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A B S T R A C T   

MXenes are currently a research hotspot in the field of 2D materials, hinting to revolutionize material tech
nology. Their layered architecture allows for molecular intercalation, defect engineering, and surface band gap 
functionalization, with applications as diverse as energy storage and drinking water desalination. Its structural 
and functional integrity has prompted the scientific community to investigate novel compositions in an effort to 
leverage electrochemical activity, mechanical robustness, flexibility and environmental stability. However, the 
current synthesis routes present a bottleneck in proposing MXenes as a sustainable material for the future. 
Therefore, by expanding the reach of synthetic chemistry towards efficient strategies for green production, we 
present the first comprehensive introspection of the use of green solvents and their impact on material properties 
during MXene synthesis. This review is an attempt to quantify the intriguing characteristics of MXene nano
composites by embracing design tools like the ‘iceberg model’. To further evaluate the performance of MXenes 
fabricated using green strategies (such as eutectic etching) we have made an attempt to critically compare them 
with conventional MXenes by examining surface characteristics, electrochemical analysis, charge transfer 
mechanisms etc. Conclusively, we aim to instigate concern about the environmental impact of MXene synthesis 
and instil a multidisciplinary approach to tailor environmentally benign, scalable and efficient MXene derivatives 
for commercial energy applications. The review provides an immersive account linking UN sustainable devel
opment goals with the industrial outlook of green MXenes, it highlights their impact on climate change, potential 
to build technically advanced economies, low cost production and range of applications.   

1. Introduction 

To envision a sustainable energy future, we need to explore new 
energy harvesting materials and derive systems that carry efficient 
production and storage. The sudden plunge in energy economy is a 
resulting shockwave of the intractable use of non-renewable fuels to 
address energy requisites. Last two decades have been witness to the 
performance of versatile two dimensional (2D) materials and their 
gradual adoption in the energy sector owing to their excellent conduc
tivity, high capacitance and molecular architecture [1–3]. However, the 
primary concern with artificial energy harvesters is their inability to 
control energy dissipation in the form of thermal energy, followed by 
cyclic instability and industry scale production [4–8]. Despite this, their 

ordered orientation, refined architectures and the complete trans
formation in molecular dynamics has motivated researchers to fine-tune 
existing material properties and search for new materials that offer 
higher stability and scalable performance [9]. This motive steered Yury 
Gogotsi et al. to develop a class of sub-nanometer, layered 2D framework 
of transition metal carbides and nitrides at the beginning of the last 
decade [10]. This new family of 2D materials known as MXenes are 
derived from selective etching of their precursor MAX phase, realizing 
unique characteristics as a result of quantum confined electrons [11]. 
Despite being in their infancy, MXenes have gained explosive attention 
among researchers of almost all genres, namely microelectronics [12], 
tribology [13], battery electrodes [14], conductive inks [15], biomedi
cine [16,17] and solar thermal desalination [18,19]. Often regarded as 
‘wonder materials’ MXenes are flexible, miniaturized, optically 
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transparent layered structures with the chemical formula Mn+1XnT2 
where M denotes early transition metals, X is a carbon and/or nitrogen, 
and T is a surface termination functional group [20–23]. Numerous 
experimentally realizable combinations of M-X, with n and T are 
employed to build self-assembling hybrids with versatile chemical 
compositions [24,25]. The ingenious design of MXene structure accords 
them with a unique intersection of features that are being explored for 
multifarious energy applications. For instance, studies comparing 
pseudocapacitive behaviour of various MXene based cathodes like Nb2C, 
Ti3C2 and Ti2C in potassium ion capacitors reveal enhanced structural, 
cyclic stability, low cost and high energy density [26] (see Tables 1 and 
2). 

To add to the bargain, the range of already explored manufacturing 
strategies of MXenes like spray coating [27–29], drop casting [30–32], 
vacuum filtration [33–35], patterned coating [36,37], screen printing 
[38,39], 3D printing [40,41], elecrospinning [42,43] etc. make them 
highly suited for industrial scale manufacturing [44]. During the last 
decade, scientists have understood the emerging constraints with MXene 
use like aging, toxicity associated with surface chemistry, secondary 
contamination resulting from degradation in water that need to be 
considered while substituting MXenes for environment remediation 
applications [45] other major roadblocks are.  

• Rapid oxidation [46].  
• Structural degradation (brittleness) [47].  
• Loss of conductivity with time [48]. 

Many studies propose chemical routes to halt oxidation by storing 
MXenes in inert gas-filled chambers at low temperatures, or redispersing 
dried MXenes in solvents [49,50]. Despite these, complaints of property 
degradation over a period of 15 days persist, rendering poor surface 
conductivity and mechanical strength of the free-standing MXene device 
[51]. Through this article we address the above-mentioned challenges 
by reviewing their fundamental causes and propose structural engi
neering methodologies to overcome the barriers. 

Secondly, the state-of-art synthetic approaches suffer from severe 
human and environmental safety challenges by employing hydrofluoric 
acid (HF) etching. This makes synthesis complex, entails high purifica
tion costs and compromises long term stability, properties [52]. With 
rigorous work detailing MXene synthesis, there exists an extensive gap 
between realizing highly efficient MXenes which can be commercialized 
using safer, milder, environment friendly fabrication tactics [53]. 
Therefore, we extend our concern regarding the use of toxic precursors 
for the synthesis of MAX phases and subsequent MXenes. This hindrance 
stems from the indifference towards the use of strong acid solutions for 
chemical exfoliation of the A layer of the MAX phase [54]. Moreover, 
after the fabrication process, the removal and disposal of the 
by-products pose further environmental risks [55]. To bridge this gap, 
we have comprehensively compiled the recent developments in green 

strategies for MXene fabrication and propose potential substitutes of 
conventional procedures. In the fourth section, we discuss MXenes po
tential to revolutionize the field of renewable energy by differentiating 
energy intensive applications of MXenes procured through green syn
thesis techniques and those fabricated using conventional methods. At 
the crossroads of choosing renewable energy to avoid long term conse
quences of fossil fuel combustion, Metal organic frameworks [56] 
(highly adjustable bandgap, environmental stability), biochar compos
ites [57] (high adsorption capacity, green) and MXenes have emerged as 
a potential solution by encouraging electro-photocatalysis [58]. Assist
ing the conversion of greenhouse gases into useful green fuel, these not 
only open new doors for novel applications but promote renewable 
energy push despite being a synthetic material. 

Finally, we visualize the scope of MXenes in energy applications 
through employing a design research tool called “Iceberg modelling”. This 
model can help to correlate the immediate developments in MXene in
dustry with deeper levels of reasoning and abstraction that are not 
directly evident (Fig. 1). It is a systematic thinking tool intended to assist 
in identifying patterns, information and concepts revolving around the 
subject and identifies how different segments of a system impact and 
interact with one another. The entire model is divided in four parts: 1. 
Events-describing the current scenario; 2. Patterns-describing the 
occurrence of a particular trend; 3. Structure-stating what are the un
derlying principles associated with the pattern; 4. Mental model- 
narrating what features and fabrication characteristics might allow for 
further fine tuning the properties in a desirable manner. Also, it allows 
us to shift our perspective beyond the available techniques, and achieve 
better outcomes by integrating multiple technologies. 

