia. Among the four combinations, the limiting
potential for NRR was found to be the lowest for Ru@Mo2CO3 (-0.46 V) due to the higher conductivity of Mo,CO2 with respect to
TiCO,. Also, by comparing the Gibbs free energy for dinitrogen protonation and hydrogen adsorption on Mo@Mo,CO5 surfaces, they
found Nj reduction proceeds via a distal or hybrid mechanism with low overpotential of 0.16 and 0.19 V respectively. Through these
findings they suggested that Mo@Mo5CO- could be a robust catalyst for NRR.

Gao et al. studied the NRR activity of TizC202 supported with various TMs (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ru, Rh, Pd, Ag,
Cd or Au) as single-atom catalysts using DFT calculations.[174] According to their measurements the NRR overpotentials of Fe/
Ti3C204, Co/Ti3C202, Ru/TizC202, and Rh/Ti3C02 were 0.92, 0.89, 1.16, and 0.84 eV respectively. They also found that Fe/Ti3C202
had the lowest Gibbs free energy (—0.75 eV) for Ny adsorption and exhibited good N3 activation performance. These studies efficiently
predict the potential of TM-doped MXene nanosheets as electrocatalysts for achieving high-efficiency N» reduction under ambient
conditions. On the other hand, Zheng et al. considered the non-metal boron with MXenes as substrate for electrochemical NRR.[175]
Boron has an electronic structure mimicking the filled and empty d orbitals in transition metals and can activate the triple bond in No
molecules. Their calculations revealed that B-doped Mo2CO, and W,CO, MXenes were the most promising candidates for the NRR with
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the lowest limiting potentials of—0.20 and—0.24 V, respectively, along with high catalytic activity and selectivity. Importantly, the
nature of the main transition metal of the MXene substrate is critical to the overall catalytic activity of the B-MXene catalyst. The
interplay between TM d orbitals and boron p orbitals govern the degree of B-to-adsorbate electron donation.

Practical implementation of single atoms immobilized on MXene as an electrocatalyst for NRR was realized rather recently. Liu
et al. synthesized Au nanoparticles (NPs) anchored onto TizCy surface using an ultrasound reduction approach.[176] The Au/Ti3Cy
catalyst with ~0.94% Au loading exhibited the best performance with an average ammonia yield of 30.06 ug/h/mg and a high
Faradaic efficiency (FE) of 18.34% at—0.2 V vs. RHE. According to them, the oxygen containing groups on the MXene surface acted as
the nucleation sites for Au(III) ions. Combining X-ray spectroscopy and DFT calculations they were able to conclude that the large
energy of Ny adsorption at the interface of Au and TizC, weakens the N=N bonds, and the total activation energy barrier was lowered
though stabilization of No* and destabilization of NHoNH>*. Liu and co-workers studied the activity of TizCo; MXene decorated with
both precious and non-precious TM as NRR catalysts, i.e. Cu/Ti3Cy, CuAg/Ti3Cy and Ru/TizCy.[177-179] All three catalysts showed
moderate activity in 0.1 M KOH under ambient conditions. The corresponding ammonia production rate and faradaic efficiency for
Cu/TizCq, CuAg/TisCy and Ru/Ti3Cy are 3.04 pmol/h/crn2 /7.31% at 0.5 Vvs. RHE, 4.12 pmol/h/cm2 /9.77% at —0.5 V vs. RHE and
2.3 pmol/h/cm2 /13.13% at—0.4 V vs. RHE, respectively. Among them, Ru/Ti3Cy proved to be the most stable, >24 h for 5 repeated
cycles. It should be noted that the electronic state of Ti atoms in the TizC205 MXene structure can influence the activation of surface
adsorbed Nj.[180] Among TiZ*/Ti3* /T i4+, the paramagnetic Tid* (3d1, S = 1/2) sites serve as the active site for ENRR. This is due to
the orbital symmetry that weakens the back electron transfer between the Ti** 3d (0) and Ny n2p* (antibonding) orbitals. The ENRR
activity is usually described using the electron donation/back-donation process between the 3d orbitals of the TM and the 2p orbitals of
N,.[181] Hence, a suitable combination of occupied and empty orbitals is considered advantageous. To facilitate formation of surface
Ti®* states, nitrogen doping was used on Ti3C2Ty MXene.[182] DFT studies showed that with nitrogen doping the N adsorption energy
is remarkably enhanced, from—0.56 to—1.86 €V, while the NH3 adsorption energy decreases. Redistribution of the electron density of
Ti3* is further confirmed from the shift of the valence electron cloud towards lower energy and increase in electron concentration
filling the partial density of states of Ti3C,T, MXene. Interestingly, nitrogen exchange between the N dopant in the catalyst and the N
was observed during the ENRR, proving that the dopant nitrogen sites also act as steady active sites in addition to the Ti>" sites. At the
optimized Ti vacancy density and nitrogen dopant concentration, an FE (towards NHgs) of 9.87% was achieved for N-doped-Tiy-
Tiz xCoTy MXene.[182].

As discussed above, introduction of single atoms can significantly improve the electrocatalytic activity and selectivity of MXenes.
Peng et al. designed single-atomic ruthenium modified Mo,CT, MXene NRR catalysts to achieve an excellent ammonia production rate
and FE of 40.57 ug/h/mg and 25.77% respectively at —0.3 V vs. RHE in 0.5 M K3SO4 electrolyte.[89] The NRR was measured for
different atomic loading of Ru, and the best performance was achieved for 1.41% Ru loading. To demonstrate the enhanced ENRR
activity, the catalyst was evaluated for ammonia yield and FE against commercial Ru/C and pristine Mo,CTy as shown in Fig. 15(c).
Operando X-ray absorption spectroscopy studies along with DFT calculations were used to unveil the exceptional electrochemical
activity of this catalyst. They reasoned that the single atoms of Ru in the Mo,CT, MXene nanosheets are the active sites and constitute
the adsorption and electron back-donation centers. These Ru atomic sites effectively promote N5 activation at the Mo sites and reduce
the thermodynamic energy barrier of the first hydrogenation step, thereby synergistically facilitating the further hydrogenation of the
adsorbed Nb. It is noteworthy to mention that the termination groups (O, F, OH, Cl, and Li) of the doped MXene play a synergistic role
in defining the ENRR performance. Studies on iridium single atom decorated v-Mo,CO; (v represents the surface termination vacancy)
reveal that the surface O-terminations promote the first hydrogenation step in the ENRR process.[183] The energy barrier for tran-
sition from *N5 to *NNH intermediates is lowered due to the contributions of the Ir atom as well as the closest O atom on the Ir@v-
Mo,CO3 surface. Hence, adjusting the coordination environment of the single atoms based catalysts with surface terminal groups of
MXene substrates is an effective strategy to improve the NRR activity.

This section highlighted the promise of elemental engineering of MXenes for NRR electrocatalysis. Although new doping strategies
are explored, the FE is yet to compete with the best performing catalysts.[184] Importantly, MXenes provide an excellent support for
the single atom catalytic sites. Although reports suggest that the dopant atoms are the active sites, the rich surface chemistry of MXenes
offers a variety of reaction pathways and adsorption of reaction intermediates. It is the synergistic effect of these individual compo-
nents that eventually cascades the reactions. Inspired by the computational predictions, as more doped MXene systems are experi-
mentally developed, we foresee the unfolding of their enormous promise. However, the success of these doped MXene systems depends
heavily on the computational investigations carried out to simulate their dynamic behaviour during catalysis and to predict the re-
action mechanisms and intermediates.

4.1.4. Carbon fixation

The rising levels of CO3 and CO in the atmosphere have been a major contributor towards global climate change and drop in air
quality. Electrochemical conversion of CO, and CO is a viable way to mitigate the adverse effects of these carbonaceous gases. CO5
reduction reaction (CO2RR) and CO oxidation reaction are the relevant catalytic processes to achieve this objective. In CO2RR,
molecules of CO, are hydrogenated to value added products like formic acid (HCOOH), methanol (CH3OH), methane (CHy), ethylene
(C2Hy), and carbon monoxide (CO). Results have already shown that the surface terminal groups on MXene are an excellent platform
for the catalytic reduction of CO,. The electronegative elements, e.g. F, O, Cl on MXenes promote the adsorption of intermediate
molecules.[185-1871].

Research on electrochemical reduction of CO, using MXenes as catalysts is at its infancy, and most of the work involves compu-
tational studies. As mentioned in the previous sections, MXenes emerged as an ideal support for single atom catalysts such as Pt, Ru, Rh
or Pd. The vacancy sites on the MXene layers stabilize the single atom catalysts, while the surface functionalities promote the
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adsorption of reaction intermediates. Zhao et al. were able to synthesize electrocatalysts based on single atom Pt supported at the Ti
vacancy sites of Ti3.xCoT, MXene nanosheets at room temperature.[96] They utilized the highly reductive capability of the ultrathin
nanosheets to stabilize single-metal atoms at the Ti-vacancy sites by forming metal carbon bonds (Fig. 16(a)). DFT calculations reveal
that, in comparison to Pt nanoparticles, single Pt atoms perturb the electronic structure of the MXene support, thereby significantly
decreasing the adsorption and activation energies. The Pt/Ti3_,C2T) catalysts were found to be highly active toward CO fixation in the
presence of a diverse range of amines and silanes to yield value-added amides. These single atom catalysts exhibited excellent con-
version and selectivity, exceeding Pt NPs. Traditionally CO,RR is carried out in either inorganic salt solutions or ionic liquids. To make
the process more cost effective and practical to operate, Qu et al. used seawater as the electrolyte, with doped Ti3Cy MXene as elec-
trocatalyst. [188] They prepared N-doped nanosheets with abundant titanium vacancies via a facile NHs-etching pyrolysis approach.
These nanosheets demonstrated impressive CO2RR performance in seawater with a remarkable FE of 92% (Fig. 16 (b)). N-Ti3Cy MXene
achieved a current density (j) of—18.3 mA/cm? at a potential of—0.8 V vs. RHE, 5.3 times higher than pristine TizCy (—3.4 mA/cm?).
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Fig. 16. Theoretical and experimental studies on doped MXene as catalyst for various carbon fixation reactions. (a) Charge density difference of Pt/
Tiz.xCoTy with plain and side-on views. Yellow and cyan regions represent electron accumulation and depletion, respectively. Chemical equation for
the N-formylation of aniline with CO, and Et3SiH. Catalytic performance of the N-formylation of aniline using different catalysts. Recycling test of
Pt;/Tiz4CoTy for the catalytic N-formylation of aniline.[96] (b) CO2RR performance of N doped Ti3Cy-Vr; in seawater. Polarization curves of N-
TizCo-V; and TizCy, supported on carbon paper. Faradaic efficiencies at different applied potentials. Calculated free energy of hydrogen adsorption
on N-TizCy-Vr; and TizCy and of CO2RR on N-TizCy-Vr; and TizCy. [188] (c) The tri-molecular Eley-Rideal (TER) mechanism reaction pathway of
carbon monoxide oxidation on Pd/Oy-Nb,CO,.[198] Reproduced from [96,188,198] with permission from American Chemical Society, Royal
Society of Chemistry and Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Using DFT calculations, they were able to establish that the co-existence of N dopants and titanium vacancies synergistically modulates
the electronic structure of the active titanium site and reduces the free energy barriers for *COOH formation and *CO desorption,
leading to improved CO2RR activity. Among non-precious metal electrocatalysts, copper is highly promising for CO5 electroreduction.
The affinity of Cu towards CO* protonation to hydrocarbons and alcohols is superior to Pt, Rh, Pd, Ni, Au and Ag.[189] Compared to
other carbon-based systems, Ti3C,T, MXene possesses superior physicochemical properties and is a promising support for Cu doping.
[190,191] Cu doped TizCyT, shows a promising FE of 58.1% towards formic acid with a Culoading of just 1.04 wt%. The presence of -O
and-OH terminations results in dissimilar coordination on the Cu/Ti3C,T, surface with different intermediates including *COOH and
*HCOOH. It was found that *COOH binds to the surface —O, while *HCOOH binds through the surface H atoms. These bound in-
termediates are further catalysed by the Cu dopants to form CH3OH through the OCHO*. Further DFT studies reveal that the Cu dopant
induces polarized sites with high electron density, favoring adsorption of reaction intermediates, especially *COOH and *HCOOH,
although the adsorption of CO; on the catalyst surface remains unaffected.[191].

Zhao et al. demonstrated an efficient approach to synthesize single atom copper immobilized Ti3C2Cl, MXene for electrocatalytic
CO4, reduction to methanol via selective etching of the hybrid A layers (Al and Cu) from quaternary MAX phases (Ti3(Al;.,Cu,)Cs).
[192] Utilizing the difference in saturated vapor pressure of Al and Cu, they were able to selectively etch Al, while preserving and
immobilizing the Cu atoms. This single atom Cu-Ti3C2Cl, catalyst exhibits a high FE of 59.1% towards electroreduction of CO5 to
CH30H with good electrocatalytic stability. The presence of single Cu atoms with unsaturated electronic structure (Cu®*, 0 < § < 2)
lowered the energy barrier for conversion of HCOOH* to CHO* intermediate, in turn improving the CO5 electroreduction efficiency.
Studies on the CO2RR properties beyond Ti based MXenes are scarce. This is mostly due to their inherent selectivity towards HER.[193]
For example, pure Nb,CO5 MXene is not suitable as catalyst for CO5 electroreduction. However, with metal or non-metal doping the
Gibbs free energy is considerably reduced, making it active towards CO2RR. Interestingly the reaction intermediates can vary between
nonmetal and metal doped system. HCOOH is the favoured product for metal dopants. Vanadium was found to be most suitable, with
the lowest free energy of—0.11 V for *“HCOOH formation (calculated).[194] These findings are critical toward experimental design of
alternative doped MXene catalysts.

CO oxidation is one of the best-known heterogeneous reactions often considered as the benchmark in heterogenous catalysis.[195]
Electrocatalytic oxidation of CO to CO2 using doped MXenes was investigated theoretically but is yet to be realized experimentally. A
major concern with this process is the CO poisoning of the electrodes’ surfaces. Cheng et al. evaluated the CO oxidation capability of
Cugs-cluster-doped monolayer Mo,COy MXene by first-principles calculations. [196] They compared the activities between Cus doped
pristine and defective Mo2CO4 nanosheets and suggested that Cus doped on defective MoyCO2 with oxygen vacancies has superior
activity and stability than pristine MoyCO», Here, the dopant Cug cluster functions as an electron reservoir controlling the electron
release and collection, mediating the CO oxidation reaction. Cheng et al. next studied the low-temperature CO oxidation activity of Fe,
Co, Ni, Cu, Zn, Ru, Rh, Ag, Ir, Pt and Au decorated Mo2CO5_s monolayers.[197] After preliminary screening based on metal sintering,
CO poisoning, and O adsorption strength, Zn/MoCO2_s was found to be the best among all. Upon further investigation, they found
that Zn atoms reduce the O-O bond strength of the adsorbed oxygen molecule. They speculated that the Zn/Mo2CO;_s catalyst is
thermally stable and resistant to oxidation and CO poisoning. Zhang et al. modelled the CO oxidation reaction activity of single Pd-
atom confined within an oxygen vacancy of Nb,CO2 MXene nanosheets.[198] It was found that the oxygen vacancy sites can stably
anchor the Pd atoms. They modelled several possible CO oxidation mechanisms on this catalyst and found that a tri-molecular Eley-
Rideal (TER) mechanism is preferential for CO oxidation. The TER mechanism demonstrated the lowest activation energy, 0.42 eV
(Fig. 16(c)). These computation-based results provide key insights into the possible CO oxidation activities of doped MXene systems
and can guide experimental catalyst design.