The last two years witnessed a surge of literature reviews on MXenes, 
covering fundamental topics like anion [60] and cation intercalation 
[61], dispersion based analysis, or application specific reports on MXene 
as actuators [62], EM absorbers [63] etc. Moving this discussion towards 
a more pressing issue, this review emphasizes the alarming need for 
greener synthesis methods. While recent reviews covering fabrication 
and modification techniques of metal organic framework nanocrystals 
[64] and biochar composites [65] mark as encyclopedia for future de
velopments in their field, similarly this study aims to produce a detailed 
account of methods that can be adopted for a sustainable MXene in
dustry. We have comprehensively compiled the recent developments in 
green strategies for MXene fabrication and propose potential substitutes 
of conventional procedures. Herein, we also attempt to determine the 
effects of spatial distribution of MXene moieties, functional groups and 
atomic defects on its electrical and mechanical characteristics. Novelty 
of the work lies in the selected approach of creating engineering design 
model to conceptualize industry scale energy applications. This work 
evaluates the mechanisms involved with intercalation, charge transfer 
and storage, surface catalysis, sensing etc. and compares them with the 
performance parameters of HF-etched materials. These procedures can 
change the trajectory of MXene development as they influence the 

Abbreviations 

AI Artificial Intelligence 
CNT Carbon nanotube 
CV Cyclic Voltammetry 
CVD Chemical vapour deposition 
DFT Density functional theory 
EE Electrochemical etching 
EM Electromagnetic 
EMI SE Electromagnetic interference shielding effectiveness 
HER Hydrogen evolution reaction 
HF Hydrofluoric acid 
IL Ionic liquid 

ML Machine Learning 
PANI Poly aniline 
PC Porous Carbon 
PCE Power conversion efficiency 
PDA-PEI Polydopamine-polyethyleneimine 
PEG Polyethylene glycol 
PVDF –TrFE Polyvinylidene fluoride-trifluoroethylene 
PVP Polyvinylpyrrolidone 
PT Photothermal 
PW Parrafin wax 
SEM Scanning electron microscope 
XPS X-ray Photoelectron spectroscopy 
XRD X-ray Diffraction  
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industry standards, costs and applications. While emissions, recycla
bility and cost of non-green MXenes have been discussed in a review that 
highlights the applications in air purification [66], we structure our 
discussion by comparing the industrial impact of green MXenes under 
sustainable development goals, climate change and targets considering 
energy. 

The review translates into the first detailed account of recent ad
vances in green-MXene technology. The state-of-the-art literature en
visages the potential of MXene in real-time commercial applications by 
initiating a consequential discussion of approaching MXene research 
through divergent perspectives. 

2. Structural fundamentals of MXene and its derivatives 

MXenes are thought to be conductive, its metal or semi-conductor- 
like behaviour depends on electrical conductivity, size of the resulting 
MXene ensemble, defects as well as the surface terminating groups [67]. 
In this view, due to inter-flake effects (increase or decrease inter-flake 
spacing and electrical resistance), intercalation might bring an alter
ation in the electronic properties. This effect was reported to increase 
spacing between the flakes as well as electrical resistance when H2O and 
organic ions were intercalated into Mo2TiC2Tx [68]. It was seen that 
MXenes intercalated with a nitrile group exhibit semiconductor-like 
behaviour whereas presence of H2O in Ti3C2Tx MXene showcases the 
inherent metallic properties [69]. Here, the type of functional group 
needs to be investigated in order to gain an understanding on the exact 
changes being introduced within the material. Using the difference in 
electrical conductivity to advantage, researchers have explored semi
conductor like titanium carbide MXenes for constructing heterojunction 
composite when paired with other semiconductor materials [70]. 
Nemani et al. experimented with double transition metal MXenes by 
successfully synthesizing MAX precursors (reactive sintering) and 
layered M3C2Tx and M4C3Tx (chemical etching) (depicted in Fig. 2) [71]. 
The accordion like morphology, high entropy and single-phase structure 
are a result of controlled transition from multiphase MAX to single 
phase-MXene. The entropic contribution of M4C3Tx (− 0.2238 eV/f. u.) is 
higher than M3C2Tx (0.1773 eV/f. u. at 1600ᵒC) making it more stable 
for synthesis. Many theoretical studies revolving around MXenes and its 
derivatives have highlighted that the control of surface termination 
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 Table 2 

Comparing the pros and cons of suggested green methods.  

Green-MXene 
synthesis 
technique 

Advantages Efficiency or 
Yield 

Challenges 

Electrochemical 
etching 

In-situ, zero toxic 
chemical waste, easy 
tunability of MXene 
property 

Etching time 
reduced to 
under 5 h 

Dependency on 
HER efficiency, 
electrode- 
electrolyte 
chemistry, 
scalability 

Electrospinning Homogeneous 
properties, flexible 
films, high surface 
functionalization, 
industrial adaptability 

7–8 h for 
spinning 

Bead formation, 
coagulation and 
needle block 

Microwave 
synthesis 

Green, energy 
conservation, highly 
effective, reduced time 

2 h 
processing, 
30 min 
exposure 

Lack of visible 
results, 
determination of 
exposure time 

Ionic liquid and 
DES as solvents 

Environment friendly, 
easy defect 
engineering, reduced 
oxidation of MXenes 

50–60% 
exfoliation 
within 4 h 

Costly precursors 

Surface acoustic 
waves 

Ecofriendly, extremely 
low cost, minimum 
waste management, 
limited equipment 

12% yield – 
40 min time 

Yield is low, other 
MAX phases and 
non MAX phases 
need to be 
evaluated.  
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Fig. 1. Design-research perspective of scientific progress: 10 years of MXenes, assumptions (mental models), structure (underlying principles), patterns (trends) and 
visible events are presented in the form of iceberg model to explain the shift to MXene-based energy intensive systems. Adopted using data depicted in Ref. [10, 
11,59]. 

Fig. 2. (A) Schematic depicting fabrication of MAX phase and high entropy MXenes, the different stages show sintering of elemental particles in a tube furnace, MAX 
phase composed of 4 transition metal elements, multilayer high entropy MXenes formed via delamination using organic intercalants. (B) XRD peaks for Ti3AlC2 and 
freestanding Ti3C2 showing decrease in interlayer spacing (14.7–11.9 Å) that confirms the removal of intercalated water layer. Reprinted with permission from 
Ref. [74] Copyright 2021,ACS. (C) XRD pattern showing changes from MAX precursor to exfoliated MXenes. Inset highlights the shift of (002) peak from MAX to 
MXene. Reprinted with permission from Ref. [71] Copyright 2021, ACS. 
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groups, transition temperatures, entropy and metastable phases [72] are 
vital while synthesizing MXenes [73]. It has been observed that density 
of states (DOS) at fermi level decreases with surface functionalization 
signifying a low charge carrier density. 

Material properties like crystal structure, twisting angle, stacking 
phases, and compositional distribution directly influence electrical and 
magnetic markers of layered materials [75,76]. A depiction of the 
MXene structure, showing a porous sponge like morphology with innate 
shielding properties and self-healing behaviour can be seen in Fig. 3. 
Herein, Ma et al. [77] built a 3-D porous skeleton of self-healing poly
urethane to which they spin coated Ti3C2 MXenes. 

To obtain vertical alignment of carbon (for lower error threshold), 
liquid nitrogen has proven to initiate formation of cylindrical crystals 
along the temperature gradient in turn forming an 82% porous, well- 
aligned layered structure with a density of 0.0006 g/cm3. Kia Yang 
et al. [78] explored the use of MXene-based films as a spacer. Herein, 
carbon nano-tubes (CNT) were used for constructing a highly conductive 
structure, closely anchoring porous carbon onto the MXene flakes. This 
increased the contact area between MXene and Porous carbon (PC), 
facilitating faster electron transportation.. XRD patterns for etched 
complexes exhibit characteristic peaks at 002 and 006 implying the 
formation of Ti3C2 and removal of Al atoms via etching. The existence of 
abundant polar groups was confirmed by X-ray photoelectron spec
troscopy (XPS) analysis. These negatively charged groups cause repul
sion between the flakes in the solution, creating a stable colloidal 
suspension. The film is highly flexible because of the close fitted anchor 
of porous carbon onto MXene flakes facilitated by the interwoven CNTs 
which prevent PC to separate out on bending the film. 

2.1. Defect engineering of MXene 

The artificially constructed microscopic structure of MXenes allows a 
wide range of optimization through the incorporation of anchoring sites 
or defects. Literature shows that the unwanted oxidation of MXenes 
occurs at the defect sites where carbon is oxidised by the influx of an 
internal electric field generated by out-of-plane electron movement 
[79]. This is followed by nucleation of C atom, while the nucleated site 
attracts intercalation of foreign elements, which results in formation of 
new and homogenized nucleation sites and reduced reaction time. In a 
closer study on enhanced visible-light driven photodegradation, N 
Doped-Carbon supported by Ti was derived from Ti3C2 MXene layer 
[80]. The study explored the drawback of MXene oxidation property 
into a yielding synthetic approach by manipulating defect chemistry. 
The complex presented a porous, 2D structure exhibiting rapid electron 
transport and high stability. The stability of the Ti3C2 colloidal sus
pension is attributed to the hydrophilic and electrostatic repulsion of the 
adjacent layers. Upon addition of nitrogen containing cationic com
pounds, self-assembly is induced suggesting a reduction in stacking of 
u-MXene featuring a wrinkled architecture. 

After comparing the existing data with the other reported literature, 
it was speculated that the HF etching method is more robust and harsher 

than the LiF/HCl etching and the resulting nanosheets, exhibit large size 
surface defects. Wang et al. [81] fashioned highly conductive MXene 
films for moisture driven gradient actuators where the moisture content 
and deformations in MXene film were correlated with its in-situ prepa
ration. The existence of oxygen-containing functional groups at the 
terminal site of Ti3C2Tx contributed to enhanced hydrophilicity, and 
presence of –OH ions facilitates hydrogen bonding [82]. Additionally, 
morphological analysis revealed large size, clean surface and uniform Ti 
distribution on the MXene flakes with size of about 1.3 nm. This 
morphology analysis conveys that the fabrication of dense core shell 
assembly with large molecules occurs due to edge capping of functional 
groups that assists in maintaining a dense molecular structure. 

Ma et al. [83] exploited the crosslinked structure of MXene, 
demonstrating spontaneous microwave absorption by selectively 
increasing the temperature at the edges of complex granules, for fast 
exfoliation and electron bonding. Due to the rapid rise in temperature it 
was possible to achieve uniform single/few layer assembly with a very 
small size (2.5 nm in thickness). The ensemble comprised of crosslinked 
PDA- PEI shell with amino and carboxyl groups yielding hydrophilic, 
positively charged MXene with interaction between its polar groups and 
H- bonds. The SEM analysis exhibited a smooth MXene surface relative 
to the general trend in increased roughness after PDA-PEI coating. EDS 
studies revealed that oxygen and nitrogen were scattered with unifor
mity on the surface suggesting a scatter free EM pathway. Li et al. 
devised an adaptable infrared shielding MXene film with an average 
emissivity of 0.057 for a broad band ranging from 2.5 to 25 μm [84], the 
shielding behaviour was reflection governed, however recently V2CTx 
and V4C3Tx MXenes showing absorption driven EMI shielding (90% 
efficiency) have also been reported [85]. 

Fanjie Xia et al. argued that the weak bonds in-between the func
tionalized metal carbide flakes facilitate an easy exfoliation resulting in 
thin MXene flakes [86–88]. An interesting feature of this static behav
iour is that the functionalized groups not only shield MXenes from 
oxidation by isolating Ti atoms from oxygen but also blocks ion trans
port through the surface. Taking into consideration the trap state 
characteristics, a fresh perspective of oxidation mechanism is proposed. 
It has been established that Ti vacancy exists as an atomic level defect 
facilitating the flow of electrons out of plane, resulting in the formation 
of holes. This initiates creation of an internal electric field prompting 
carbon nucleation. Now C4− easily loses electrons at trap site, thus 
promoting oxidation. At this stage, the positive charge at Ti vacancy 
prompts nucleation of C0 resulting in amorphous carbon aggregation. 
With this analysis in hand, it is evident that MXene oxidation is governed 
by more than a few significant attributes including its exposure to ox
ygen, functional clusters on the surface and structural defects [89,90]. It 
is further argued that with control of oxidation kinetics, oxidation pro
gression could be of advantage when fabricating hybrid structures of 
C-nanotitania. This highlights the importance of defect-sites as nucle
ation initiators for oxidation. Overall understanding about oxidation 
phenomenon spurs a new avenue of MXenes in catalysis on the foun
dation of separation of electrons and holes. 

Fig. 3. The scanning electron microscope (SEM) images showing the microstructure of MXene/melamine sponge/polyurethane, showing micro cages for EMI 
shielding. Adapted with permission from Ref. [77]. Copyright 2021, Elsevier. 
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A study by Yin et al. [91] on multi-layered structure of MXene 
associated with PANI-CF fabric use XRD patterns and SEM analysis to 
understand surface morphology. It was seen that as-prepared MXene 
sheets possess terminations resulting in a negatively charged surface 
during the course of etching and delamination process. This enhances 
their interaction with polar materials without adverse effect on con
ductivity, indicating potential applications as EMI shielding textiles, 
flexible electronics and lightweight wearable devices. Upon adhering 
protonated PANI with MXene, an (EMI) shielded interface is formed via 
van der Waals forces and electrostatic adsorption. This facilitates 
continuous and uniform assembly of interconnecting fibers. The 
dielectric constant signifying the degree of polarization increases from 
5.9 to 7.6 with subsequent deposition. The layered assembly benefits 
from excellent electrical conductivity, high space charge, electronic as 
well as interface polarization. 

So far, we have established that with MAX phase etching, the A layers 
are removed and replaced by functional groups consequently reducing 
the binding ability among the metal carbide layer [92–94]. To define the 
performance niche of MXenes where conventional materials lack effi
ciency, the following table presents information about various MXene 
and their principle role for any specific application. 

Capitalization on MXenes is possible only when they can be inte
grated into 3D structures without the use of binders or additives, as by 
using these compounds high conductivity of MXenes is lost. Zhang et al. 
[102] endorsed this by referring to the Onsager theory where isotropic 
to nemantic liquid crystal transitions can occur at critical concentrations 
of MXene flakes, where critical concentration is dependent on the flake 
size. The authors relate Onsager theory with an increase in rotational 
entropy of nematic liquid crystals, which facilitates long range ordering 
of MXene. Using MXene flakes of 10 μm length and 1.6 nm thickness, 
this effect was quantified by observing changes in bifringence of Ti3C2 
inks under polarised optical microscopy, exhibiting monocrystalline 
structures. On inspecting rheological results, elastic modulus appears to 
dominate viscous modulus making the ink viscoelastic. These inks can 
be spun to form fibers, with the highest conductivity achieved using this 
method was 7748 S/cm, as compared other reported fibers which used 
binders only achieving <100 S/cm. 

2.2. Examining MXene structural fundamentals with artificial intelligence 

Recently with the evolution in machine learning (ML) approaches, 
many have explored the area of AI-driven processes for understanding 
and predicting new materials and their properties [103]. In this domain, 
first principle calculations based on evaluating the energies by means of 
Schrodinger equation are often used to analyse structure and other 
properties. An attempt by Mu He et al. provides insight into employing 
ML to evaluate the stability of MXenes with a limited data set [104]. ML 
approaches associated with materials are mostly data driven where the 
model is learnt and later established by system. A crucial part of this 
approach involves selecting effective descriptors that represent chemical 
information about the material in from of machine interpretable data. 
On the basis of these descriptors, models established in ML process un
derstand and thereafter predict properties of a material. 

Initially, a structured material dataset is prepared followed by 
feature engineering that evaluates the Pearson coefficient between each 
characteristic trait. This step is crucial for selecting significant features 
as inputs and later correlatesinput and output values. The output data is 
marked as stable or unstable which states stability of MXene. During the 
study, twenty-five raw attributes with the elemental composition of 
MXene structure were described. These values were selected as they 
serve as vital parameters for inorganic materials as per literature. 
Symbolic regression techniques which analyse models and data sets for 
compatibility are employed to form new descriptors which are then 
compared with selected parameters of stability values [105]. The study 
highlights an interesting fact that a limited data set can also function 
effectively when dealing with ML approaches saving both computation 

power and time which would otherwise be needed to process a large 
dataset. 