This section illustrates the promise of doped-MXene as a catalyst for CO; reduction and CO oxidation reaction. MXenes by
themselves have very low or no affinity towards these reactions. However, theoretical findings show that MXenes have the potential to
be excellent support matrix for single atom catalysts (Pt, Cu, Pd) and can also promote suitable pathways for the adsorption of reaction
intermediates. Moreover, doping MXenes with heteroatoms (e.g. nitrogen) can further enhance the activities, through suitable
modulation of the electronic band structure between the single atom catalyst and doped MXene matrix. Again, relying on the theo-
retical studies, it is important to find suitable doped MXenes that have lower selectivity towards the competing hydrogen evolution
reaction. Moving ahead the success of MXenes towards carbon fixation would depend on the combined effect of low HER selectivity,
defect sites which act as the anchoring point for single atom catalysts and surface terminal groups.

4.2. Energy storage

In the last few decades, the main challenges to modern society have been to tackleever-increasing global warming and expediate
the search for clean and sustainable energy resources. As energy has become the lifeblood of modern civilization, electrochemical
energy storage devices constitute supreme power sources for a cleaner energy economy. Devices such as fuel cells, batteries, super-
capacitors and hybrid systems (e.g., based on both redox and capacitive activities) aim to fulfil the demand for sustainable clean energy
storage and conversion. These devices have a great potential for commercialization owing to their capability to store and covnert
energy at reasonable specific capacity, power density and long cycle life. A great challenge for electrochemical energy storage devices
is supporting large energy exchange with renewable energy resources like solar fields and wind turbines. In essence, their charge
storage capability depends on the choice of both cathode and anode active materials.

In recent years we see intensive efforts, devoting to develop innovative active materials for energy storage devices. Focusing on 2D
structures, several families of such materials were explored in connection to energy storage applications including graphene species
and their derivatives, transition metal dichalcogenides, boron nitrides, silicenes, metal-organic frameworks, and phosphorenes. [199]
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These materials display astonishing physical and chemical properties. Among 2D materials, intensive research has been conducted on
novel families such as MXene composites and doped MXenes. These materials are very attractive for energy storage devices owing to
their outstanding properties including excellent compatibility, high electrical conductivity, rich surface chemistry, large interlayer
spacing, high surface area, and tuneble bandgap.[126,200,201].

Recent investigations of energy storage devices with doped MXenes, which exhibit enhanced electrochemical performance,
including Li-ion, Na-ion and metal sulfur (Li-S and Na-S) batteries, supercapacitors, and their hybrid systems, are detailed in the
following sections. The introduction of heteroatoms enhances the interlayer spacing, increasing the c-lattice parameter and endowing
the MXene moieties with a large surface area. The electronic conductivity is increased, defects are formed in the lattice, a porous nature
is provided, and transportation of electrolyte ions to the MXene layers is facilitated.[27,202].

4.2.1. Li-ion batteries (LIBs)

Global transportation is usually responsible for a key share of energy consumption (roughly 75%). Transportation energy comes
mainly from oil-based fuels. To minimize the use of fossil fuels in this sector, alternative sources are developed for sustainable energy.
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Fig. 17. Results on doped MXene as electrodes for Lithium ion batteries. (a) Charge and discharge profiles of N-Nb,CTy electrodes at 0.2, 0.5, 1, 5
and 10 C, respectively. (b) Electrochemical impedance performance of pristine and doped MXene. (c) Cycling performance of N-Nb,CTj electrode at
0.5C for 1500cycles. [217] (d) First discharge profiles of cells with different N-MXene additive at a current density of 0.1C (20 mA/g) between a
voltage of 2.8~4.3 V. (e) Specific capacity of cells with different N-MXene additive under 0.1~8.0C current densities. (f) Diffusion pathway and
corresponding energy profiles of Li-ion diffused on monolayer pure MXene and N-MXene. [51] (g) Coulombic efficiency comparison between B-
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mA/cm? - in B-doped TizCoTx@Li and pure TizCoTx@Li symmetric cells; (i) detailed voltage profiles in (h) from 0 to 50 h. [218]. Reproduced from
[217,51,218] with permission from Elsevier and Springer.
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LIBs are a prime target of technological innovation to promote the electromobility revolution by an intensive use of electric vehicles. In
parallel, rechargeable batteries are becoming very important also in the field of grid-scale stationary energy storage. LIBs are very
attractive for these applications as well. In the last few decades, LIBs for consumer devices, mainly mobile phones, laptops and digital
cameras, were successfully commercialized and conquered the markets of power sources for portable electronic devices. Research LIBs
for mobile electronics applications has focused on improving cyclability, high-rate performance, and safety. Good cyclability (~1500
cycles), high specific energy (150-200 Wh/kg) and low self-discharge were obtained.[203-207].

The worldwide success of commercial LIBs powering mobile electronic devices at nearly zero-fault levels, increases the self-
confidence regarding their promotion to much more demanding applications like long-running EVs. In 1976, Whittingham devel-
oped the first rechargeable intercalation LIBs, consisting of metallic lithium as the anode and titanium disulfide (TiS;) cathode. Li, TiSy
(0 < x < 1) maintain a voltage of 2 V. More dendrite formation at the Li anode results in battery failure and restricts the development of
commercial applications [208,209]. Further research was motivated towards cathode materials. In 1981, Goodenough developed a
cathode material with a similar structure as dichalcogenides. LiCoOy was coupled with metallic lithium, and the performance of
LiCoO4/Li systems in non-aqueous electrolyte solutions was studied. Initial LiCoO5/Li systems had an open circuit voltage around 4 V,
consistent with the Co™*/Co*® couple. In 1983 Yoshino invented a polyacetylene-based anode for LIBs. The limitations of these
materials are low density, chemical stability, and capacity. Research has focused on carbonaceous materials, which are suitable anode
candidates for LIBs, alleviating detrimental lithium dendrites formation upon charging. In 1991 the Sony Corporation of Japan suc-
cessfully commercialized a rechargeable battery using a LiCoO; cathode and a carbon anode. [209,210].

Contemporary LIBs comprise an anode, a cathode, and a separator soaked in dissociated Li salt (e.g., LiPFg) containing a non-
aqueous electrolyte solution (e.g., ethylene carbonate (EC) and/or dimethyl carbonate (DMC), EMC, DEC). The anode is composed
of layered structured graphite, which accommodates the intercalated Li-ions between the layers, whereas the cathode is made up of a
layered transition metal oxide (e.g., LiCoO5). The separator prevents short-circuiting, allowing an exchange of lithium ions between
the anode and the cathode as the only charge transfer process between the electrodes in the cells. During charging, Li ions are de-
intercalated from the cathode material, migrate through the non-aqueous electrolyte, and intercalate into the layered graphite
anode material. The process is reversed during discharge.[206,211] A major challenge of LIBs is the thermodynamic instability of all
relevant electrodes materials with the non-aqueous solutions that can be used in them. Thereby, their operation depends on devel-
opment of electrodes’ passivation phenomena by protecting surface films. Hence LIBs always work only at meta-stable conditions (thus
limiting their cycle life and safety features). Other issues may be dangerous dendrite formation upon fast charging (due to Li metal
deposition on the graphite anodes), huge volume variations of some electrodes’ materials during the reversible intercalation processes
with Li ions, and poor electrical conductivity of most of relevant cathode materials.[212-214].

Considering the unique structure, electrons and ions transport properties of MXene species, there is an incentive to explore and
accommodate them as alternative anode materials for graphite, especially for fast charging applications. Also, MXenes can be
considered desirable additives that increase the integration and electronic conductivity of composite LIBs electrodes (both anodes and
cathodes).Similar to graphite, MXenes accommodate Li ion storage in the sheets due to the interlayer spacing (0.7 to 1.1 nm).
[201,214-216] Nitrogen-doped two-dimensional NboCT, MXene synthesized via hydrothermal route — at 150 °C for 8 h — and used as
the anode active material. [217] The 4.5 at.% of nitrogen in N-doped Nb,CT, MXene increases the c-lattice parameter from 22.32 to
34.78 A. The N-Nb,CT, MXene voltage profile (Fig. 17 (a)) reflects the C-rate progress, subsequently decreasing the specific capacity of
the cells due to the greater polarization and increasing the internal resistance and limited Li-ion transport kinetics. At 0.2C rate, the
reversible capacity is 360 mAhg ™}, close to that of commercial graphite (372 mAh/g). The specific capacity of N-NbyCT, is 300, 170
and 120 at 0.5C, 5C and 10C, respectively. Typical electrochemical impedance spectra of NbyCT, and N-Nb,CT, electrodes studied
before cycling is shown in Fig. 17 (b). The Nyquist plots show that N-Nb,CT, has a lower equivalent series resistance (2.2 Ohms) in
comparison to NboCT, (6.1 Ohms) indicating good electrode conductivity and relatively low electrode/electrolyte interfacial
impedance. The charge transfer resistance of the N-Nb,CT, electrode is lower compared to Nb,CTy, leading to stable long-term cycling
of 1500 cycles with 92% capacity retention (Fig. 17(c)). The enhanced performance is due to the introduction of nitrogen in the MXene
lattice, which improves the conductivity, modifies the electronic structure of the active materials and increases the interlayer spacing.

Another study revealed that using 2.5 wt% of N-MXene (wrinkled, flexible, and layered nitrogen-doped Ti3CyT,) as a conductive
additive for NCM811 (LiNipgCog.1Mng 102) based cathodes in high energy density LIBs improved considerably their performance.
Cyanamide was used as a nitrogen source for doping of few-layered MXenes. [51] The chemical synthesis involves a freeze-drying
process for 24 h, followed by calcination at 550 °C for 3 h. XPS confirms 1.6% and 0.8% of nitrogen present in nitrogen-doped and
few-layered MXene lattices, affecting the surface morphology, interplanar distance, and electronic structure of the MXene species that
were used as conductive additives that increased the integrity of the composite electrodes. The first discharge profiles of the NCM811
electrode consist of different amounts of N-MXenes such as 0,1, 2, 2.5, 3 and 4 % of conductive additive as shown in Fig. 17(d), studied
at 0.1C current density with a voltage range of 2.8-4.3 V. N-MXene (2.5 wt%) delivers a specific capacity of 226.9 mAh/g, more than
other compositions. At different C-rates, 2.5 wt% of N-MXene delivers an excellent performance in relation to the undoped material
(Fig. 17(e)). Hence using doped MXenes as conductive additives in Ni-rich NCM cathodes for LIBs, can increase considerably their
specific capacity. The enhanced electrochemical performance reported is due to the greater number of face-to-face contacts with
NCMS811. The wrinkled morphology contributes more lithium intercalation and deintercalation and subsequently enhances the
conductivity and capacity, since these MXenes moieties easily adhere to the surface of the NCM811 particles, thus improving their
electrical contact, reduce the resistance by maintaining good conductive network of the active mass. Density functional theory based
calculations revealed that the N-doping not only weakens and decreases the MXene containing functional groups, but also increases the
stability of lithium and transition metal ions in the NCM811 active mass. Doping improves the adsorption energy, surface charge
distribution and diffusion of the lithium ions within the electrodes’ composite structure. The diffusion pathway and barrier of undoped
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and N-MXenes are shown in Fig. 17(f). The barrier values are 0.070 and 0.057 eV for undoped and N-MXenes, respectively. The lower
barrier indicates improved Li™ ions diffusion, which prevents the movement of oxidized transition metal ions to the anode side and
reduces dendrite formation. [51].

Wu et al. developed 3D boron-doped multilayered TizCyTy (B-TizC2Ty) by one-pot hydrothermal route and studied their perfor-
mance in LIBs. [218] The cycling stability of B-Ti3gCoT, w.r.t lithium anode at different current densities of 0.1 and 0.5 mAh/cm2 is
shown in Fig. 17(g). B-TizCyTy delivers a higher columbic efficiency compared to the pure Ti3CaTy electrodes. It seems that B-TizCyT,
particles develop a more stable interface between the electrodes and the standard electrolyte solutions due to formation of effective
solid electrolyte interphase (SEI) on the active mass . B-TigCoT,@Li//B-TizCoTx@Li symmetric cells show low dendrites formation
during prolonged cycling (lithium stripping/plating) without short circuit as shown in Fig. 17 (h,i). The overall electrochemical
performances are due to the using of 3D MXene with boron doping provides a uniform lithium distribution and fast lithium-ion kinetics
interlayer spacing in the MXene lattice hinders lithium dendrites growth.[218].

4.2.2. Sodium-ion batteries (SIBs)

The limit of Li resources in the earth crust and the uneven geographical distribution of lithium may lead to a shortage in supply and
hence push up the Li price. There are not enough Li resources on our planet to fulfill the needs of large-scale energy storage, if we want
to move from fossil fuels to solar energy for mass electricity productions (a global energy storage needs in the order of hundreds of
terawatts-hours per day). Hence, additional energy storage technologies, on top of LIBs are strongly required, in order to meet the
needs for energy transition from fossil fuels to renewable “green” energy resources. SIBs could serve as potential complementary
energy storage devices that meet global needs, thanks to the high sodium abundance in the earth crust (23,000 ppm Na compared to 20
ppm Li) and the low redox potential of the Na*/Na couple, —2.71 V vs. standard hydrogen electrode (SHE), which promises also high
energy density. Replacing Li* with Na™ is an effective strategy to enhance electrochemical performances. Major sources such as earth
crust and seawater consist of sodium at 28,400 mg/kg and 1000 mg/L, and lithium at 20 mg/kg and 0.18 mg/L, respectively, reflecting
the low-cost viability of sodium in comparison to lithium.[219,220] The sodium intercalation mechanism was first investigated by
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Rouxel and his team, Silbernagel and Whittingham, in relation to sodium intercalation into TiS; host lattice; later SIBs research was a
parallel continuation to LIBs. [221,222] However, LIB technologies were rapidly developed and dominate due to their high energy
density factor. A Na-ion cell consists of a positive electrode (cathode) and a negative electrode (anode), non-aqueous-based organic
electrolyte (1 M NaClO4, and/or NaPFj salt dissolved in solvents like EC/DEC/PC, etc) soaked separator (glass-fibers GF) sandwiched
between the two electrodes. Aluminum can be used as a current collector for both electrodes, at lower potentials; it does not alloying
with sodium rather than like in Li. In general, cathode materials used as layered transition metal oxides, polyanionic materials, etc. for
anode materials hard carbons, Ti-based oxides and phosphate compounds are used.[219,220,223-225].

During charging, Na-ions from the cathode material are inserted into the anode. This process is called sodiation. During discharge,
Na-ions go back into the cathode from the anode, called de-sodiation. In charge-discharge, only Na-ions shuttle between the elec-
trodes. In SIB systems, Na-ions from cathode material poorly intercalate into the commercial graphite anode. Na has a large ionic
radius of 1.02 A compared to Li with 0.76 A, does not accommodate into the graphite layers, and delivers poor ions transport kinetics
and cyclability. Theoretical studies reveal that the intercalation of sodium into graphite is accompanied by huge stress, forming un-
stable Na-graphite intercalation compounds.[225-227] Thereby, it is clear that graphite cannot serve as anode material for SIBs. Later,
Stevens and Dahn revealed that sodium ions easily intercalate into the hard carbon anode in aprotic solvents and deliver the reversible
capacity of 300 mAh/g, such carbons are most suitable for the anode materials to enhance the electrochemical activities.[228,229]
Due to their high theoretical capacity, alloy compounds and pre metals can be considered as anodes for SIBs, but unfortunately suffer
from pulverization. For large-scale energy applications research has been devoted to developing innovative cathode and anode ma-
terials for the SIBs to understand the sodium ion storage. [230-233].

Jiababo et al. developed the sulfur-doped Ti3CyT, MXene anode material for SIBs.[61] A thiourea precursor was used for doping
into the multilayered MXene sheets. Sulfur doping enhances the electronic conductivity and the interlayer spacing, increases the
atomic charge density, endows the surface area, simultaneously provides good transport for the electrons and ions, and improves
sodium ion storage. CV curves of Ti3CyT, (undoped), S-TizCaTy (ST-1, 300 °C for 3 h), S-TizCoTy (ST-2, 400 °C for 3 h) are shown in
Fig. 18. CV curves were studied from 3 to 0.005 V at a scan rate of 0.2 mV/s.. Undoped MXene CV (Fig. 18a) at the voltage range
between 0.005 and 1 V reflects the sodium ion intercalation (sodiation) to the MXene, accompanied by electrolyte decomposition and
surface films formation. A pair of peaks at 0.7 and 2.3 V reflects the sodium ion deintercalation (de-sodiation). Fig. 18(b) displays a ST-
1 CV curve cathodic scan (around 2 and 1 V) showing that the sodiation at 0.5 V involves the irreversible formation of surface films by
reduction of solution species. The anodic peak at 2.3 V corresponds to deintercalation of sodium ions from the MXene lattice. ST-2 CV
curves shown in Fig. 18(c) display a similar electrochemical performance. Galvanostatic charge-discharge voltage profiles of undoped
MXene, ST-1 and ST-2 MXenes electrodes are shown in Fig. 18(d-f). Three samples display similar charge-discharge voltage profiles.
The columbic efficiencies of the three samples are 52.8%, 58.1% and 54.6%, respectively. As the cycle number increases, ST-1 and ST-2
have stable performance compared to the undoped MXene. The stability accounts for improved electrochemical performance due to
sulfur doping. The cycle life performance of the three materials (Fig. 18(g)) studied at 0.1 A/g shows that the ST-1 MXenes electrodes
are more stable and their specific capacity is higher than that of the undoped MXenes electrodes during 100 cycles, demonstrating good
structure stability. At all current densities, ST-1 MXenes electrodes delivers excellent specific capacity in comparison to the other
MXene electrodes explored in these studies. (Fig. 18(h)). Electrochemical impedance spectroscopic (EIS) studies of all three types of
electrodes are shown in Fig. 18(i). ST-1 MXene electrodes (48.4 O) shows less resistance in comparison to undoped MXene electrodes
(117 O) and ST-2 MXenes (94.9 O). In summary, the sulfur doped MXene electrodes demonstrate very good performance as potential
anodes for SIBs.[61].

4.2.3. Alkali metal-sulphur (metal-S) batteries

For next-generation energy storage devices, rechargeable metal-sulfur batteries such as lithium-sulfur (Li-S) and room temperature
sodium-sulfur (RT/Na-S) attracted considerable attention owing to their high theoretical capacity and volumetric energy densities. In
a non-aqueous electrolyte media, sulfur cathodes (conversion reaction mechanism) provide up to ten times greater theoretical specific
capacity than conventional metal oxide-based cathodes (intercalation mechanism) in Li-ion batteries. Furthermore, sulfur has over-
whelming advantages as a low-cost and readily accessible abundant element and environmental compatibility. These factors fulfill the
demands for advanced applications, where high energy density is very important (e.g., unmanned aviation).[234-238] However,
scientific and technical issues greatly limit the practical application of Li-S and RT/Na-S batteries. For example, the insulating
property of sulfur (~1073° S/cm) and polysulfides (LisS, / NayS,) result in poor active material utilization, inhibiting the movement of
electrons and ions. Volume expansion of sulfur occurs during the lithiation process (~80% in Li-S, ~160% in Na-S) through multi-
electron conversion mechanism such as sulfur (Sg)-polysulfides (LizSp/NasS,)-sulfide (LizS/NayS). It results in structural damage and
pulverization. Active material losses and low coulombic efficiency occur at both cathode and anode sides due to lithium polysulfides
dissolved into the ether-based electrolytes. Highly reactive lithium/sodium metal anodes develop non-uniform surface films due to
side reactions with the electrolyte solutions. This surface non-uniformity promote formation of lithium/sodium dendrites resulting in a
low coulombic efficiency and internal short circuits, respectively. [238,239].

Principles of metal-S batteries

Conventional metal-S batteries are composed of sulfur composite cathodes, non-aqueous based electrolyte solutions, and metallic
lithium or sodium anodes (denoted as Li-S or Na-S systems). Sulfur has a strong tendency to form the octahedral sulfur i.e. cyclo-Sg, the
more stable allotrope at room temperature. However, during discharge mode cyclo-Sg rings open and couple with lithium to form
higher order soluble Li-polysulfides, as LipSg-LiaSe—Li2S4. At upper voltage plateau, these intermediate products deliver 25% of the
theoretical capacity (418 mAh/g). The discharge process further progresses, it forms lower order insoluble polysulfides such as
LipS4-LipSo-LisS. At the lower voltage plateau, short chain Li-sulfides contributes to the 75% of the capacity (1255 mAh/g). The

40



A. Dey et al. Progress in Materials Science 139 (2023) 101166
a)3 b
( ) —— S/P-NTC . ( zm I m S/IP-NTC =« S/TC = 8
, e ea ' ' . . . .
D2 e S o2 i i i i ig2e
. . . . . .
< -:U 1200 _-'l ‘05 q‘ H : 0.5 CSII--l
21t £ 5, iesssd!0Ci : {*anng
e < “eai twanng2-0 C . ‘msmem
= E - [ H . : llll‘a'o c.“:
8 0 E 800+ .l.‘"-é H :IIII. H
. “ . :
§ g s A
N1 Pesk} - S A
(&) ' ' L] H :
| P e S S A
8 20 22 24 26 28 " ; 110 115 20 e
Potential
L ( d) Cycle number
1200
=~ 800 = Pouchcell 0.1C
& P ———_
£ a0of
E
% 800 = Pouchcell 02C
§. 400
0 . i
0 20 40 60 80 100
Cycle number
(e)_...1ooo -
-a o ?
£
< 8004 i
E 03
2 s
i 600 L 60 §
o : | W
© M- ¢ Crumpled N-Ti,C,T /S sulfur cathode - 40 -E
& —0— Mixed-Ti,C,T /S sulfur cathode =
§ 200 -20 ©
& (& ]
o - Ll b L) L) Ll L) Ll L) L) L) L) L) o
0 50 100 150 200 250 300 350 400 450 500
Cycle Number
Q - (@)..
< Cerate:1C & Discharge of S-Ti,C,T,/S o o Discharge of $-TI,C, TS
=] g0 Sulfur loading >70 % —=— Charge of S-Ti,C,T,/S = —s—Charge of $-T,C,T/$
g Area sulfur loading > 4.5 mglem? —a— Discharge of bare Ti,C,T, /S g 12004+ - Discharge of bare Ti,C,T/S
= v Charge of bare Ti,C,T, IS = p2c VT CRGeStBATCTS oo
2 E 05¢C 0.5€ puiaanyd
E 9 good* “‘%% 1S
§, 400 4 E_ -:.’: &Frr
o
o
& 2
= 0 100 200 300 400 500 600 0
0 20 30 40 50
Cycle Number Cycle Number

41

(caption on next page)



A. Dey et al. Progress in Materials Science 139 (2023) 101166

Fig. 19. Electrochemical performances of various doped MXene electrodes (a) CV profiles of porous nitrogen-doped TizC; (S/P-NTC) and Ti3C; (S/
TC)at a scan rate of 0.05 mV s~ ' in Li-S cell, (b) Rate performances of S/P-NTC, S/TC and bare S cathodes, (c) a flexible Li-S pouch cell with S/P-
NTC cathode under various bending states to continuously power a red LED indicator, (d) Cycling performances of flexible Li-S pouch cells at 0.1 C
and 0.2 C [244]; (e) Cycling performances of crumpled N-Ti3C,T,/S electrodes and mixed-Ti3C,T,/S electrodes with 5.1 mg cm~2 sulfur loadings at
0.2C for 500 cycles (1 C = 1673 mA g~ 1); [119] (f) Cycling performances of sulfur doped-TizC,T,/S and bare TizC,Ty cells with a high sulfur loading
of 4.5 mg/cm? at 1 C for 600 cycles, (g) Rate capability of S-TizC;T,/S cathode and bare TizC,T,/S cathode at current rates from 0.2 to 5 C.[58]
Reproduced from [244,119,58]with permission from Elsevier, Wiley and American Chemical Society. (For interpretation of the references to color in
f;his figure legend, the reader is referred to the web version of this article.)

conversion products formed at 2.3 V (Sg to LisS4), 2.1 V (Li2S4 to LisS) in ether-based electrolyte systems, LiyS is the final discharge
product in this process . The subsequent charging of the battery converts the Li,S to cyclo-Sg through the intermediate Li-polysulfides
(LigS-LigSo-LisS4-LiaSe-LiaSg—Ss). Li-S battery charge storage greatly depends on the redox reaction between Sg and Li,S liquid—solid
transition [234-236,238,240,241].

For Na-S batteries, the discharge voltage profile explains about, where cyclo-Sg reacts with sodium to form Na,Sg at high voltage of
2.2V, clearly reflecting a solid-liquid transition. The NaySg further reacts with sodium to form Na-polysulfides (NasSg, NasSs and
NayS4) in the voltage range of 2.2 to 1.65 V. This is the most complex region and defines the liquid-liquid reaction between long chain
Li-polysulfides. As discharge continues, Na;S4 converts to insoluble products as Na;S3 and NayS; at ~ 1.65 V. The discharge products
depend on the electrochemical reaction between the Na-polysulfides in a liquid-solid transition. Where further reaction continuous
formation of NayS as final product, at voltage range of 1.65 to 1.2 V, corresponds to the solid-solid transition. This region is non-
conductive and hence reflect a slow kinetics. [230,237,239,242,243] A major problem of M—S batteries is a shuttle mechanism
that avoids the possibility to fully oxidize the M—polysulfide moieties back to molecular sulfur, thus realizing the full capacity of these
systems, because the active metal anodes in the M—S cells continuously reduce the soluble M—polysulfide species in solution phase
(during the charging process). Using MXene species in the composite sulfur cathodes may avoid (at least partially) the problematic
shuttle mechanism, thanks to possible strong adsorption of the M—polysulfide moieties formed upon discharge to the surface of the
MXene particles in the composite electrodes.

Song et al.[244] employed a template-derived porous N-doped TizCy (P-NTC) as an electrocatalyst in Li-S batteries. P-NTC was
developed by following steps; chemical synthesis, exfoliation, and self-assembly followed by the thermal annealing at 500 °C for 150
min. P-NTC has a large surface area, highly porous and rich electrical conductivity, subsequently, reduces the Li-polysulfides shuttle in
Li-S systems. The electrochemical performances of cathodes comprising sulfur / P-NTC composites and sulfur/exfoliated MXene layers
(S/TC), with sulfur loading of 1.4-1.6 mg/cm? as explored. Their voltametric studies confirm the fully reversible two stages reduction
of sulfur to LiyS and its oxidation back of to Sg at 2.5-2.2 V as shown in Fig. 19 (a). The synergetic effect of nitrogen and the MXene
matrix greatly enhances precipitation and decomposition of LiyS during cycling. The P-NTC matrix acts as a template, providing the
active sites used for adsorption as well as conversion for lithium polysulfides. Faster sulfur reactions kinetics due to the lower
dissociation barrier of Li,S and nitrogen doping, which enhances the overall electrochemical performances, as shown in Fig. 19(b).
Flexible pouch cells tested with the various bending angles deliver continuous power with light emitting diodes, demonstrated with a
sulfur loading of 1.5 mg.cm2 and size of 2.5 cm*2.5 cm (Fig. 19(c,d)). [244].

Another study revealed that lithium polysulfides are trapped by crumpled N-doped MXene (N-Ti3C2Ty), these are synthesized by
one step thermal annealing process at 550 °C for 4 h. [119] Melamine’s are positively charged; it can be easily electrostatically
adsorbed onto the negatively charged MXene flakes. The nitrogen was successfully doped into TisC2Ty, with a precursor of melamine.
N-Ti3C,T,/S composites were prepared by the melting diffusion method. N adsorption—-desorption measurements reveal that these
materials contain meso and micropores in their structure. The provision of a high surface area (385 m?/g), and porous nature of these
nanosheets offer high sulfur loading. N-doping confers a strong affinity between the titanium and sulfur atoms which appears to slow
down the polysulfide formation and enhances cycling stability. The crumpled N-Ti3CyT,/S composites could deliver 588 mAh/g
specific capacity retention for ~ 500 cycles at 0.2 C rate (Fig. 19 (e)), an excellent electrochemical performance that can be attributed
to the doping of N-atom, high surface area, and conductivity of the as-synthesized material. Ultraviolet spectra and XPS show that the
nitrogen doping subsequently improves hydrophilic properties and Lewis acid adsorption with lithium polysulfides and sulfur. N-
Ti3CyT,/S composite electrodes delivered enhanced electrochemical performances in compared to the TigCyT,/S.

Bao et al. synthesized sulfur-doped MXene (S-Ti3CyT,) via the vacuum freeze-drying method, which does not affect the lattice
structure. [58] was doped into the MXene lattice before etching as well as to remove the aluminum. S-Ti3CyT,/S composite was
obtained by annealing at 155 °C for 20 h. As synthesized material had a wrinkled morphology consisting of meso and micro-pores.
Regarding Na-S systems, Sulfur doping in MXene enhances the redox activity and subsequently restricts Na polysulfide formation
in sodium-sulfur batteries. DFT calculations reveal the strong adsorption capacity of S-Ti3CyTy. DFT results confirmed that the pol-
ysulfides are potentially bind with the as synthesized S-Ti3C2Ty. Formation of strong adsorption tendency with S- TizsCyTyx compared to
the other functional groups (F, OH) is revealed with the doped MXene. S-TizC,T, and the NayS,, NasS4 and NaySg binding energies are
—1.887,-2.880 and —4.772 respectively. In a typical CV curves of S-TizCyTy /S and Ti3CaTy /S electrodes the reduction peak at 1.5 V
reflects the conversion of Sg to high order sodium polysulfides. The peak at 1.0 V corresponds to reduction of high order Na-
polysulfides to low order Na-polysulfides (NayS/NaaS3). The oxidation peak at 2.1 V reflects the reversible oxidation of the NayS/
NayS; moieties to higher order Na-polysulfides upon charging. The studied S-Ti3CyT,/S cathodes demonstrated good reversibility with
lower potential polarization, and could deliver an initial discharge capacity around of 820 mAh/g at 2C rate and around 580 mAh/g at
the 500th cycle. With high sulfur loading of 4.5 mg/cm? at 1C rate for 600 cycles these electrodes exhibited a relatively low degra-
dation per cycle (<0.12% per cycle in average), shown in Fig. 19(f). Also, the enhanced reversible stability of S-TizCyT, /S with respect
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to TizCyTy /S can be seen form their rate capability plots (Fig. 19 (g)) at current rates from 0.2 to 5C. The longer cycle life and higher
discharge capacity of these electrodes is attributed to the effective sulfur incorporation, which subsequently enhances the redox ac-
tivity thanks to unique adsorption interactions of the sulfide moieties with the doped S-TizC,T, substrates in the composite electrodes,
which is especially important at high sulfur loading.