3. Progress in green synthesis strategies for MXenes 

3.1. Challenges of conventional MXene synthesis techniques 

To facilitate for the thriving MXene industry, scientists have 
continuously explored novel strategies of MXene synthesis. In this sec
tion, we look at the 10-year journey of developing MXenes from MAX 
phases using various chemical etchants and understand the effect of 
variables like pH, temperature etc. e Earliest trials report the use of 
concentrated hydrofluoric acid (HF), catalysing the reaction between 
Ti2AlC and TiC (in an argon environment at 1350ᵒC for 2 h) to obtain 
multi-layered Ti3C2 [106]. However, environmental analysis of HF 
suggests that it is a systemic toxin, which can lead to penetrating burns 
or tissue damage in humans apart from being lethal to aquatic life 
(algae, microbes etc.) [107]. Realizing the need to minimize the use of 
HF acid, mild etchants like difluoride salts of ammonium, potassium and 
sodium (NH4HF2, KHF2, NaHF2) were used, but the major drawback 
here was the 8–12 h long exfoliation time [93,108–110]. hydrothermal 
synthesis was also carried using NH4F (150ᵒ for 24 h), and NaOH (80ᵒC 
for 2 h in presence of H2SO4), but, the method proved futile when it 
came to etching of Al molecules from the bulk. Interestingly, the use of 
NaOH introduced an era of fluoride-free MXenes [111]. In this pursuit, a 
combination of HCl with Lithium fluoride (LiF) emerged as a promising 
alternative as it not only reduced the reaction temperature to 35ᵒC but 
the time dropped from 100 h to under 24 h [53,112]. The challenge with 
employing HCl and LiF etching remains in the addition of fluorine and 
chlorine terminations on MXene surface, rendering low specific capac
itance, charge storage capacity and the contamination of underground 
water. This analysis directs us to the demand for MXene synthesis 
techniques that have a greener impact on the natural ecosystem. Under 
the term greener, the following strategies can be included; degradation 
of toxic by-products (through photo and electrocatalysis), minimising 
the energy consumption of the system (example; microwave heating) 
and finally the inclusion of green solvents (like water, polyethylene). 

3.2. Processing techniques for green synthesis 

The following section evaluates the available processing techniques 
that support the growth of MXene and MXene composites through green 
methods and builds upon constructive assimilation of the benefits and 
challenges associated with each approach. 

Given that the chemical etching of Ti3AlC2 is fundamentally an 
electrochemical phenomenon where electron transfer takes place from 
Al to other species, electro-chemical etching could open new avenues for 
milder and greener synthesis of MXenes. One such selective etching 
method proposed by Sun et al. uses a unique lithiation expansion- 
microexplosion mechanism for fluoride free etching of Ti3AlC2 anode 
using a mild electrolyte from Li-ion batteries [113]. Lithiation expansion 
can be explained by the intercalation of Li ions within MXene interlayers 
and the simultaneous increase in interlayer spacing on applying a gal
vanostatic discharge of 0.1 mA. The subsequent ultrasonic treatment of 
the sample in distilled water leads to a microexplosion reaction in LixAly 
alloy that results in the formation of black Ti3C2Tx nanoflakes (3 nm in 
thickness) and evolution of H2 gas. The delicate balance between 
etching conditions like solvent ratios, pH and applied voltage was 
explored by Chen et al. [114]where experiment had a primary goal of 
replacing hypertoxic HF and other fluorine based solvents with a binary 
mixture of LiOH and LiCl. This electrochemical setup consists of two 
Ti3AlC2 symmetric electrodes exposed to 5.5 V of constant bias for 5 h. 
The etching mechanism is attributed to the strong affinity of OH− and 
Cl− ions to Al layers. Similar to the previous study, introduction of Li 
based electrolytes promotes lithiation and expansion, facilitating 
delamination of MXene nanosheets. However, this etching setup is 
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dependent on oxygen evolution reaction as higher amounts of OH− ions 
are consumed compared to H+ ions. It is also reported that the electro
lyte pH drops from 11.88 to 10.74 in 5 h of etching supported by the 
decrease in ionic concentration of Li+ and Cl− from 1.783 M to 1.721 M 
and 1.002 M–0.963 M respectively. The applied voltage in electro
chemical etching method can be adjusted to achieve optimal MXene 
yield, it also affects the morphology of MXene yield making it accordion 
like (~3 V), layered flakes (~4 V) or amorphous (>7 V) [115]. Similarly, 
the ratio of chemicals in the solution affects the efficiency of etching, 
excess of etchants can lead to over-etching forming excess Carbon res
idue [116]. An entirely in-situ protocol was employed by Li et al. where 
the electrolyte {LiTFSI + Zn(OTf)2} behaved as an etchant for the MAX 
phase V2AlC (cathode) in a closed coin cell [117]. The resulting 2D 
V2CTx flakes retained lamellar morphology, after V–Al bonds of the 
precursor break due to F− 1 ions of the electrolyte (OTF− 1). Stage two of 
MXene oxidation forms V2O5 particles to which carbon layers inter
connect, contributing as a superior matrix benefiting net conductivity. 
Studies have also reported the use of green electrolytes like meth
anesulfonic acid/polyvinyl acetate to improve the electrochemical per
formance of MXene. Liu et al. designed a multistep freeze-thawing 
process to attain a crosslinked network of PVA in the hydrogel [118]. 
This 0.5 mm thick electrolyte offers high ionic conductivity = 0.2 S/cm 
due to reduced stacking of MXenes, increased electrolyte accessibility 
and freezing point as low as − 30ᵒC. Another research reports the use of 
potassium fulvic acid as an intercalator for exfoliation of MXenes, as it 
enhances the surface potential (abundant –OH molecules), electrostatic 
repulsion between Ti3C2Tx layers and prolongs the migration path 
[119]. To study MXenes in neutral aqueous electrolyte Wang et al. 
suggest the intercalation of Ti3C2Tx with dipicolinic acid, achieving very 
high specific capacitance (353 F g− 1) and a 100% cyclic stability for 10, 
000 cycles due to adsorption of counter ions by KCl electrolyte and 
subsequent interlayer hydration of dipicolinic acid [120]. The system 
promotes electric double layer capacitance and high Faraday capaci
tance. Phase purity and crystallinity of MXene is estimated by tools like 
XRD, XPS, SEM, EDS etc. Li et al. identified that phase transition from 
V2CTx to V5O2 starts at grain boundaries where the valence state of V2+

increases to V5+. Microwave exfoliation carried achieves 100% effi
ciency within 2 h with a lower shift of (002) peak (9.7◦–6.2◦) with Ti wt 
% of 55.19%, reports establish that addition of PFA improves exfoliation 
efficiency by over 60%. 