4.2.4. Supercapacitors (SCs)

Supercapacitors (SCs) are emerging as another electrochemical energy storage technology that reaches practical applications. SCs
utilize very high surface area electrodes (even thousands of square meters per gram), which charge storage mechanism is mostly
capacitive. Since SCs are based on capacitive electrodes (surface activity), while batteries are based on redox electrodes (bulk activity),
SCs have much lower energy density than batteries (in one or two orders of magnitude), but have much higher power density than
batteries. Another great advantage of SCs is prolonged cycle life and durability, since the capacitive electrodes degrade much more
slowly compared to redox (batteries) electrodes. The area of SCs and their applications develops very fast in recent years.[245-248].

In general, SCs are classified into three categories: (a) electrochemical double layer (EDL) supercapacitors (EDLCs), (b) pseudo-
capacitors, and (c) hybrid capacitors. EDLC capacitor electrodes are typically composed of activated carbon materials having high
surface area and porosity is in the nanometer range where charge is stored at or near the interface of these electrodes (within their
pores) and electrolyte solution. Their impedance depends on the resistivity of the electrolyte solution and the ease of ions diffusion
within the micro/mesopores of the porous electrode material. The charge storage mechanism mainly depends on the adsorption
phenomenon. Carbon-based materials such as activated carbons, graphene, carbon nanotubes, bio-derived carbons, and carbon

Table 3
Highlighted works on doped MXene for electrocatalysis.
MXene Dopant Synthesis method Application  Improved property after doping Ref
TizCoTyx N Heating in ammonia flow (200 ml min ') in HER ~400 mV decreases in HER onset potential in 0.5 M [44]
quartz pipe furnace for 3 h H,S0,.
overpotential 198 mV vs. RHE) at 10 mA/cm?
TizCoTx N lower temperature (35 °C) ultrasonication in HER overpotentials 160 mV at 10 mA/cm? in Ny-saturated [57]1
ammonia, NaBH, solution for 3 h 0.5 M H,S0O4. Pristine MXene
(578 mV vs. RHE)
Mo,CTy P Phosphorization in a tube furnace at HER overpotential at 10 mA cm ™2 Mo,CTy (300 mV vs. RHE) [37]1
to 550 °C under Ar flow and P-Mo,CT, (186 mV vs. RHE) in N,-saturated 0.5 M
H,S04
V,CTy P treatment in triphenylphosphine (TPP) at HER V,CTy exhibits an overpotential of —760 mV(@10 mA [100]
300-500 °C under Ar atmosphere cm~2) and P-V,CTy exhibits -163 mV at 10 mA cm ™2 in
Ny-saturated 0.5 m H,SO4
Mo,TiCoTy Pt M H,SO04 HER Overpotential to reach 10 mAcm 2 in 0.5 M HySO, [95]
decreased from 287 mV to 30 mV after Ptsy doping
V,CTy Pt stirred at room temperature for 6 h in HER V,CTy overpotential of 743 mV (@10 mA cm ™~ 2) against [136]
H,PtClg (10 mg/ml) solution Pt-V,CT, 27 mV (@10 mA cm~2) in 0.5 M H,SO,4
TigCoTyx Pt electrochemical deposition form pt foil in 0.5 HER Overpotential of 12 mV at a current density of 10 mA [137]
M H2S04 cm 2 0.5 M H,S0,4
TizCoTy Ru with the  ultrasonicated for 30 min in thiourea and 15 HER Overpotentials @10 mA cm ™2 for TigCyTy, N-S-TizCoTy, [97]1
N and S mM RuCl3-xH,0 solution Ruga-TizCyTy and Ruga-N-S-TizCoTy 673, 453, 215 and
76 mV respectively. (Vs RHE in 0.5 m HpSO4)
TizCoTy Ir with the melamine, H,IrClg, and thiourea solution HER 57.7 mV overpotential at a current density of 10 mA [69]
Nand S added to Ti3C,Ty followed by heating at 550 °C em 2 for Irga-2NS-TizCyTy in 0.5 M H,S04
for 2 h under Argon atmosphere
TizCaTyx Ruwiththe  Ti3C,T, mixed with H3BO3 and RuClz-xH>0 HER Overpotential of 843 mV @10 mA cm ™2 for TizCoTy [140]
B followed by heating at 600 °C for 3 h under while 16.9 mV for Ru@B-Ti3zC,Ty in 0.5 m HySO4
Argon atmosphere
Mo,CTx Ru HCI-LiF-RuCl3 etching of Mo,Ga,C. in situ HER overpotential of 73 mV @ —10 mA cm 2 in (1.0 M [143]
reduction of RuClj phosphate buffer (pH 7.0)
TizCy N Ball milling TiN:TiC:AL:Ti followed by LiF/HCL ~ OER Respective onset overpotentials (onser) are 449.0, [117]
etching 418.7, and 245.8 mV for Ti3Cy, TizCq.gNo.2, and
Ti3Cy.6Np4 in 1 M KOH
TizCoTx Pt Ultrasonication in HyPtClg and NaBH, solution ORR limit-current of 6.5 mA cm ™2 in Oy-saturated KOH (0.1 [165]
mol L1
TizCyo Au Sequential stirring in HAuCl, and NaBH,4 NRR Au/Ti3C; exhibits NH; yield of 30.06 ug h! mg’1 for [176]
solution. with Faraday efficiency of 18.34% at —0.2 V.
Ti3Cy exhibits 1.78 pg h™! mg™!
Mo,CTy Ru ,CTy delaminated solution at room NRR Increased NHj3 yield: 40.57 pg ht! mg’l, with FE of [89]
temperature for 10 h 25.77% with respect to Pristine Mo,CTyx (NHj yield:
10.43 pg h™'mg ™!, FE: 7.73%)
TizCoCly Cu Ball milling Ti, Al, Cu and graphite powders. CO5RR CH3OH faradaic efficiency of 59.1% compared to FE < [192]
followed by ZnCl,/HCL etching 2% for TizCyCly
TizCy N NHgs-etching pyrolysis approach CO2RR CO,RR in seawater with FE of 92%; —18.3 mA/cm? at [188]
—0.8 V vs. RHE for N-Ti3C;, against —3.4 mA/cm? for
Ti3Ca.
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aerogels have been used successfully. Carbon-based substances are coated on the current collectors including graphite sheets, carbon
fibers, nickel foam, aluminum foil and titanium sheets.[247,249,250].

In contrast to EDLCs which store charge electrostatically, the mechanism of pseudocapacitors involves surface redox reactions with
ions inserted into active sites on the electrodes’ surface. Hence pseudocapacitive electrodes involve both capacitive and surface redox
charge transfer interactions. The extra-faradaic (surface) processes deliver high specific capacitance and maintain relatively power
density and durability due to the combination of the charge storage mechanisms. Possible species that can contribute to
pseudocapacitive/surface-redox are electronically conducting polymers and transition metal oxide nano-particles (attached to the high
surface area electrodes). Conducting polymers have high conductivity (102-10* S/cm) and capacitance (70-200 F/g), in particular a
low equivalent series resistance (ESR), which allows access to a much higher power density than carbon-based materials. Other
materials besides conducting polymers, which also offer advantages such as metal oxides with relatively low cost, have a high
theoretical capacitance and are also environmentally benign. Their CV and charge-discharge profiles are similar to those of battery
electrodes. Pseudo-capacitors exhibit three types of mechanisms — underpotential deposition, redox, and intercalation pseudo-
capacitance.[246,250-253] Whilst EDLCs have good cycling stability and high-power density, pseudo-capacitors have high specific
capacitance. Hybrid SCs combine two electrodes, where one is the source of high-power density and the other provides energy density.
With the appropriate combination of electrode active materials and electrolyte solutions, an increase in the cells voltage can result in
higher energy and power density as well. Current research mainly focuses on three different types of pseudo-capacitors — electrode
material-composite based, asymmetric, and battery-like. The development of new active materials for high-power SCs can be achieved
by controlling the morphology and composition of the active electrode material.

MXenes can be ideal electrodes’ materials for high performance pseudo-capacitors. They can serve only as negative electrodes for
these devices, since they cannot interact well with anionic species due to repulsion interactions. MXene and MXene-based composite
materials are being extensively studied as electrode materials in supercapacitors. MXene derived electrodes have been reported to
deliver excellent performances. Comparison between the supercapacitor performance of MXene with other inorganic and 2D materials
is presented in Table 4. Incorporation of heteroatoms such as nitrogen dramatically enhances their specific capacitance as anode
materials. Wen et al. synthesized nitrogen doped MXene (N-Ti3CoT,) by annealing in ammonia at various temperatures from 200 to

Table 4
Comparison of super capacitive performance of MXene with other materials.
Materials Capacitance Cycle life Electrolyte Ref.
(F-g/cm?/cm®)

TizCoTx 350 F/Cm® 10,000 cycles at 1 A/g 1 M KOH [254]
TizCoTx 215F/g 10,000 cycles at 5 A/g 1 M HySO4 [255]
TizCoTx 415 F/g 10,000 cycles at 5 A/g 1 M H,SO4 [256]
TizCoTx 900 F/cm?® 10,000 cycles at 10 A/g 1 M H,SO4 [257]
TizCoTx 33 F/cm2 10,000 cycles at 1 A/cm3 PVA/H3PO4 [258]
TizCoTx/PPy 416 F/g 25,000 cycles at 100 mV/s 1 M H,SO4 [259]
TizCoTx/ZnO 120 F/g 10,000 cycles at 5 A/g 1 M KOH [260]
TizCaTx/MnO, 380 mF/cm? 5,000 cycles at 5 A/g 6 M KOH [261]
TizCoTx/LDH 1061 F/g 4,000 cycles at 4 A/g 6 M KOH [262]
TizCoTx/SCNT 390 F/cm® 10,000 cycles at 5 A/g 1 M MgSO4 [263]
Ti3CoTx/rGO 154.3 F/g 6,000 cycles at 4 A/g 2 M KOH [264]
TisCoTx/rGO 1040 F/cm® 20,000 cycles at 100 mV/s 3 M H,S0, [265]
Ti3CyTx/ZIF-67/CoV,0¢ 285 F/g 4,000 cycles at 4 A/g 3 M KOH [266]
TizCy-Cu 290 F/g 10,000 cycles at 2 A/g 1 M H,SO4 [267]
[Ni(thiophene-2,5-dicarboxylate)(4,4‘-bipyridine)], 102 mF/cm? 5,000 cycles at 3 mA/cm? 3 M KOH [268]
NiyP,0; 428 mA/cm? 2,500 cycles at 50 mV/s 1 M KOH [269]
CosP50, 580 F/g 5,000 cycles at 10 A/g 3 M KOH [270]
ZnyP507 103 F/g 1,000 cyclesat 1 A/g 3 M KOH [271]
Mn,P,0,@PPy 658 F/g 10,000 cycles at 1 A/g 2 M KOH [272]
Co,P207/MWCNT 207 F/g 5,000 cycles at 3.5 A/g 1 M KOH [273]
GO/MnO, 211 F/g 1,000 cycles at 0.2 A/g 1 M NaySO4 [274]
CNTs/MnO, 331 F/g 5,000 cycles at 1 A/g 0.5 M NaySO4 [275]
C/MnO, 679 F/g 5,000 cycles at 1 A/g 0.5 M Na,ySO4 [276]
N,S doped graphene nano ribbons 328 F/g 10,000 cycles at 7 A/g 1 M NapSOy4 [277]
N doped Few layered graphene 227 F/g 1,000 cyclesat 1 A/g 6 M NaOH [278]
S doped graphene 320 F/g 1,500 cycles at 5 A/g 3 M KOH [279]
N,S-doped graphene 298 F/g 10,000 cycles at 1 A/g 6 M NaOH [280]
h-BN/RGO 824 F/g 4,000 cycles at 15 A/g 6 M KOH [281]
MoS,@hollow carbon nano bowl 560 F/g 5,000 cycles at 5 A/g 6 M KOH [282]
NiCo-MOF 1109 F/g 10,000 cycles at 5 A/g 2 M KOH [283]
ZnySn04/Sn0O5/CNT 702 F/g 15,000 cycles at 10 A/g 6 M KOH [284]
NiO/PANI/CNT 356 F/g 1,000 cycles at 5 A/g 10 M KCl in Aceto nitrile [285]
MoS. nanosheets 129 F/g 500 cycles at 1 A/g 1 M NaySO4 [286]
Porous tubular C/MoS; 210 F/g 1,000 cycles at 4 A/g 3 M KOH [287]
Graphene oxide 189 F/g 5,000 cycles at 0.45 A/g 6 M KOH [288]
RGO 129 F/g 3,000 cycles at 10 mV/s 1 M H,SO4 [289]
RGO 232 F/g 1,000 cycles at 1 A/g 6 M KOH [290]
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700 °C with 1.7-20.7% nitrogen incorporated into the MXene lattice. [48] The thermal treatment enhances the structural change in the
MXene sheets, facilitating the incorporation of nitrogen. Doping subsequently increases the c-lattice parameter from 1.92 to 2.46 nm.
Specific capacitance of N-TizCoTy in 1 M HSO4 exhibited 192 F/g while pristine MXene delivered 34 F/g as shown in Fig. 20 (a). In 1
M MgSO0y4, the solution delivered a specific capacitance of 82 F/g in N-Ti3CyTy and 52 F/g in TizCyTy, see Fig. 20(b). Doped MXenes in
sulfuric acid enabled enhanced redox activity which subsequently delivered a higher specific capacitance than in MgSO4 (neutral)
solutions. N-Ti3CeTy-200 °C delivers excellent electrochemical properties, as compared to samples annealed at other different tem-
peratures. Impedance studies reflect the lower charge transfer resistance of N-Ti3CyT,-200 °C compared to bare Ti3CyTy in both sulfuric
acid and magnesium sulfate solutions (Fig. 20(c,d)). DFT calculations found that the N-doping increases the electronic concentration
and electrical conductivity. Overall, the specific capacitance is enhanced due to doping, which tunes the electrical conductivity and
active surface area and increases interlayer spacing.