The cases discussed above use Ti3AlC2 precursors for MXene syn
thesis, but many other MAX phases like Ti3SiC2, Ti2ZnC or even non- 
MAX phases can be explored for greener routes of MXene fabrication. 
In one such trial Youbing Li et al. altered the chemistry of Lewis acid 
CuCl2 molten salt and Ti3SiC2 MAX phase, to investigate etching through 
direct redox coupling at 750ᵒC [121]. During the reaction a volatile SiCl4 
compound is formed that behaves as an expansive agent to assist in 
delamination, while Cu2+ and Cl− are analogous to H+ and F− of HF 
etching system. The as synthesized MXene has a lamellar microstructure 
and comparable XRD peaks with HF-etched MXene. The reaction follows 
the following chemistry:  

Ti3SiC2 + 2 CuCl2 → Ti3C2 + SiCl4 + 2Cu                                               

Ti3C2 + CuCl2 → Ti3C2Cl2 +Cu                                                             

By contrast Thomas et al. tried synthesizing MXenes by exfoliating a 
non MAX phase Mo6In2 C7 (non- MAX phases are precursors with a 
structure of MCn [Al(A)mCm-1] where A can be Si or Ge, n = 2–4 and m =
3–4) using UV etching [122]. This selective etching technique using 
concentrated phosphoric acid to obtain Mo2CTx after 3–4 h of UV 
exposure caused lattice rearrangements and oxidation of Mo2+ species. 
This greener approach for MXene preparation is an upcoming trend in 
the 2-D material industry and efforts can be made to reduce surface 
impurities like O functional groups by tuning the etching period or 
chemical concentrations. Yet, there remains much room for optimizing 
and presenting a scalable, controllable and high purity fabrication 

method. In this pursuit, Jun Mei et al. [123] proposed a thermal 
reduction method for fabricating MXene from sulphur comprising MAX 
phases. Herein, a selective elimination of sulphur from Ti2SC MAX phase 
by thermal reduction followed by delamination into 2D MXene archi
tecture was done (Fig. 4). The sulphur layer which is weakly inter
mediated with metal ion and carbon layers can be etched leaving a weak 
stack like Ti2C MXene architecture. The complex records a maximum 
capacity of 200 mAh.g− 1 and then saturates at 70 mAh.g− 1 after 130 
discharge cycles. Raising the temperature above 900ᵒC lead to undesir
able surface etching and regeneration of Ti2SC as quantified by the sharp 
peaks in XRD profile of the sample. The work is a novel approach for 
green synthesis and is different from other conventional works in two 
aspects, firstly due to extraction of sulphur from MAX assembly and 
secondly because of an optimized thermal reduction. 

Wang et al. [98] performed electrospinning for different concentra
tions of MXene/PVDF compositions in order to determine the fiber 
morphology as well as properties for piezo sensing. Herein, the use of 
ionic liquid (IL) contributes to achieve a greener process while also 
reducing oxidation of MXene sheets. In an attempt to make intercalation 
processeco-friendly Yan et al. [124] employed an in situ approach for 
ionic electronic coupling, such that IL and HCl acted as in situ etching 
agents at 54ᵒC. Such type of ion electron coupling confines the 1-eth
yl-3-methyllimidazolium ions into MXene interlayers without addi
tional exterior counter ions, and activates surface F groups as well as 
sub-terminal Ti sites. A three-step synthesis involving the formation of 
Ti3C2Tx powder, IL integrated MXene flakes and HF-MXene flakes was 
reported. The study highlights that when ions are confined chemically, 
they facilitate more accessible electro-active sites, a fast electron and 
ionic transfer in comparison to physical pre-intercalation processes. This 
can be taken advantage of for applications like supercapacitors, elec
trochromic devices, batteries etc. The etching conditions studied for 
various types of MAX phases revealed that MAX & M2AX phases are 
relatively easy to etch since they have fewer valence electrons and 
require milder etching conditions. The energy bargain for Al extraction 
from multilayered MXenes with nitrogen functionalization is high due to 
the tightly bound A molecule. Etching processes like wet acid etching, 
selective etching [125], anodic etching [126], molten salt etching 
plasma etching etc [127]. fall under ex situ MXene etching synthesis 
methodology, these result in MXenes with unwanted functional groups. 
This problem can be addressed by employing in-situ etching, or Chem
ical vapour deposition bath, these processes also limit harmful 
chemicals. 

3.3. Using green solvents as reaction mediators 

Employing aqueous fluoride etchants for selective etching of MXene 
precursors involves hazardous risk of toxicity which limits in
vestigations [128]. To expand the application of MXenes in water sen
sitive systems and through an environmentally-sensitive mediator, Natu 
et al. [126] performed etching and delamination of Ti3AlC2 using 
organic and green propylene carbonate (PC). The resulting MXene 
structures showed successful intercalation of PC (electrolyte) solvent 
with an increase in d spacing by 4.5 Aᵒ, suggesting that this technique 
can be carried out in a glove box, in absence of water and shows a po
tential to be replicated with other MAX phases. Yin et al. [115] modified 
electrochemical synthesis of Ti3C2Tx by replacing toxic HCl electrolyte 
with room temperature [BMIM] [PF6] ionic liquid. The as-formed 
MXene exhibit increased surface defects due to the inherent fluorina
tion, thereby the material possesses higher number of active sites, 
allowing quick charge transfer. The process can be controlled by 
manipulating the anodic potential near to 5 V, in turn accelerating 
electron transfer for rapid etching & fluorination (Fig. 5). 

Research has shown that MXenes become chemically unstable and 
are prone to oxidation in the presence of moisture such as in ambient air, 
which enormously hinders their potential applications. Ascribed to this 
view point, Wan et al. [128] demonstrated a robust method to safeguard 
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the 2D layered structure of MXenes from degradation and improve 
mechanical strength and chemical stability in aqueous media. The study 
highlights the fact that a higher degree of oxidation and resistivity re
sults in a weaker interface in-between Ti3C2Tx sheets and substrates 
subsequently depleting mechanical strength. It has been reported that 
rate of oxidation depends on MXene lateral size and a reduction in 
lateral size speeds up degradation which can be mitigated by employing 
organic solvents [130,131]. 

Evaluating the photothermal aspect of Ti3C2Tx, Cheng et al. [132] 
explored its applicability as an ink complex with ionic liquid. 1 g Ti3AlC2 
was added slowly to evade overheating the solution and then the 
mixture was kept for some time to fully remove elemental Al followed by 
washing, centrifugation and finally freeze drying at − 60 ◦C. It was also 
argued that due to the presence of PEI, polar groups got secluded at the 
interface of Ti3C2Tx retaining stable performance of PEI based chip. PEI 
is added so as to impart a positive charge to polymer and neutralize the 
negative charge of Ti3C2Tx, thus avoiding aggregation on addition of IL. 
SEM, TEM analysis revealed an enhanced rough structure facilitating a 
diminishing reflection of incident light promotes photothermal con
version. This semi metallic property was seen to induce local surface 
plasmon resonance amongst Ti3C2Tx and incident light resonant wave
length, which suggests that the final product is highly stable and 
efficient. 

A study by Hongran Zhao et al. [133] revolved around tailoring a 
reliable strategy for preparing air-stable and oxidation-resistant Ti3C2Tx 
MXene sheets via non-covalent functionalization of ILand MXene sheets. 
MXene were prepared combining Ti3AlC2, HCl (30 mL of 9 M) and LiF (3 
g) then treating the obtained assembly with 0.5 M IL aqueous solution. 
The resulting assembly was non-volatile and had enhanced solubility 
with environmentally-friendly properties as the fluoride percentage in 
MXenes is lowered. An interesting aspect of the reaction kinetics is that 
IL acts both as a stabilizer and an intercalant, accelerating MXene phase 
exfoliation. Further analysis revealed excellent compatibility of the 
hybrid with water and confirmed that IL plays a crucial role not only in 
promoting exfoliation of MXene sheets but also in increasing its 
dispersion in water. Zeta potential analysis provides insights regarding 
the dispersion of nanosheets and it was seen that value of unmodified 
MXene nanosheets decreased drastically with time but in case of IL 
hybrid, it remained stable. It has been previously reported that MXene 
sheets are prone to oxidation impeding their longevity. In this pursuit, 
the study by Hanqing Lin et al. [134] where kinetics involving deep 
eutectic solvent (DES) was explored for greener synthesis. Both eutectic 
solvents and DES can be considered as environmentally benign reaction 
media, because of the easy tailorability, biodegradability and low cost. 