Yang et al. developed nitrogen-doped delaminated titanium carbides (N-d-Ti3Cy) for high-performance supercapacitors via a liquid
exfoliation of Ti3Cy with urea followed by annealing. [116] Delamination and subsequent heating improves the specific surface area of
the material to 23.5 m2/g (N-d-Ti3Cy) of 5 m2/g (TisCy) and offers thinner layers and more structural defects. XRD shows that the d-
spacing increases from 1.01 to 1.30 nm for N-d-TisCyp; the (002) peak shifts from 8.8° to 6.8°. Excellent electrochemical performance
was revealed by assessment of the N-d-Ti3Cy cycle life in 6 M KOH solution, which exhibits 86.4% capacitance retention for 2,000
cycles at 2 A/g (Fig. 20 (e)). This observed performance can be attributed to the doping, the layered structure, and the high specific
surface area, which allows the electrolyte ions (K™, 0.138 nm) to intercalate/de-intercalate into the N-d-TisC, interlayer (1.27 nm) of
the electrode active material during cycling. Tang et al. [47] synthesized two-dimensional N-doped Ti3Cg by a one-step hydrothermal
route at 60 °C for 3 h using urea as a nitrogen source. Raman spectra of Ti3Cy and N-Ti3C; consist of D and G bands of graphitic carbon
at circa 1350 and 1590 cm ! with an Ip/Ig ratio of 0.85 and 0.88 for TizCy and N-Ti3Cy, respectively. These results are evident that N-
Ti3Cy has more graphitic domains in comparison to the bare material. CV curves of Ti3Cy and N-Ti3C;y (Fig. 20 (f,g)) studied at scan
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Fig. 20. Nitrogen-doped MXenes used for High-Performance Supercapacitors. Specific capacitances at different scan rates of TisCyTxand N-
TizCyTyx in (@) 1 M HpSO04,(b) 1 M MgSOy,corresponding Nyquist plots of TigC,Ty and N- TizC,oTy MXene based supercapacitors in, (c) 1 M HySO4 (d)
1 M MgSO, [48]; (e) galvanostatic charge discharge cycles showing capacitance retention of nitrogen-doped delaminated titanium carbide (N-d-
Ti3Cy) at 2 A/g for 2000 cycles [67]; (f,g) CV curves of TizCy and N-TizC, at 10 and 200 mV/S showing improved capacitive performance with
nitrogen doping comparing other MXene based systems [47]; Performance comparison between urea-assisted nitrogen doped -Ti3C, MXene (UN-
Ti3Cy) and freestanding MXene (d-Ti3C;) in symmetric capacitors and hybrid capacitors. (h) volumetric capacitance values w.r.t. scan rate (i)
Ragone plots of volumetric energy density and power density [116]; (j) Schematic diagram of Na-ion hybrid capacitor (SIC) system, (k) CV of
nitrogen-doped MXene (N-TizC,;Tx) anode and activated carbon cathode in half-cells (1) Ragone plot of the 3D-printed N-Ti3C;Tyx//AC SICs in
comparison with other reported energy storage devices [93]. Reproduced from [48,92,47,116,93] with permission from American Chemical Society,
Wiley, Wiley-VCH and The Electrochemical Society.
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rates of 10 and 200 mV/s follow nearly rectangular shaped curves, which reflects ideal capacitive behavior. The area under the curve of
N-Ti3Cy is higher compared to bare Ti3Cy, reflecting that the greater specific capacitance of the doped material even at high scan rate of
200 mV/s. This enhancement is attributed to additional sites for charge storage provided by the nitrogen, which increase the electronic
conductivity, delivering extra pseudo-capacitance, in addition to the two-dimensional layered structure of N-TizCy with a greater
extent of intercalation and deintercalation for K™ ions from the electrolyte.

Nitrogen doped delaminated MXenes (N-Ti3Cy) was synthesized using ex situ urea and monoethanolamine (MEA) assisted sol-
vothermal method. [92] Flexible and freestanding N-Ti3C, synthesized by Yang et al. had a face-to-face layered lattice structure with
structural defects, high specific surface area, and conductive mesopores. An ex-situ solvothermal method of N-Ti3C, delivered a high
volumetric capacitance in relation to in-situ doping. N-doping increases the d-spacing from 1.15 to 1.24 nm. Urea-assisted N-Ti3Cy
delivered enhanced volumetric capacitance over pristine MXene (Fig. 20 (h)). Due to the abundant pores structure and greater number
of nitrogen-containing sites, urea-assisted N-Ti3Cy exhibits excellent volumetric capacitance of 2836 F/cm®in 3 M aqueous sulfuric
acid at 5 mV/s. Besides, a symmetric capacitor delivers an impressive volumetric energy density of 76 Wh/L with a power density of
>31000 W/L as shown in Fig. 20 (i). The electrochemical performance is due to the adequate amount of elemental N-doping, cation
intercalation, proton diffusion, and high utilization of N-Ti3C; film. Both N-Ti and N-O bonds contribute to enhanced performance.
[92].

Current research aims to increase both energy and power by single devices called hybrid capacitors, which consists of a SC
(capacitive) based cathode and a battery (redox) based anode. Fan et al. used a 3D printed N-doped MXene (N-Ti3C.T,) as anode,
activated carbon as cathode, with no current collector, for sodium ion capacitors (SICs) as shown in Fig. 20(j). [93] SEM presents the
uniform and well-defined interconnected porous structure, while TEM reveals the few-layered structure with an interlayer spacing of
1.02 nm. N-Ti3zCyTy half-cell configurations show a strong stability in cycle life at high rates of 5C (nearly 285 mAh/g after 1000 cycles)
and 25C (165.5 mAh/g after 3000 cycles) with less charge transfer resistance. Full cells fabricated using charge balance theory with an
optimized mass ratio of 1:3.5 showed an operating voltage of 0—4 V (Fig. 20(k)). The charge storage behavior depends mainly on the
number of layers (2/3/4). SIC delivers around 1.2 mWh/cm? and around 40 mW/cm? (Fig. 20(1)). Na ions are reversibly inserted/
extracted at the anode, and ClO4 ~ ions are involved in adsorption/desorption during charge—discharge at the capacitive cathode side
The interlayer expansion provides more charge sites for the sodium ions. Superior electrochemical performance was obtained due to
the open pore structure and high electronic conductivity; N-TisCyTy consists of uniform N-doping, which enables fast kinetics. In
summary, doped MXenes, especially with nitrogen, can be considered as excellent anode materials for pseudo-capacitors. The capa-
bility of these materials to insert various types of cations, within their layered structure, upon cathodic polarization, ensure high
specific capacity values. Fortunately, ion exchange interactions with MXenes are fast, which enables to obtain high rate capabilities as
well as highlighted in Table 5. There are many relevant MXenes materials, thereby, further optimization that will produce superb
electrodes’ materials for energy storage and conversion applications. One plausible approach to improve the capacity of electrodes is to
create MXene based 3D composite structures or introducing bimetallic hybrid compounds onto MXene structure. [266,267].

4.3. Photovoltaics

Theoretical studies based on density functional theory (DFT) [294,295] investigated the effect of doping MXenes on band gaps to
realise materials suitable for photon-electron conversion devices. Sc;CF; MXene monolayers doped through C atom substitution with
Si, Ge, Sn, F, S, N, B, and B + N were found to be either conductors or semiconductors. Semiconductors are generally indirect and with a
band gap too small for photon-electron conversion, i.e. on the order of 1 eV.[295] On the other hand, the ideal 1.4 eV band gap was
predicted for Sc;CO2 by doping with Nb (ScNbCO3) and applying strain as shown in Fig. 21 (a).[294] The use of doped MXenes in real

Table 5
Highlighted works on Doped MXene for energy storage.
Application Doped Synthetic method Electrochemical performances References
Mxene
LIBs N-Nb,CTx Hydrothermal 1500 cycles at 0.5C, 92 % capacity retention [217]
LIBs N,S-V,CTx Calcination 100 cycles at 0.1 A/g [68]
NIBs S-Ti3CoTx Annealing 2000 cycles at 0.5 A/g [61]
Li-S batteries N-Ti3Cp Annealing 1200 cycles at 2C rate [244]
Li-S batteries N-Ti3CoTy Annealing 500 cycles at 0.2C rate [119]
Na-S batteries S-Ti3CoTx In-situ doping 500 cycles at 2C rate [58]
Supercapacitors N-TizCoTy Annealing 10,000 cycles at 50 mV Sfl 92 % capacitance [48]
retention
Supercapacitors N-d-Ti3Cy Annealing 2,000 cycles at 2 A/g, 86.4 % capacitance retention [92]
Supercapacitors N-Ti3Cp Hydrothermal 5,000 cycles at 5 A/g, no measurable capacitance [47]
retention
Supercapacitors N,S-TizCy Annealing 5,000 cycles at 2 A/g, 90.1 % capacitance retention [291]
Supercapacitors N-Ti3Cy Annealing 5,000 cycles at 5 A/g, 96.2% capacitance retention [292]
Supercapacitors N-V4CsT, Annealing 10,000 cycles at 10 A/g, 96.3% capacitance retention [293]
Symmetric N-Ti3Co Ex-situ Solvothermal 20,000 cycles at 10 A/g, 81.7% capacitance retention [116]
supercapacitors
Sodium-ion capacitors N-Ti3Cy Chemical synthesis followed by freeze- 3,500 cycles at 2 A/g, 75 % capacitance retention [93]
drying
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Fig. 21. Doped MXene for photovoltaics and electronics applications. (a) Ideal band gap for photovoltaics predicted for ScNbCO, under different
strain as specified above the graphs.[294] (b) Upper diagrams: device architecture of the conventional device: indium tin oxide (ITO)/Hole
Transport Layer (HLT)/active layer(PBDB-T:ITIC)/Ca/Al and the inverted device: ITO/Electron Transport Layer (ETL)/active layer(PBDB-T:ITIC)/
MoO3/Al. Main graph: J-V curves of PBDB-T:ITIC organic solar cells (OSCs) with the normal and inverted architecture. UVO-treated MXene (U-
MXene) is used for hole collection in the normal OSC, and the UVO-then-N2H4 treated MXene (UH-MXene) is for electron collection in the inverted
OSC. The J-V curve of a control OSC with PEDOT:PSS used as the HTL and Ca as the ETL was also generated for comparison.[111] (c) Photographic
image of MXene-electrode-based organic field-effect transistors (OFETs) and logic gates fabricated on a plastic substrate. The inset shows an optical
microscopy image of a single OFET.[299] Reproduced from [294,111,299]with permission from American Chemical Society and Royal Society
of Chemistry.

photovoltaic devices is still embryonic but extended to different kinds of devices: MXene-silicon heterojunctions,[296] MXene-GaAs
heterojunctions,[297] organic solar cells [111] and perovskite solar cell. [298].

Yu et al. developed a novel type of solar cell based on charge separation at the heterojunction formed by a transparent conducting
MXene electrode and an n-type silicon (n-Si) wafer. [296] The TizCoTy electrode serves not only as a transparent conducting film for
charge transport, but also contributes to the built-in potential and thus the separation of electron-hole pairs. Remarkably, the power
conversion efficiency of the device produced with pristine MXenes (about 5%) could be improved to above 9% by employing two-step
chemical treatments (2% HCl and AuCl3). The HCI treatment introduces a doping effect on the MXene leading to improved conduc-
tivity, while AuCl3 treatment significantly improves the charge transfer properties of the devices. The HCl treatment has been proven
to be effective also in MXene/GaAs heterojunction solar cells. The produced devices featured a high initial efficiency of 9.69% and
demonstrated to be stable under air exposure.[297].

In the work on organic solar cells[111], TizCoTy was treated by UV-Ozone exposure or with NoHy4 vapour in a sealed petri-dish.
These treatments, respectively, increased and decreased the work function due to either the oxidation or reduction of the C
element of Ti3CoTy. By tuning the work function, it was possible to use the doped MXene layers as hole or electron transport layers in
non-fullerene organic solar cells with power conversion efficiency comparable to those obtained using conventional charge-collection
buffer materials (Fig. 21(b)). Bati et al. [298] doped TizC2Tx MXene nanosheets with cesium and introduced them into a lead iodide
(Pbly) precursor solution for perovskite solar cells. According to their theoretical and experimental analysis, Cs plays an important role
in improving the perovskite crystallization and thus leading to enlarged crystal grains, long-lived carrier lifetimes, and reduced charge
recombination as compared to the devices fabricated without and with undoped Ti3C2T, MXene. Solar cells integrated with Cs doped
Ti3Cy T, MXene delivered a power conversion efficiency of up to 21.57%, exceeding by >2% the efficiency of MXene-free solar cells
(19.03%) or solar cells integrated with pristine MXenes (19.19%).

4.4. Electronics
The feasibility of electronic nano-devices based on doped MXene has been computationally investigated through first-principles
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density functional calculations[300] or non-equilibrium Green’s function in combination with DFT.[301,302] Feng et al. investigated
the incorporation of neighbouring elements (Sc, V, B and N) in the indirect semiconductor TizCO».[300] According to their simula-
tions, it is more convenient to realise a p-type semiconductor by substituting Ti with Sc rather than replacing C with B. In addition, both
a high alloying with N in place of C, and a light V substitution of Ti, are capable of generating n-type semiconductors. Furthermore,
Zhou et al.[301] analysed the effect of V or Sc doping on the electronic transport properties of pure 2D Ti3CO5 electrodes. Doping of V
(Sc) atoms introduces an impurity band near the Fermi level and shifts the Fermi level up (down) changing the MXene layer from
semiconductor to conductor. More recently, the same group extended the study to p-type doped, undoped, and n-type doped MXene
heterojunctions, MaCT,~M2CO, (Where M = Ti, Zr, or Hf; T = F, OH; x = 0 or 2).[302] This work identifies n-type doping as a
promising route to improve device performance and offers new insight for guiding the design of novel MXene nano electronic devices
such as nano-memristive devices.

The utility of MXene doping has been demonstrated in large-area electrode arrays for high-performance organic field-effect
transistors (OFETs) on flexible substrates shown in Fig. 21(c).[299] The work function of TizCoTy MXene electrodes was engi-
neered via chemical doping with NH3. The doping mechanism was explained as Ti-O---H-N hydrogen bonding between MXene and
ammonia, which modulated the dipolarity of the MXene surface and decreased the work function. This modification drastically
improved the performance of n-type OFETs with respect to pristine MXene electrodes. Furthermore, doped MXene electrodes featured
better electron injection properties than standard Al electrodes.

MXenes are also promising candidates for optoelectronic devices as demonstrated in an interesting work by Chen et al.. [303] In this
work, the work function of Ti3Co MXenes was tuned by surface modification with LiF, Se and polyethylenimine ethoxylated to realise
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Fig. 22. Doped MXene quantum dots. (a) timeline of publications about doped MXenes quantum dots that reported PLQY values; (b) High Res-
olution TEM image of a N-MQDs (160 °C).[306] (c) Fluorescence emission spectra of the S,;N-MQDs (160 °C) at different excitation wavelengths.
Inset (top-left): Photograph under UV light (365 nm).[318] (d) Photoluminescence spectra of visible-light-emitting MQDs under 360 nm emission.
Inset: Fluorescence images of the W-MQDs/PVP composite under 365 emissive chips.[307] Reproduced from [306,318,307] with permission from
Springer Science + Business Media, Elsevier and Royal Society of Chemistry.
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electrodes for photodetectors and functional “AND” and “OR” optoelectronic logic gates.

4.5. Photonics

The main application of doped MXenes in the field of photonics is in the realisation of quantum dots (QDs) [304,305] (Fig. 22(a)
and Table 6). TizCy MXene QDs have been doped with nitrogen [306-315], sulfur [307], phosphorus[308], europium[316]and co-
doped with sulfur/nitrogen[307], phosphorus/nitrogen [65,308] or Chlorine/nitrogen [317] by hydrothermal method
[232-234,237,240] solvothermal method [309,310,312,313] or potential static method [317]. Furthermore, sulfur and nitrogen co-
doped NboC QDs were produced by hydrothermal treatment.[118,318] N-doped Ta4sC3 quantum dots have been produced in acid
reflux by using Ta4C3 MXenes as precursors and ethylenediamine as nitrogen source.[319] V,C and V4C3MXenes have been doped with
nitrogen through hydrothermal and solvothermal processes respectively.[320,321].

In comparison to pristine MXene QDs, doped MXene QDs exhibit a smaller lateral size (2-6 nm)[118,306,308-311,313,317,318]
(Fig. 22(b)) and significantly enhanced photoluminescence quantum yield (PLQY) of 19-23.4% [65,306,308,318,319] (Fig. 22(c))
against ~ 10% from non-doped QDs. Furthermore, heteroatom doping increases the QD lifetime and PLQY with respect to single atom

Table 6
Highlighted works on Doped MXene for photonics.
Year MXene Dopant Synthetic method Size PLQY (%) Application Reference
(nm)
2018 Ti3Cy N hydrothermal 3.4 18.7 biosensor for the detection of [306]
Fe3™
2019 V,C N hydrothermal 4.13 15.88 White laser [320]
2019  Ti3Cy N,P,N top-bottomhydrothermal treatment 2.93 20.1 macrophage labeling and Cuion  [308]
+P sensing
2019 TizCsy S,N, S hydrothermal From 9 up to 28.12%, 8.33% White light emitting diodes [307]
+N to 50 and 7.78% for SN-
nm MQDs, N-MQDs, and
S-MQDs, respectively
2020  NbyC S+N hydrothermal 2.93 19 3D brain organoid labeling [318]
2020 NbyC S,N, S hydrothermal 3.8 17.25 Cuj ion sensing and cell imaging ~ [118]
+N
2020  TisCy N solvothermal 3.4 11.13% inreferenceto  detection of H>O, and Xanthine [313]

quinine sulfate whose by single emission fluorescence
quantum yield is 54% or ratiometric fluorescence
in 0.1 M HyS04

solution
2020 Ti3Cy N Amine-assisted solvothermal 6 16.9 selective Cuj detection [309]
2021 TizCsy N solvothermal method to cut TizCo 3.09 - “on-off-on” nanoprobe for [310]
MXenenanosheets in the presence of N, chrominum (VI) and ascorbic
N-dimethylformamide and ammonium acid based oninner filter effect
2021 TizCo N hydrothermal method using — — Free-Radical [314]
ammonium hydroxide as anitrogen Scavenging and H;0; Detection
source
2021 TizCy N solvothermal method usingo- 7.5 5.42 detection of alizarin red based on [312]
phenylenediamine as the nitrogen inner filter effect
source
2021  TisCy Cl+N potential static methodin a two- 3.45 - scavenging activity towards ¢OH  [317]
electrode system based on both dye protection and
fluorescence tests
2021  Ta4Cs N hydrothermal method using 2.60 23.4 heavy ion detection and stress [319]
ethylenediamine as anitrogen source monitoring of fluorescent
hydrogels
2022 Ti3Cy N hydrothermal method using 2-5 - mucin 1 detection [311]
ethylenediamine asthe nitrogen source
2022 TizCy N and hydrothermal 2.81 - visual and quantitative point-of- [316]
Eu care testing of
tetracyclinederivatives
2022 TizCy N+P Microwave-assisted method 3.11 21.50 colorimetric/fluorometric dual- [65]
modal nitrite assay with
aportable smartphone platform
2022 TisCy N inorganicbase stripping and 2.3 14.46 nanoprobe for the simultaneous [322]
solvothermal approach detection of Cug and
Ag" ions
2022 TizCy N hydrothermal 8.63 15.40 Fluorescent Cuj Ion Sensor [323]
2022 V4Cs N solvothermal 5-10 - White light emitting diodes [321]
2023 TizCy N solvothermal 5.5 - ratiometric fluorescence [324]
probefor ascorbic acid and acid
phosphatase
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Fig. 23. Schematic illustration of doped MXene in environmental applications. (a) Schematic illustration for the synthesis of N-Ti3CoTx MXene
sheets and their application as capacitive deionization electrodes, (b) TizC,Tx sheets and (c) N-Ti3C,Ty sheets after 2000 cycles at a current density
of 0.5 A/g.[52] Insets of panels (b) and (c) are 4 charge-discharge cycles of the TizC2Tyx and N-Ti3zC,Ty electrodes, respectively.[52] (d) Schematic
illustration for the in situ synthesis of nitrogen-doped TizCy/TiO,.[328] Schematic illustration of electronic structures of (e) nitrogen-doped Ti3Cs,
() (101) facets of anatase TiO», and (g) nitrogen-doped Ti3Cy/TiOy; (h) calculated charge difference of nitrogen-doped Ti3Co/TiO»; (i) recycle
stability test of nitrogen-doped Ti3Co/TiO, in the MB degradation under UV light irradiation.[328] Reproduced from [52,328] with permission from
Elsevier and American Chemical Society.

doping.[308] Besides exceptional fluorescence properties, MXene QDs exhibit low toxicity and maintain robust performance over a
broad pH range, storage conditions and length of time. These properties make them optimal candidates for chemical and biological
sensors. Doped MXene QDs have also been applied for ion sensing through fluorescence quenching and was found to be selective for
either Cu?* [118,308,309] or Fe3* [306,319]. These and other MXene QDs applications in chemical and biological sensors are
described in a next section. MXene QDs were applied also for bio-imaging, as detailed in section “Biomedical applications”.

Another important application that is possible only by doping the MXenes, is in white light-emitting diodes (LEDs) [307] and white
lasers. [320] In the first work (LED) in this field, Ti3Co MXenes were doped with either sodium thiosulfate and ammonia or a com-
bination of, to realise three types of QDs, i.e. S-doped, N-doped, and S/N co-doped. Interestingly, these QDs had a blue, yellow and
orange fluorescence only when dispersed in an aqueous solution (Fig. 22(d)), whilst their photoluminescence emissions in the solid
state were similar. In an aqueous solution hydrogen bonding between the respective doped-QDs created agglomerations of different
sizes leading to the differences in peak photoluminescence emission. The white LED constructed from these QDs operated under 365
nm irradiation and a voltage of 3.0 V with a good stability over 30 days. More recently, machine learning was used to guide the
production and optimisation of a white LED based on N-V4C3 MXenes.[321] The MXene QDs exhibit excellent blue, yellow and red
fluorescence and machine learning was exploited to find their optimal combination in terms of LED colour coordinates. In another
pioneering work, the photoluminescence of V,C MXenes QDs was enhanced by N doping.[320] The resulting QDs emitted blue, green
yellow and red light that was amplified and simultaneously lased to produce a white laser.

Interestingly, doped MXene QDs have been proven to be applicable in the field of mechanical sensing for measurement of forces and
stresses.[319] For this purpose, doped MXene QDs have been loaded into a hydrogel whose volume changes when an external force
compresses the hydrogel. As consequence, the volume concentration of the fluorescent quantum dots increases, causing the fluores-
cence emission intensity of the fluorescent hydrogel to increase. The intensity of the external force can be evinced from the variation in
fluorescence intensity of the hydrogel.[319].

4.6. Environmental applications

Modified TisCy MXenes have awakened tremendous attention because of their unique properties and as such are viewed as
promising materials for the degradation of pollutants (e.g. by active electro-adsorption processes) and water splitting [20,325-327].
Some of the properties exhibited by modified MXenes include high elemental abundance in earth, prominent electrical conductivity,
abundant surface functional groups, a unique layered microstructure and good optical properties [325]. To the best of our knowledge,
despite the great potential for environmental applications, to date only two publications considered the use of doped MXenes in this
field. Amiri et al. [52], proposed a facile and novel method (Fig. 23(a)) for preparing nitrogen-doped MXene sheets (N-TizCyT,) which
were highly porous, hindered restacking of MXene layers, possessed enhanced electrical conductivity, showed promising volumetric
capacitance (514 Fem™3), and exhibited excellent electrochemical stability by maintaining 99.75% of the initial volumetric capaci-
tance after 2000 cycles (Fig. 23 (b,c)). This enhanced electrochemical performance was attributed to expansion of the stacked N-
TisCoTy layers during cycling by Na' ion intercalation from the electrolyte solution. Nitrogen doping into MXenes such as pyridinic
nitrogen, improves the electrical conductivity by 10.1% in comparison with the bare MXene. N-Ti3CyTy was found to be the best
performing high-potential electrode material (in terms of electro-adsorption rate and capacitance), hitherto fabricated, for capacitive
deionization application in the desalination of seawater. In another publication, Ke Tao and colleagues [328] successfully prepared
highly photocatalytic nitrogen-doped Ti3C, via a facile in situ approach, which upon further calcination in O, atmosphere transformed
in nitrogen-doped Ti3Cy/TiO2 nanohybrid (Fig. 23(d)). The electronic structures of the materials employed in the study are displayed
in Fig. 23 (e-h). The optimized nitrogen doped Ti3C,/TiO possessed a superb and stable photocatalytic performance in Methylene Blue
(MB) degradation (Fig. 23 (i)).

Furthermore, Yan et al.[312] synthesized nitrogen doped MXene quantum dots for the detection of alizarin red (ARS), an
anthraquinone compound that is commonly used as a dyeing agent for textiles. Nitrogen-doped were produced by a solvothermal
method using TizCo MXene as precursors and o-phenylenediamine (oPD) as the nitrogen source. The obtained N-MQDs were dispersed
quasi-spherical nanoparticles, mainly composed of carbon, oxygen and nitrogen, with yellow fluorescence at 580 nm and quantum
yield of 5.42 %. These QDs could detect ARS based on inner filter effect (IFE) with linear range and detection limit of 0-80 and 1.21 pM,
respectively. Interestingly, ARS detection was possible also in real water samples, and these doped-MXenes QDs are expected to have
further applications in the fields of environmental monitoring and biosensing.

More recently, Cao and co-workers successfully confined different metal ions of different valency’s in a quasi-microcube shaped
cobalt benzimidazole framework (CoZIF9) using space-confined synthesis. The presence of metal ions gave the material double-layer
and pseudo capacitance properties, as well as creating new phases which accelerated Na* insertion/extraction, thus increased elec-
trochemical adsorption. The study showed Ti-containing CoZIF9 materials to have an impeccable desalination capacity of 62.8 mg g
and an excellent cycling stability in capacitive deionization applications’. [329].
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Sensors play a pivotal role in our day-to-day lifestyle and are being used in a wide range of applications including wearable
electronics [330,331] The sensing material used in the system influences the performance. Among other potential candidates, layered
nanostructured materials with 2D structures possess superior properties as compared to their bulk counterparts. In this regard, un-
doubtedly, MXenes stand out as a promising 2D material and created new paradigms in the field of sensing applications owing to their
distinctive merits and versatile properties. [332] Some of the highlighting features of MXenes concerning their applications in sensing
include large surface area, spacious matrix for nanoparticles loading, intrinsic functional groups, metallic conductivity, rapid trans-
duction of signals, adequate sites for biomolecule binding, etc. [333] MXenes can be widely used as sensing materials in a range of
applications including gas sensors [334-338], force sensors [339-342], humidity sensors [343-346], strain/stress sensors [347],
electrochemical biosensors [348-353], and optical sensors [332,354-358] and piezoresistive sensors [359,360] (Table 7). The
compressive sensors based on MXenes can detect a broad range of compressions with a high Gauge Factor (GF ~ 180.1) and exhibit

Table 7
MXenes, MXene composites for sensor applications.
Sensing Probing strategy Target/ LOD/ Detection limit Reference
material/ Analyte Sensitivity
Modified electrode
TisCoTx Electrochemical H,0, 0.7*107° m/79.27 pA pM ! 0.5*107° m [364]
TisCoTx Calorimetric Ag ions 0.61*107° m/ 50%107° m [365]
0.402 pAM !
TizCoTyx Capacitive Humidity NA/1003 pF/RH% 11 to 97 RH% [366]
TizCoTx Electro- Exosomes 125 particles uL. ! /91.1461/ log 500-5 000 000 [367]
chemiluminescent (particles L~} particles uL™!
TisCoTx Electrochemical PbCdZn 0.2 pgL™/0.98 pA (g L H ™! 0.0978*107° m [368]
0.4 ugl™/0.84 pA (ug L™ H7? 0.180 *107°m
0.6 pgl™/0.60 pA (pg L™H7! 0.31 10 °m
TizCoTx Electrochemical Inosine 0.224 ng mL~Y/ 0.2-210 ng mL~! [369]
monophosphate 4.54 yA M~ ! em 2
TizCoTx Electrochemical Exosomes 37 particles uL.! /2250.78/ log 110-11 000 000 . [370]
(particles uL ™! particle uL ™!
TisCoTx Electrochemical BrO3 41%107° m/31.91 pA log 5%10°m [371]
!
TizCoTx Capacitive Humidity NA/ 280 pF/RH% 7 to 97 RH% [346]
V4C3Tx Chemiresistive C3HgO 1 ppm/5%/ppm 200 ppm [372]
Ti3CoTx/Pt Electrochemical H,0, 448+107° m/ 1.26 nA pM 5*10°m [373]
CsPbBr3-TizCoTy Photo-luminescent Cd ions 99*107° m/0.15% pM’l 35x10°m [374]
PANI/Ti3CyTx In-situ polymerisation Ethanol 200 ppm (41.1%) NA [375]
TisCaTy Photo-luminescent Uric acid 125 x 107° m/ 0.658 uM ! 1.2-75 x 10 °m [376]
TizCyTy Photo-luminescent Cu®" ions 2¥107° m/60 uM ! 5000 x 10°°m [377]
Ti3CoTyx/WSes Chemiresistive Ethanol 40 NA [378]
VoCTx Chemiresistive CH,4 9.39 ppm/0.0167%/ppm 6-200 ppm [334]
VoCTy Chemiresistive Hy 1.375 ppm/0.2435%,/ppm 25-400 ppm [334]
W18049/TizCoTy Chemiresistive C3HgO 170 ppb/ 0.58/ppm 0.17 to 500 ppm [379]
TizCoTyx /WSey Chemiresistive C,HsOH 1 ppm/ 0.231%/ppm NA [378]
TizC,Tyx/Graphene Chemiresistive NH; 10 ppm/ 0.135%/ppm NA [380]
Ti3CyTyx /PEDOT:PSS Chemiresistive CH30H NA/0.00331/ppm NA [381]
TizCoTx Chemiresistive C3HgO 50 ppb/ 0.1%/ppm 0 to 100 ppm [382]
MB-MXene/SPE Electrochemical Creatinine 1.2 uyM/NA 10 to 400 pM [383]
Nafion/Hb/TiO,-Ti3C/GCE Electrochemical H,0, 14 nM/NA 0.1 to 380 um [384]
Tyr/MXene/Chi/GCE Electrochemical Phenol 12 nM 0.05 to 15.5 ym [385]
TisC,Ty /Pt Electrochemical Ascorbic acid 0.25 x 107%/ 1.41 pA mM ! 0-750 x 10°°m [373]
TizCoTy Electrochemical Piroxicam 0.05 x 10" m/ 0.0272 uM ! 0.1-80 x 10 °°m [386]
TigCoTy Electrochemical Paraoxon 6.36 x 10712 m/23% /log (ug 0.36-3634 x 10 °m [387]
LY
Nb4C3T,/GCE Electrochemical Dopamine 29 nM 50 nM ! uM [371]
PEDOT-CH,OH-MIP/MXene/ Electrochemical Adrenaline 0.3 nM/- 1 nm-60 um [388]
CNHs/GCE
NS-Nb,C/Nafion/GCE Electrochemical Dopamine 0.12 uM 0.4-90 pM [389]
Sm,03/2D TiC/GCE Electrochemical Nimodipine 4.2nM/ 1.5 pA yM ! em 2 0.001-950 uM [390]
TizCo/PtNPs/GCE Electrochemical Dopamine 0.48 yM 5-180 uM [391]
Fe-SACs/Ti3CoTx/LSGE Electrochemical Dopamine 1.0 nM 10 nM-200 uM [392]
SnO, QDs@Ti3C,/GCE Electrochemical Dopamine 2.0 nM 0.004 -8.0 yM [393]
TizCoTx/GCE Electrochemical Hydrogen sulfide 16.0 nM 100 nM-300 uM [394]
TizCoTx-rGO/GCE Electrochemical Serotonin 10 nM 0.025-147 uM [395]
MoS,@TisCoTy Electrochemical Thyroxine 0.39 pg mL~? 7.8 x 108 pg mL~? [396]
MOF@V,CTy/SPE Electrochemical Nitric oxide NA 1-13 M [397]
MQDs@3DE Electrochemical Dopamine 0.003 uM 0.01-20 uM [398]
TizC2Tx/CNTs/CuMOF/GCE Electrochemical Tyrosine 0.19 pM 0.53 pM-232.46 pM [399]
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excellent mechanical reversibility (over 4,000 times) and rapid response (<30 ms). In some recent studies, they used such sensors to
observe and differentiate delicate human activities, such as swallowing, coughing, joint bending, and others. [359] However, only in
the recent few years, doped MXenes are gaining momentum for their potential prospects in a broad range of sensing applications
(energy, environmental, and health). This section describes the application of doped MXenes in sensors for metal ions [118,306,309],
organic molecules [310,314,361], gases [60,362], radicals [314,315,317], biomolecules [311,363] and molecules important for bio-
medical applications [49,306,313,314] as highlighted in Table 7.