Firstly, a liquid membrane anchored by Ti3C2Tx laminate aided by 
ChCl-EG DES over the nanoslit in between MXene layers [135]. The 
presence of adequate functional groups at the interface of MXene results 
in strong hydrogen bonding with DES ensuring affinity in MXene 
framework and overall stability. Hydrogen bonding can be attributed to 
impairing of cation anion bond resulting from changes in hydrogen bond 
network. Further, carbon dioxide mixed with either nitrogen, hydrogen 
or methane was used to explore the carbon dioxide selectivity mecha
nism and its potential as a separation system for CO2. 

Another interesting study was reported by Jeonghui et al. high
lighting the significance of DES in the reaction kinetics for fashioning 
more stable and cleaner MXenes [136]. Here, DES was used as an inert 
anti-oxidant dispersion medium to limit MXene hydration in water and 
hence adds long term chemical stability. This averts dissemination of 
oxygen which would have otherwise caused oxidation of MXene. It was 
also argued that DES in polarized form could act as a viable intercalant 
for delamination of MXene. Because of the presence of H bond accepting 
and donating molecules in DES having robust interface with MXene 
surface, it acts as an excellent antioxidant. On comparing the oxidation 
effect on DES and organic solvent by adding 10 wt% DI water in each 
case, it was concluded that DES infused MXenes were able to uphold 
their oxidative stability whereas MXene dispersed in organic solvent 
exhibited oxidation under similar conditions. 

Wu et at [137]. also explored DES as greener materials for MAX 
phase treatment, using an oxalic acid & choline chloride precursor is 
relatively less dangerous and exhibits good solubility when treated with 
MXene. The DES -MAX environment promotes in situ production of 
etching agents and the intercalation of choline cations. Increases in 
interlayer d-spacing improves lithiation kinetics of the overall material. 
Furthermore, life cycle assessment of DES reveals potential reusability 
and recyclability even on industrial scale. It has been proven to be a safe, 
low-cost preparation strategy for industrial/commercial grade MXene. A 
study conducted by Zhang et al. reports use of a eutectic mixture of 
NaCl/ZnCl2 to etch Ti3AlC at 550ᵒC for 5 h [138]. The obtained Ti3CCl2 
MXene showed mesoporous growth with a pore diameter ranging be
tween 3 and 4 nm (dependent on the concentration of NaCl – 60% mole 
fraction). Herein, a redox reaction occurs between ZnCl2 and Al pro
ducing AlCl3 (volatile) leaving structural defects like pores. These de
fects are reinforced as NaCl crystals preventing collapse of the structure. 
This method is superior compared to HF-MXenes because the high 
temperature treatment prevents generation of Ox terminations and en
sures complete CL functionalization. Moreover, the inherent one-step 
etching secures an ordered distribution of elements in the core with 
low electronegative shell made of Cl ions and strongly electronegative 

Fig. 4. SEM images showing the morphological evolution with temperature of Ti2SC MAX phase, suggesting that at an optimal temperature sheet like MXenes are 
fabricated. Reprinted with permission from Ref. [123]. Copyright 2020, Elsevier. 
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core that high density electron clouds. Ghazaly et al. introduce another 
single step methodology by exploring the world of surface acoustic 
waves to induce nonlinear electromechanical coupling for selective 
etching of MAX phases [74]. The localized Rayleigh waves (108 − 2) 
induce polarization and exciton transport in the layered material while 
evanescent electric field leads to production of free radicals that ulti
mately reduce pH thus facilitating dissociation of LiF (faster reaction 
kinetics) and depleting in-situ HF. To further understand the effect of 
green synthesis routes on surface charge properties of MXene compos
ites, zeta potential values were analysed (Fig. 6). MXenes generally 
exhibit very low values of zeta potential (negative values), however 
chemical etching leads to an increase in negative zeta potential 
(compared to pristine MXene). In contrast, inclusion of green techniques 
synergistically assists in lowering the zeta potential values below − 30 
mV. This can be attributed to the presence of flexible terminations, that 
minimize particle aggregation. These values also indicate superior de
grees of colloidal stability, due to strong electrostatic repulsion between 
charged particles. For example, if the potential values are negative 
MXenes flakes remain afloat at neutral pH, this is because the negative 

surface charge (termination groups) increases with increase in pH [139]. 
This trend indicates high electrostatic repulsion between MXene layers 
and can be further analysed to evaluate surface chemistry and adsorp
tion mechanisms. Ultrathin Ti3C2Tx are reported to follow the Donnan 
effect (rejection of negatively charged impurities is high) where for a 
wide range of pH (3–10) it exhibits a negative zeta potential whereas the 
HF– Ti3C2Tx exhibit positive surface charge at low pH [119]. Zeta po
tential can be further studied to understand time dependent surface 
charge transitions [136]. 

4. Comparing the performance of green fabrication mediated 
MXenes with conventional MXenes in industry 

Among 2D materials MXenes have emerged as a potential species 
when it comes to factors, like availability of environmentally benign 
synthesis and post-processing techniques. Now, let us see if these green- 
MXenes can be applied to solving real-world challenges in energy and 
energy-mediated fields. The properties like surface functionality, flex
ible terminations, high selectivity, mass manufacturability and low-cost 

Fig. 5. Studying the dependence of bias potential on etching degree and structure of MXenes using ionic liquid electrolyte to effectively produce greener Ti3C2Tx 
MXenes, redesigned from information given in Refs. [115,129]. 
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make MXenes and MXene composites suitable in various industrial 
sectors. These include anode materials, ion storage batteries, super
capacitors, electrochemical sensors, photocatalyst, separation mem
branes etc. Their performance has shown comparable results to other 2D 
material systems including graphene or CNTs. In this section, we high
light the applications of green-MXenes, discuss their performance pa
rameters (capacitance, surface area etc.) and further evaluate methods 
that show promising outcomes at the industrial scale. 

4.1. Solid state electronic applications 

Herein, we compile the examples of green-MXenes explored as an
odes, batteries or supercapacitors and compare the results of electro
chemical studies to identify various surficial and interfacial mechanisms 
governing the kinetics. Environment friendly techniques like UV assisted 
synthesis or Lewis acid treatment have become extremely popular in the 
past few years for MXene fabrication. These can be readily scaled up for 
industrial bulk production of MXenes from MAX as well as non-MAX 
precursors. Generally, the most concerning challenge with HF- etched 
MXenes in non-aqueous electrolytes is the sequential intercalation/ 
deintercalation of Li+ ions resulting in the need of a high operating 
potential at the cathode [140]. This large difference in the operating 
potential window was targeted by Li et al. in studying the CV charac
teristics of Ti3C2Tx fabricated using molten salt of CuCl2 [121]. The 
electrochemical signature reveals that during the cathodic scan Li+

intercalation occurs between MXene layers because of the change in 
oxidation state of Ti (0.4 electrons transferred per atom), whereas dur
ing anodic scan a mirror-like profile appears due to the loss of Li+. 
Moreover, a solid electrolyte interphase layer is also formed during 
reduction phase that blocks the co-intercalation of solvent molecules. 
Thus, molten salt- Ti3C2Tx operates within a potential window of 
0.2–2.2 V, revealing a pseudocapacitive charge storage mechanism with 

a discharge capacity of 205 mAh g− 1 at 0.5 mVs− 1. Also, the absence of 
surface OH groups, helps in decreasing the charge-transfer resistance to 
as low as 25 Ω cm2 indicating towards diffusion limited kinetics. 
Considering that exposure to electric field can make the etching process 
rapid and efficient Sun et al. further analysed the electrochemical per
formance of as prepared Ti3C2Tx samples [113]. The CV curves were 
similar to those obtained in conventional double layer capacitors, 
forming rectangular shapes with zero redox peaks. Electric field assisted 
lithiation and expansion results in the introduction of oxygen rich attack 
sites and ultrathin morphologies, both enhancing capacitance character. 
The sample records a specific capacitance of 338 Fg-1 at 0.5 Ag-1. 

Apart from electric field other parameters like ultrasonic treatment 
or thermal reduction have also been examined to etch MXenes [141]. 
Mei et al. investigated the potential of thermally reduced MXenes that 
possess high density distribution of Ti and C species along with some O 
terminations, for anode materials [123]. During the etching process few 
graphitic carbon layer by-products were also formed, facilitating in 
rapid charge transfer, faster ionic diffusion and lowered internal resis
tance. The CV investigations were carried under an operating potential 
window of 0–3 V, revealing successful intercalation of Li + ions within 
Ti3C MXene. The complex records a maximum capacity of 200 mAh.g− 1 

and then saturates at 70 mA h.g− 1 after 130 discharge cycles. This 
reduction in charge storage capacity can be attributed to the presence of 
unstable solid electrolyte interface on the surface of active MXene 
electrode. 

In a recent study Chen et al. fabricated high efficiency Ti3C2Tx flakes 
comprising of 2–3 layers of Ti3C2Tx of 3.9 nm thickness [114]. These 
show high stability compared to HF-MXenes that oxidize when dispersed 
in an aqueous medium for 15 days at 25ᵒC. The material was charac
terized using a Swagelok cell configuration in a 3 electrode setup, 
wherein Ti3C2Tx displayed a redox-type CV curve with a maximum 
specific capacitance of 286.2 F g− 1 at 5 mV s− 1. It supports fast charge 
transport kinetics as reflected by the shift in anodic and cathodic redox 
peak potential values from − 0.26 to 0.222 V and − 0.305 to-0.337 V 
respectively [142,143]. The electrode offers high areal and volumetric 
capacitances of 1.39 F cm− 2 and 1160 F/cm3 respectively, which is 
higher than HF etched MXene/reduced graphene oxide composite 
(0.049 F cm− 2 and 490 F cm− 2) [144]. Upon assembling the electro
chemical etching (EE) - Ti3C2Tx as cathode with Poly vinyl alcohol 
(PVA)/ZnSO4 in a flexible zinc-ion capacitor, the system shows linear 
galvanostatic charge/discharge curves suggesting a capacitive charge 
storage behaviour (Fig. 7). 

Moving forth, let us consider MXenes prepared using eutectic solu
tions for applications as battery anodes, Ti3C2Cl2 peaks show non- 
diffusion limited charge storage mechanism as quantified by its ability 
in accommodating high current cycling [ 59.4% at 1 mV s− 1 to 89.7% at 
10 mV s− 1]. The meso-porous structure not only assists in improving the 
reaction kinetics it also promotes high Li+ diffusivity due to the lowered 
diffusion barrier [138]. Besides, the rapid Li+ intercalation due to steric 
from Cl− terminations adds on in improving the electrochemical per
formance with a low activation energy of 0.2 eV Ti3C2Cl2 MXene is 
structurally stable for practical long term cycling as suggested by the 
89% retention capacity after 100 cycles. The reported method is supe
rior than HF synthesized MXenes [145] as the latter gives a Li-ion 
storage capacity of 146 mAhg− 1 compared to the 382 mAhg− 1. This 
improved capacitance can be attributed to low ion transport resistance, 
short diffusion paths and structural stability. Also, the auxiliary migra
tion channels through Cl atoms along with the hopping migration of Li 
ions on top of Ti and C atoms contribute in battery applications where 
high power charge-discharge cycles are needed. 

Hence, we can predict that there is a high industrial potential of 
MXenes developed using green synthesis strategies. The examples dis
cussed reveal comparable electrochemical performance, rather most of 
the green-MXenes allow fine-tuning of the involved kinetic mechanisms. 
The systems also show high cyclic stability and therefore can be used in 
real-time energy storage setups. The next-stage is to evaluate the 

Fig. 6. Comparing the zeta potential values of MAX phases, HF- MXenes and 
green MXenes suggests that post-processing increases the zeta potential value 
compared to pristine MXenes, and green-synthesis mediated MXenes have more 
negative zeta potential values than HF-MXenes. 
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reproducibility of the material and analyse the performance in extreme 
temperatures of the order − 40ᵒC where the aqueous electrolyte freezes 
affecting overall performance. 

4.2. Translational research and applications 

Swapping HF-MXenes with green solvent mediated MXenes solves 
the biggest problem associated with the toxicity of fluorine based ma
terials and harmful by-products. Throughout the review we have seen 
that much work has been channelled towards adopting green chemistry 
approaches for MXene fabrication. However, we know that there is a lot 
of scope in using nature derived methods for synthesis of environmen
tally benign materials. Following this suit Zada et al. made an attempt to 
obtain Vanadium carbide (V2C) MXenes from V2AlC through algal 
extraction method [146]. V2C is one of the least stable MXenes, prone to 
oxidation and low yield, therefore, an eco-friendly method with high 
yield ratio is proposed. During the reaction, organic acids of the algal 
mixture attack V–Al sites, driving the intercalation of bioactive mole
cules, further accelerating efficient cleavage and delamination. 

The calculated yield of the nanosheets was around 90%, with V2C 
exhibiting strong absorption band in the near infra-red window. More
over, cytotoxicity analysis proves that even at high concentrations (200 
μg mL− 1) algal extraction mediated nanosheets have negligible toxicity 
for MCF-7 cells. So, these biocompatible V2C MXenes are evaluated for 
applications in photothermal (PT) therapy and the efficiency is 
compared with that of other reported PT agents. The photothermal 
conversion efficiency of V2C MXene is about 48%, which is significantly 
higher than HF-produced Nb2C MXene (36.4%). After understanding the 

efficacy of this system in-vitro, in-vivo studies were conducted by 
treating cancer cells with V2C NS (10 mg/kg), and exposing them to 808 
nm laser for 10 min, the results demonstrated effective cell-death with 
complete ablation of tumor in 12 days. Thus algal extraction can be 
scaled up and employed to extract bulk-MXenes from different pre
cursors. The as obtained material can be directly used for biomedical 
applications because of its bio-derived, non toxic components. Excessive 
surface fluoride residues due to HF etching leads to its in-vivo release 
and cell-lysis, therefore we need fluoride free electrochemical etching 
routes. Song et al. successfully synthesized transparent, ultra-thin 
Nb2CTx with hexagonal microstructure using 3D electrode thermo 
assisted EE technique, during the reaction the Al in Nb–Al bond is 
replaced by lighter atoms resulting in abundant hydroxyl groups on the 
surface [147]. The material shows photoabsorption in NIR spectra as 
well as its anisotropic electron transport behaviour and a large surface 
area (35.3 m2 g− ) all of these properties are beneficial for efficient and 
rapid biosensing platform. A Nb2CTx/acetyl cholinesterase biosystem 
was assembled for organophosphate detection [148]. It shows higher 
sensitivity compared to O-functionalized MXenes due to the presence of 
inherent metallic properties and near zero band gap. Moreover, in HF 
etched Nb2CTx, the gradual decrease in anodic current is attributed to 
the formation of NbOx species [149]. The fabricated biosensor offers real 
time detection, enhanced enzyme activity (response signal increases 
from 0.39 μA to 3.72 μA) due to the presence of AChE. 