4.7.1. Chemical sensors

Feng et al. [309] presented a strategic synthetic procedure for the preparation of amine-assisted solvothermal route of N doped (in-
situ) TizCo MXene fluorescent quantum dots (QDs) (size: 6.2 nm and thickness: ~ 1 nm) toward selective and sensitive detection of
various metal cations. Few layer MXenes were obtained through liquid exfoliation of pristine MXenes. As mentioned in section
“Photonics”, it was identified that N-doping reduces the particle size and distribution of QDs. Among the investigated cations, Cu®*
exhibited high sensitivity with a detection limit of 0.032 x 1076.[309] Xu et al. demonstrated that hydrothermally prepared N-doped
TisCy MXene QDs show high selectivity (Fenton reaction based mechanism) to Fe>" ions with a detection limit of 100 mM. Ethyl-
enediamine was used as a source of N.[306] In a similar way, highly fluorescent Ti3C,; MXene QDs were utilized for the detection of
cu?t sensing by Guan et al [308] and Yan et al.[118]. In the latter, S and N co-doped Nb carbide MXene QDs (average size: 3.4 nm)
were appropriately synthesized through the hydrothermal method with excellent photostability, high quantum yield (17.25%, 520
nm), and successfully evaluated for Cu*" detection (2 mM/L).[118] In another study, a team of researchers developed a new type of
electrochemical sensor comprising nitrogen-doped carbon-coated TizCy-MXene (Ti3Co@N-C) carbon heterostructure for selective and
simultaneous detection of heavy metal ions (Cd and Pb) using square wave anode stripping voltammetry with low LOD (Pb?* for 1.10
nM and Cd?* for 2.55 nM) and remarkable high sensitivities (Pb%* 0.05-2.00 uM and Cd%* 0.1-4.00 pM) in water samples (seawater
and tap water).[400] In addition, several possible interfering ions and molecules are also investigated. Several material/thin-film
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Fig. 24. The resistance transients for modulating RH conditions for studied sensing materials. (a) MXene, (b) N-MXene, (c) N-MXene/TiO2, and (d)
rGO/N-MXene/TiO, sensors at 20 °C. [401] Reproduced from [401] with permission from Elsevier.
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characterization tools and adsorption experiments were employed to ascertain the various properties of the as-fabricated composites.
The material system in the composite film synergistically contributes to the improved conductivity, rapid charge transfer and hence the
detection capability.

Another valuable contribution makes use of the newly designed cost-effective molecularly imprinted (MIP) quartz crystal mi-
crobalance (QCM) sensor based on delaminated S doped MXene for chlorpyrifos (CHL) detection and compared the results with bare
MXenes, wrinkled S doped MXenes, and others.[361] The as-developed MIP/d-S-Ti3CoTx MXene/QCM sensor possessed high con-
ductivity and sensitivity with a limit of detection (LOD) of 3 x 10'® M and satisfy the key requirements of 3R’s (repeatability,
reusability, and reproducibility). The authors envisage that the developed sensor can find potential prospects in real-time therapeutic
analysis.

Similarly, the composite film comprising of N-doped MXene/titanium dioxide incorporated reduced graphene oxide (rGO) ternary
sensor (rGO/N-MXene/TiO3) has been designed toward a ppm level (4 to 40 ppm) room temperature (20 °C) humidity activated ionic
conduction for formaldehyde (HCHO) sensing under dynamic relative humidity (RH) conditions with high repeatability and long-term
stability.[401] The resistance transients of as-fabricated ternary sensor performance (rGO/N-MXene/TiO) have been compared with
their counterparts, single (MXene) and binary (N-MXene) and N-MXene/TiO, components (Fig. 24 (a-d)).[401] No noticeable response
was recorded under dry conditions. Ternary sensor (rGO/N-MXene/TiO-) displayed a mean response of 26% and 132% toward 4 and
20 ppm, respectively at 54% RH. The sensitivity, repeatability, and extended stability of the optimized condition were investigated.
Besides, the authors propose an ionic conduction mechanism to ascertain and compare the analytical performance of the different
sensing platforms.

Huang et al. found fluorescent nitrogen-doped Ti3C; MXene quantum dots to be a unique “on—off-on” nanoprobe for chromium (VI)
and ascorbic acid (AA). [310] Nitrogen doped Ti3Cy MXene QDs were synthesized by solvothermal method to cut TigCy; MXene
nanosheets in the presence of N, N-dimethylformamide, and ammonium hydroxide. The resulting QDs exhibited their excellent blue
photoluminescence at 440 nm and outstanding stability. The fluorescence of N-Ti3Co MXene QDs was strongly inhibited by Cr(VI)
resulting from the inner filter effect (IFE) and static quenching in the absence of AA; while the signal can be greatly restored upon the
addition of AA since the redox between Cr(VI) and AA makes the effect from IFE to be weakened. The limits of detection (LOD) for Cr
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NPs, primary antibodies, bovine serum albumin, and procalcitonin, respectively). Reproduced from [363] with permission from Elsevier.
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(VI) and AA are as low as 12 and 20 nM, respectively.

In an interesting study by Yong Zhou et al., a humidity-induced CO5 novel chemo-resistive sensing system was designed (for low
concentration detection, ppm-level under controlled relative humidity (62%) at room temperature (20 °C) through employing ternary
nanocomposite films comprising nitrogen (source: urea) (N) doped Ti3CyT, (N-MXene)/polyethyleneimine (PEI) embedded with
reduced graphene oxide (rGO) nanosheets (rGO/N-MXene/PEI) and further evaluated the sensing performance.[362] In a similar way,
Shuvo et al. investigated various VOC using sulfur (S) (source: thiourea) doped titanium carbide MXenes which are of high relevance
for environmental remediation.[60] Exfoliation method was used to prepare MXenes and introduced in the conductometric gas sensor.
The as-prepared materials were appropriately synthesized, characterized, and evaluated as electrode materials for a range of VOCs
(toluene, hexane, ethanol, etc.). Doping S dramatically increased the interlayer spacing of the nanoflakes leading to enhanced elec-
trical conductivity. It was found that the as-prepared S-doped counterparts showed high sensitivity (500 ppb which is 34 times higher)
towards toluene than their undoped variants with remarkable stability. The authors envisage that the as-developed method can be
extended potentially for its use in flexible (wearable) sensors.

Doped MXenes QDs exhibit outstanding radical scavenging properties.[314,317] Zhao et al.[317] produced chlorine and nitrogen
co-doped MXene QDs by a potential static method in a two-electrode system. N and Cl were successfully introduced to carbon skeleton
and Ti boundaries in the etching process by electrochemical reactions between selected electrolytes and Ti3Cy skeleton, respectively.
The obtained Cl, N-Ti3C MQDs show a large surface-to-volume ratio due to small particle size (ca. 3.45 nm) and excellent scavenging
activity towards eOH (93.3%) based on both dye protection and fluorescence tests. The underlying mechanism of scavenging activity
was also studied based on the reduction experiment with potassium permanganate (KMnO,4). The reducing ability of the intrinsic TizCa
structure and electron donation of double dopants are the main contributors to the outstanding scavenging activity.

In another work, Wang et al. examined the mechanism of N-Doped Ti3Cy QDs for free-radical scavenging. [314] The authors
fabricated the doped MXene QDs by hydrothermal method using ammonium hydroxide as a nitrogen source. The doped nitrogen atoms
promote the electrochemical interaction between N-Ti3Ce QDs and free radicals and thus enhance their antioxidant performance.
Density functional theory (DFT) simulations revealed the hydroxyl radical quenching process and confirmed that the doped N element
promotes the free-radical absorption ability, especially for —F and —O functional groups in N-Ti3Cy QDs [314]. N-Ti3Cs QDs have been
found to possess high scavenging activity toward eOH radicals also by Gou et al., with a scavenging ratio of 97.44%.[315].

4.7.2. Biosensors

What makes 2D MXenes quite fascinating biosensors compared to traditional nanoparticle-based biosensors is that MXenes have
excellent conductivity and a high surface-to-volume ratio providing a high density of active surface sites for immobilization of the
sensing target.[402] Also, due to its layered structure, MXenes demonstrated promising light absorption capability in terms of the
maximum reflection loss and absorber thickness.[403] To the best of our knowledge, so far only a few publications explored the use of
doped MXenes to detect molecules important for bio-sensing applications. [49,306,311,313,314].

In an exciting work, an electrochemical immunosensor for stable and ultra-sensitive quantification of procalcitonin (also known as
PCT, an important biomarker of septicemia) was fabricated.[363] A self-assembly approach was utilized to fabricate thin films on
glassy carbon electrode (GCE) modified with gold nanoparticles functionalized S-doped MXene as sensing medium and carboxylated
graphitic carbon nitride (g-CN) as a signal amplification for PCT (Fig. 25). S-doped MXene was prepared by mixing a 1:3 mass ratio of
Ti3AlCy powder and elemental sulfur and sintered at 170 °C (3 h) and subsequently milled.[363] The morphology, microstructure, and
analytical performance have been appropriately characterized using relevant instrumentations. The as-prepared immunosensor
exhibited excellent stability, repeatability, reproducibility, and reusability with linear range and LOD of 0.01 to 1.0 pg/mL and 2 fg/
mL, respectively. [363].

As mentioned in the section “Photonics”, doped MXenes QDs represent ideal candidates for biosensing applications. So far, N-doped
MXene QDs have been proven to detect H,05 in the presence of Fe?t by fluorescence quenching [306] or Hy05 and Xanthine through a
dual-emission reverse change ratiometric sensor [313]. Furthermore, N-Ti3Cy QDs showed rapid, accurate, and remarkable sensitivity
to hydrogen peroxide in the range of 5 nM-5.5 pM with a limit of detection of 1.2 nM within 15s, which is the lowest detection limit of
the existing fluorescent probes up to now. [314] Similarly, Lu et al. assembled a dual-emission ratiometric photoluminescence sensor
based on N-doped Ti3Cy QDs (donor) and 2,3-diaminophenazine (acceptor) toward the sensitive detection of HoO and xanthine. [313]
More specifically, MXenes can facilitate photogenerated charge carriers (electrons and holes) due to enhanced light absorption and
provide ultrafast electron transfer due to the aforementioned features. [404] Till now, many photoactive materials that can serve as a
sensing platform have been systematically designed and developed including metal oxides [405-407], semiconductors [408-411], etc.
In this regard, MXenes (Ti3Cy) are the most widely studied 2D layered photoactive material in photoelectrochemical (PEC) sensing due
to their desirable beneficial properties that include excellent electronic conductivity, electron transport capability having ample
hydrophilic functionalities.[412-416] In addition to high photoluminescence quantum yield, MXenes QDs can show high electro-
chemiluminescence (ECL) quantum efficiency.[311] This property has been exploited for the detection of mucin 1 (MUC1), a protein
that is closely associated with the development of malignancy. Jiang et al. obtained N-doped MXene QDs by a simple hydrothermal
method using Ti3Cy as the precursor and ethylenediamine as the nitrogen source. [311] The doped MXene QDs not only exhibited ECL
characteristics but also possessed higher ECL quantum efficiency than TigCy QDs. The ECL quantum efficiency of doped QDs relative to
undoped QDs was 1.58. Furthermore, the ECL signal of the immunosensor could be further enhanced using the co-reactant szog—.
According to the authors, the prepared N-TisCy QDs can promote the reduction of the co-reactant S,03~ to generate abundant sulfate
radicals causing the acceleration of the ECL reaction of N-TizCy QDs. The ECL immunosensor based on the N-Ti3Cz QDs/ szoz%*- system
can achieve sensitive MUC1 detection with a low detection limit of 0.31 fg/mL. Another composite found to be an efficient ECL sensing
system was ZnO quantum dots/N-doped Ti3Cy MXene.[49] In this case, the Ti3Cy MXene matrix acted an important role to confine the

55



A. Dey et al. Progress in Materials Science 139 (2023) 101166

nucleation and growth of ZnO QDs, thus resulting in the well-dispersed ZnO QDs of 2 ~ 5 nm on the surface of MXene. The N doping of
Ti3Cy MXene was realized due to the in-situ release of NOx and NH3 from the decomposition of glycine-nitrate combustion. The N-
doping level of TizCy MXene in the composites could be simply tuned from 1.52 to 5.43 wt% by adjusting the amount of glycine.
Electrochemical measurements demonstrated that the increasing doping contents in TizCy MXene could boost the electro-
chemiluminescence (ECL) performance. The authors suggest that higher nitrogen contents were beneficial for accelerating electron
transfer and decreasing the barrier of ZnO QDs reduction. By using the resultant ZnO/N-Ti3Cg nanocomposites, a novel ECL sensor was
constructed for sensitive and selective detection of chloramphenicol, an antibiotic mainly used to treat eye infections and sometimes
ear infections. This sensor displayed a wide linear range (0.1 ~ 100 ng/mL), a low detection limit (0.019 ng/mL) and high stability.Bai
et al. produced nitrogen, phosphorus-doped TizC; MQDs (N, P- Ti3C; MQDs) through a facile microwave-assisted method. [65] The as-
prepared N, P- Ti3Cy MQDs exhibited excitation-dependent photoluminescence, anti-photobleaching, and favorable dispersibility. The
green fluorescence of N, P-Ti3C, MQDs was found to be quenched by 1,10-phenanthroline-Fe (II) complex (Phen-Fe?") via inner filter
effect (IFE), accompanied by the increased orange colour. After introduction of nitrite (NOZ’), owing to the redox reaction between
NO? and Fe?*, the fluorescence is recovered, and the colour varies from orange to colourless gradually. Therefore, a colorimetric/
fluorometric dual-modal recognition of NO? was fabricated based on N, P-TisC, MQDs and Phen-Fe?* complex. Nitrite is a substance
widely used in food industry as food preservative and fertilizer which might become a serious threat to the public health if present in
high levels. The authors developed a novel dual-channel method for real-time visual assay of NO?>~with the use of a smartphone and
paper-based test strips made by dropping a solution of N, P-TigCo MQDs and Phen onto filter strips. [65] On close perusal of the
literature on properly doped MXenes for electrochemical biosensing applications, the research is in its early stage and requires more
intensive and extensive research strategies for the construction of these types of efficient sensing platforms by exploiting their inherent
intriguing material properties to further take forward the research in this thriving field.

4.8. Biomedical applications

Given the favourable physiochemical properties and unique structure of 2D MXenes, extensive multidisciplinary research has been
focused on their potential biomedical applications. So far, in this review, we have discussed syntheses, properties and applications of
doped MXene systems. In this section, we describe the biomedical applications of pristine and doped 2D MXenes focusing on the
antimicrobial activity, diagnostic imaging, therapeutic modalities, and biosafety evaluation with its recent developments, followed by
a review of the current and future prospects of biocompatibility of doped MXenes.

4.8.1. Antimicrobial activity

MXenes exhibit important antimicrobial activity against both Gram-negative and Gram-positive bacterial strains. For example, 2D
Ti3CyTyx MXenes (the most studied MXenes) revealed significant antimicrobial properties through direct contact with the bacterial cell
wall, releasing lactate dehydrogenase causing cellular damage to the bacteria and eventual death.[417] Ti3CyTy species showed
greater growth inhibition (99%) compared with graphene oxide (GO, 90%) displaying more effective and higher antimicrobial effi-
ciency against both Gram-negative E. coli and Gram-positive B. subtili.[418] As a result of these studies, MXene was introduced as a new
family of 2D antimicrobial nanomaterials in areas of health and environmental protection in 2016.

4.8.2. Bioimaging

Another rapid development in biomedical applications of MXenes which has attracted much attention focuses on various bio-
imaging techniques, including photoacoustic imaging and luminescence imaging, to enhance the diagnostic imaging performance.
[419] In contrast to most optical imaging techniques, photoacoustic imaging has the ability to overcome the penetration limits,
allowing deeper tissues to be imaged based on its low tissue attenuation coefficient.[402].

Luminescent properties of MXene QDs such as high photostability, tuneable wavelength and great quantum yields, have

(b)

Fig. 26. Doped MXene quantum dots for bio-imaging. (a) Merged images of bright-field and confocal images (Ex = 488 nm) of the THP-1 monocytes
incubated with N,P-MQDs.[308] (b) Counterstaining of 3D brain organoids by S,N doped NbyC MQDs.[318] (c) Caco-2 cells stained by S, N doped
Nb,C MQDs. Inset: The changes of S, N-MQDs intensity (top-blue) with respect to unstained control cells (bottom-pink).[118] Reproduced from
[308,318,118] with permission from Royal Society of Chemistry and Elsevier. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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demonstrated desirable results for bioimaging due to small size and quantum confinement effect.[420] As mentioned in the section
“Photonics”, doping MXenes QDs enhances the photoluminescence quantum yield and reduces the lateral size with respect to pristine
MXene QDs. Therefore, doping opens the door to the realization of more effective and more powerful bio-imaging systems. Guan et al.
[308] produced N,P-Ti3Cy MQDs with highly fluorescent green emission and durable cell imaging potency at non-toxic concentrations
(<25 mg mL™1). Cellular uptake of the N,P-TisC, MQDs by THP-1 macrophages occurred after 24 h exposure and these cells were
imaged by bright-field and fluorescent confocal microscopy (Fig. 26(a)). Similarly, Xu et al.[318] stained 3D brain organoids with 5
mg mL~! S,N- Nb,C MQDs for 24 h to confer extensive green fluorescence for imaging under 488 nm excitation (Fig. 26(b)). Inter-
estingly, S,N-Nb,C MQDs effectively stained both the external and the internal layers of these cells, indicating that S,N-MQDs could
effectively penetrate this multi-layered micro-tissue model. S,N-Nb,C MQDs have been applied also for the fluorescent imaging of
Caco-2 cells (Fig. 26 (c)). [118] Again, the doped MQDs were modest cytotoxic at low concentrations (<10 mg/mL) and capable of
lasting cell imaging at nontoxic concentrations. Caco-2 cells exhibit a marked increase of green fluorescence after exposure to S,N-
Nb,C MQDs with respect to the low levels of auto-fluorescence in the control cells (inset in Fig. 26(c)).[118].

4.8.3. Therapeutic modalities

MXenes have also played a significant role in therapeutic modalities including photothermal effect for cell killing, cargo loading for
synergistic therapy, and reactive oxygen species (ROS) generation for photodynamic cell killing. [421] The promising photothermal
effect of MXenes is due to their wide ultraviolet (UV)/near-infrared (NIR) band, large specific surface area, and high photothermal
conversion efficiency compared to conventional photothermal agents.[422] One of the two dimensional materials from the MXenes
family which has demonstrated desirable photothermal properties and enzyme responsive biodegradability is 2D Nb,C nanosheets.
These nanosheets combined with microneedles (MNs) can be used as photothermal therapeutic agents achieving minimal invasion,
responsive biodegradability towards tumour models and reducing toxicity.[423].

4.8.4. Biosafety

One of the main issues with clinical applications of nanomaterials is biosafety and long-term cytotoxicity. Numerous studies
revealed that 2D MXenes have great potential for biomedical applications due to their excellent biocompatibility and low cytotoxicity
toward cells. [420] Different biosafety studies on MXene based materials were completed including Ti3Ca, Ta4Cs, Nb2C, MoCy, VoC and
TiN, [424] which demonstrated insignificant cytotoxicity and reasonable in vivo biocompatibility. However, these studies are at an
early stage, and whilst a short-term in vivo biocompatibility of MXenes was broadly shown, more systematic in-depth investigations
and assessments are needed to ensure the biosafety of MXene-based materials.

5. Summary and outlook

The attractive chemical, electronic, and morphological properties of MXenes have made them promising candidates for use in
multiple applications. Compared to other 2D systems where catalytic activity is constrained to the edge sites, theoretical and
experimental studies have determined that in addition these sites, the basal planes of MXenes also show activity.[121-123] Even
though these properties endow bare/pristine MXenes with more active sites, their performance is still far from ideal in the various
applications.[11,16,120] Furthermore, it is well known that through material innovation, nanoscale structural design and hybrid
manufacturing methods, the properties of materials can be enhanced for optimum performance in several applications. Consequently,
in this review, we present a detailed overview of the recent progress made with doped MXenes and their applications in electro-
catalysis, energy storage, photovoltaic, electronic, photonics, environmental, sensor, and biomedical fields. The doping strategies
employed during synthesis have been reviewed and explained. In addition, the characterization techniques employed to probe the
morphology, elemental and phase composition, chemical structure and stability of coordination compounds, surface area to volume
ratio, pore size distribution, and thermal stability of doped MXenes have been presented. We have taken a step further to elucidate
structure-activity relations of single and multiple elemental doping, and single atom supported MXenes in the various applications, as
well as highlight the possibility of integrating MXenes with other materials and engineered at the atomic scale to yield hybrid het-
erostructures with multifunctionalities. Additionally, theoretical studies that explain the microstructure of doped MXenes, and the
underlying doping mechanism have been highlighted.

Doping of MXenes with non-metals [44 101] and transition metals, [129,131] formation of single-atom immobilized MXene [95
135] and the combination of elemental doping with single atom immobilized systems [97] have been shown to be effective approaches
to produce MXenes with superior catalytic properties compared with their pristine counterparts. In the various applications presented
in this review, doped MXenes possessed superior properties and demonstrated enhanced activity, selectivity, and durability than
pristine MXene and in some cases than commercially available catalysts. For instance in electrocatalytic applications, doping yielded
MXenes with optimized electronic structures, increased metallic and conductive characteristics, increased number of catalytic sites,
significantly reduced precious metal loadings, increased the stability of metals, lowered the Fermi level, weaken surface O-H bonds,
suitably tuned the Gibbs free energies of hydrogen adsorption (AGy*), accelerated charge transfer during electrochemical reaction,
improved the wettability, inhibited competitive reactions, and significantly reduced onset potentials for HER, OER, ORR, NRR and
CO2RR processes. [44 101 131 129 132-134 95 135 97,139144 145] For energy-related applications doping resulted in improved
material conductivity, increased interlayer spacing in Li-ion Batteries; [217] facilitated sodiation-desodiation, excellent reversibility
and high specific capacity for sodium battery systems; [228,425-428] retarded polysulfide formation, enhanced cycling stability, and
improved specific capacity (up to 10 times greater than conventional metal oxide-based cathodes in Li-ion batteries) in Alkali metal
sulfur batteries; [237,241,243,429] enhanced redox activity, restricted polysulfides formation and improved cycling stability in Na-S
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batteries.[239 430 244] The great potential of doped MXenes for electronics and photovoltaic applications has been predicted
theoretically although experimental research is still embryonic and surely represents a promising field to investigate. For environ-
mental applications, modifications resulted in increased surface area, narrowed of bandgap and lowered charge recombination rate.
[325,327,431,432] In the field of photonics, doped MXene quantum dots (QDs) possessed smaller lateral sizes (2-6 nm), significantly
enhanced photoluminescence quantum yield, increased QD lifetime, low toxicity, and maintained robust performance over a broad pH
range. [118,306,308-311,313,317,318 65,306,308,318,319] The upper limit of photoluminescence quantum yield seems to have been
reached and recent research trends are focused on exploiting these quantum dots in chemical/biological sensing and imaging rather
than further optimisation and fundamental research. Finally, for sensor applications, reduced particle size and size-distribution,
excellent (photo)stability, reproducibility, reusability, selectivity, high quantum yield, and high scavenging properties have been
reported for doped MXene. [306 308 118 310] The superior catalytic performance of doped MXenes has undoubtedly been linked to
their improved microstructural, electronic and morphological properties. Table 3, 5 and 6 highlights some of the established strategies
to achieve doped MXene and their corresponding applications. These doping routes can be extended to newly discovered MXenes as
well.

Even though the versatile chemistry of MXenes renders their properties tuneable for a variety of applications, there still exist some
bottlenecks and opportunities for future research in doped MXenes.

Whilst the literature suggests that the dopant atoms are the active sites, we must not lose sight of the rich surface chemistry of
MXenes which offers a variety of reaction and adsorption pathways necessary for the desired reactions. It is therefore prudent to
suggest that the various cascade reactions result from the synergistic effect of the individual components making up the structure of
the doped MXenes. Furthermore, with innovations in catalyst designs such as bifunctional and trifunctional catalysts, it is evident
that the success of doped MXene systems must depend heavily on computational studies carried out to simulate their dynamic
behaviour during catalysis and to predict the reaction mechanisms and intermediate products. Projections from such studies will
guide experimentalists to synthesize new doped MXenes structures with enhanced activity.

Secondly, considering that the synthesis techniques employed during preparation greatly influence the properties of doped
MXenes, the development of new synthesis methods that yield high-quality MXenes with large lateral dimensions and controlled
surface terminations is necessary.

Thirdly, most characterization techniques employed so far, have enabled the study of as-prepared, calcined, modified, and/or
deactivated catalysts measured under conventional conditions (e.g., room temperature). The development of quantitative struc-
ture-activity relationships and the gathering of fundamental insight into short-term and long-term deactivation mechanisms of
these catalysts would require the incorporation of in-situ and/or operando characterization techniques (like SECM, STEM, XANES,
EXAFS, XAS). This will further enhance our understanding of interfacial dynamics at the microscopic levels, which is known in
electrochemistry to dictate the charge transfer kinetics and overall reaction mechanisms.

MXenes research is limited to few members of the MXenes family due to the lack of precursor materials. Some MXenes such as ScaC,
Hf>C and W,C were predicted to possess good stability, however starting materials for their synthesis were not determined. As such,
the synthesis of new MAX phase precursors will further expand the exploitation of new members of MXene family.

Finally, machine learning has been employed recently as a tool to predict the properties (e.g., band gap), activity (e.g., cytotox-
icity), and enabled the discovery of new MXene compounds. As such, we suggest the use of machine learning in future research
related to doped MXenes.

In the perspective of future applications, the practical implementation of doped MXene based devices is still in its infancy. With the
increased need for multifunctional solutions for greener energy, efficient energy storage, faster and more reliable electronic devices it
is extremely important that superior properties of these materials be truly exploited. Here we highlight some of the technology so-
lutions that this unique material can provide. Over the past decade, interest in MXenes has seen exponential growth, with over 11,358
publications (Web of Science 20th June 2023) since the initial publication by Naguib et al. in 2011.[14] Novel chemistries have been
exploited in MXenes discovery, whether through varying structural changes, multiple M—site chemistries or by tailoring surface
chemistry, to enhance their versatility and applicability. Doping offers unique advantages in tuning the interlayer structure and surface
area of MXenes.

increase in electrochemical stability and performance.
significant reduction in charge transfer resistance.
increase in electrode conductivity.

decrease in electrode/electrolyte interfacial impedance.

5.1. Wearable sensors

MXenes emergence as an amazing class of 2D layered materials have been widely explored as conductive electrodes for printed
electronics, including electronic and optoelectronic devices, sensors, and energy storage systems. Here, the critical factors impacting
device performance are comprehensively interpreted from the viewpoint of contact engineering, thereby giving a deep understanding
of surface microstructures, contact defects, and energy level matching as well as their interaction principles. In addition, doping of
Mzxene will offer rich combination of elements in the MXene family, the spin-orbit coupling (SOC) effect, and dipole effect arising from
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the surface termination also contribute to tuning the engineering of MXene contact. As a result, the ideal metal/semiconductor
interface assembled with versatile printing techniques has allowed the development of MXene ink for applications in many tech-
nologies. One such game changing technology is wearable sensors, particularly non-invasive biosensing technologies with internet of
things are of substantial interest for constant monitoring of substances in bodily fluids, for human health applications. For example,
development of a wearable device to noninvasively monitor uric acid (UA) levels in sweat. Mxenes doped with the metalloid, Boron,
provides a noble-metal-free electrocatalysts for the design of the enzyme-free wearable sensors for UA in human sweat. The B atoms
strengthen the UA molecule adsorption and enhance electron transfer from the UA molecule to the B-doped Mxene sheet. This
approach holds promise for development of other enzyme-free electrocatalysts with dependable and steady performance for wearable
electronics. Such research for biomedical monitoring of human health holds open numerous avenues for MXene development and its
related composites for wearable devices and Internet of Things (IoT) applications.

5.2. Batteries and supercapacitors

Lithium batteries are currently the most important power sources for mobile devices today, including small electronic devices or
larger electric vehicles, because of their superior energy storage capacity, prolonged cycling life expectancy, and more environ-
mentally benign compared to other substitutes. Doped MXenes will offer high competition with former 2D materials owing to wider
tuneable structural and chemical properties. One of the massive advantages of doping MXene with other elements is the creation of a
diversity of tuneable surfaces as well as the bulk chemistry of MXenes to afford valuable and distinctive properties, which can prove
useful across many of the components of energy storage devices. Judiciously doped MXenes can offer diverse functions in batteries and
supercapacitors, including double-layer and redox-type ion storage, ion transfer regulation, steric hindrance, ion redistribution,
electrocatalysts, electrodeposition substrates and so on. The accommodation of variable-sized ions between 2D layers of M, 1X,,Tx also
makes MXenes suitable to use beyond lithium-ion batteries (LiBs) as well as LiBs, where the electrode materials are limited.

5.3. Doped MXene can be superconductor!!

MXenes — M being a transition metal element and X either carbon or nitrogen — exhibit very versatile electronic properties,
stemming from the interplay of charge, orbital and spin degrees of freedom. Spin orbit coupling can lead to significant changes in the
band structures of MXenes, especially if the transition metal element has a high atomic number, as shown in this article.

Mxene when doped with elements like Sc, Ti, V,Cr, Zr, Nb, Mo, Hf, Ta, W, will offer six types of superconducting MXenes: three
carbides (Mo2C, W>C and ScC) and three nitrides (MoaN, W2N and TayN. One of the key aspects of WoN is the possibility to present a
novel case of competing superconducting and charge density wave phases. Recently, in our search, we identified other interesting
quantum states that coexist or compete with superconductivity — such as magnetism in Cr,C — resulting from the rich interplay between
charge, orbital, spin, and structural degrees of freedom in MXenes. If any type of MXene will be proven to be a room temperature
superconductor upon doping, such a discovery may revolutionise across a wide band of technological areas from telecommunications
to medical diagnostics.
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