MXenes can also be engaged in optical sensing applications because 
of their high conductivity, adjustable molecular size and electro
chemiluminescence (ECL). Nie et al. prepared MXene quantum dots 
(MQD) using microwave heating method in 15 M NaOH environment at 

Fig. 7. (a–c) Illustration of electrochemical analysis comparing HF-MXenes, LiF-MXenes and EE-etched MXenes, the figure (d.) highlights the application scope of 
green MXene in flexible electronics. Adapted with permission from Ref. [114]. Copyright 2022, ACS. 
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180ᵒC~60 min [150]. After washing and decanting the pre-treated QDs 
were irradiated with microwaves for another hour at reduced temper
atures of 110ᵒC and 200ᵒC. Herein, band-gap engineering was performed 
to maintain the difference in energy bad gaps (Eg) of surficial and core 
MQDs (ranging between 225 and 330 nm), such that Eg surface is 
smaller than Eg core to ensure rapid surface charge transfer. Moreover 
the CV results reveal that ECL response can also be tuned by carefully 
selecting the precursors [151]. As the value of current increases, SO4

ᵒ−

and SO4
2− radicals are generated by the breakdown of coreactant S2O8

− , 
leading to the rise in excited states. At the cathode, EM field increases 
due to accumulation of free electrons resulting from the SPR phenomena 
where these electrons combine with the excitons of MQDs and improve 
ECL generation [152]. These MQDs were further used to create a func
tional sensor to detect miRNA-26a which is important for the diagnosis 
of triple negative breast cancer. The sensitivity of this 
nanomaterial-based device is higher than available microarray and 
RTPCR techniques, since it can detect target miRNA concentration up to 
5 fM. These studies are evidence that MXenes have a huge market in the 
biomedical world as well if they are synthesized to be biocompatible. 
These composites can be used intrinsically for bio-imaging, sensing, 
tumor cell diagnosis as well as treatment. 

4.3. Catalysis and allied applications 

In the era of rigorous industrialisation, the discharge of industrial 
effluents and other harmful wet chemicals poses a serious hazard to the 
environment. Such industrial wastewaters are generally highly toxic and 
non-degradable in nature [153–158]. A study by Chen et al. centres 
around catalytic reduction of 4-nitro [1]phenol (4-NP), 2-nitrophenol 
(2-NP), methylene blue (MB) and methyl orange (MO) by palladium 
nanoparticle (np) loaded on polydopamine (PDA) decorated MXene 
sheets [159]. During the course of the study, catalytic performance was 
measured at specific absorption wavelengths with change in pollutant 
concentration. Also, sodium borohydride was added for activating the 
reduction process. The highly dense and uniformly dispersed Pd possess 
abundant activation sites that aid in the electron transfer rate. These 
anchor on the surface due to the reduction of PDA and Ti3C2, masking 
some activation sites on Ti3C2 while more PDA active sites evolve. 
Through catalytic reduction efficiency analysis, it can be said that PDA 
aid in uniform loading as well as accelerate 2-NP adsorption at the 
catalytic surface, promoting interaction between active sites and 2-NP 
(Fig. 8). 

Another aspect of this study is the reusability of MXene sheets as the 
recycling ability of a catalyst holds a vital index when considering its 
overall efficiency. This argument was supported by repetitive catalytic 
testing for all the four pollutants evaluating catalytic capacity for each 
cycle [160]. It exhibits 92% efficacy after 10 cycles with a minimal 

palladium leaching of not more than 1.2% for one cycle. In a similar 
work, Keding Li et al. explored the effect of cobaltosic oxide loaded 
MXene nanocomposite (Co-MX) for thermal decomposition of ammo
nium perchlorate (NH4ClO4) [161]. Among different concentrations of 
Co-MX complex, 20 wt% could substantially lower the high thermal 
decomposition (HTD) temperature by 118.9 ◦C. This significant decrease 
is due to large specific surface area of Co-MX complex facilitating better 
contact between NH4ClO4 and Co-NPs. For promoting the decomposi
tion of NH4ClO4, catalyst can aid in lowering the activation energy and 
increase the reaction rate [162]. 

Due to the adsorption effect at the surface of NH4ClO4 there would be 
incomplete reaction between HClO4 and NH3 which would result in a 
stacked structure between HClO4 and NH3 while impeding the decom
position of NH4ClO4. But, with addition of Co-MX; the LTD stage of 
NH4ClO4 vanished suggesting improvement in the reactivity of HClO4 
with NH3. These studies offer green synthetic approach by tailoring 
terminating groups at the surface rendering them as a reduction active 
site with electron transport. 

Moving forth, leveraging the mechanical, surficial functionalities 
and electro-thermal conductivity, Wonsik Eom et al. developed an ad
ditive synthetic route to fashion pure MXene fibres via wet spinning 
[42]. The obtained MXene fibres are employed for transmitting elec
tronic signals to earphones and as electrical wires in LEDs replacing 
commercially used wires featuring applicability in miniaturized 
portable and wearable electronics. The dispersion of Ti3C2Tx MXene 
sheets averaging 5.11 μm2 exhibits extremely stable colloidal features in 
a lyotropic liquid crystalline phase. With wet spinning strategy, the 
research group was able to produce highly flexible and continuous 
MXene fibres (1 m in length) showcasing very high conductivity (7713 
S/cm) as compared to 72.3 and 290 S/cm of MXene and graphene hybrid 
fibers respectively) [163,164]. During the fabrication, an increase in 
negative surface charge was observed which can be due to the presence 
of ionizing surface terminations, pointing towards strong electrostatic 
repulsion among the adjacent sheets. With many studies revolving 
around dispersion of MXene fibres, it is now an established fact that in 
order to obtain a continuous fibre assembly, a very high degree of 
gelation and exfoliation is required. For this reason. ammonium ions 
were introduced during the coagulation process to yield gel fibers. A 
lamellar architecture with compactly packed nanosheets and rough 
morphology on the edges was observed. The study provides an insight to 
explore nanoscale potential of MXenes at a macro scale with a footprint 
in scalable and flexible wearable electronics. 

5. Discussion 

The growing research in MXenes will transform the next 10 years in 
sectors like microelectronics, robotics, biomedical, aerospace etc. Green 

Fig. 8. SEM image showing MXene decorated with Pd nanoparticles, and on the right the infographic describes the inherent catalytic mechanism. Adapted with 
permission from Ref. [159]. Copyright 2021, Elsevier. 
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synthesis of structures with nanoribbons or nanotubes should be looked 
upon to observe the impact of one-dimensional ensembles commer
cially. The main idea behind exploring green MXenes is to take a 
conscious step in contributing towards the goal of sustainable future. In 
this study the defining parameters for green MXenes were focused on 
precursors, energy consumption and green solvents! However there are 
other factors as well that make a material sustainable for example, 
overall cost, LCA parameters (cradle to grave analysis – type of chem
icals, supply chains, recyclability and degradation). Nevertheless, to 
broaden the scope of this study, an attempt is made to create a roadmap 
of globally significant factors that govern material industry (Fig. 9). We 
establish that MXene costs can be reduced from $1500 per ton for 
conventionally prepared MXenes to about $1 (device cost) for green 
MXenes developed using mass nanofabrication with the help of SAW 
device (acoustic exfoliation). Green MXenes can thus increase the 
accessibility and affordability of high efficiency energy rich material. 

6. Conclusion and future perspective 

2-dimensional materials have the potential to help address the global 
energy demand. Herein, we identified MXenes and MXene derivatives 
and gathered interpretations of their mechanical and electrical charac
teristics. It was evident in the materials community that a sustainable, 
green synthetic approach along with the underlying optimization of 
physical and chemical properties are key contributors for real world 
application of any material; MXenes can be contemplated as an enabling 
technology in the field of energy storage and conversion. The following 
conclusions can be drawn from this article, that might interest the reader 
in brainstorming possible solutions for efficient devices. Traditionally, 
MXene synthesis was realized with direct HF etching or employing acid 
containing F ions. HF, known to be highly toxic in nature, has severe 
environmental implications and eventually hinders the applicability of 
MXene in fields of biomedical and energy storage applications. This 
presents a major research essentiality and possibility to look for greener 
substitutes. Among the many green synthetic routes suggested for 
curbing intermolecular oxidation, addition of bio oxidants and deep 
eutectic solvents for preparing large-sized MXene complexes prolong the 

structural and functional life of MXene molecules. Intercalation of high 
molecular weight ionic liquids has shown drastic reduction in oxidation 
rate and is regarded as a greener substitute. An exhaustive under
standing of MXene surface morphology and electroactive mechanisms is 
desired. A continuous exploration of etchants and solvents that not only 
stabilize MXene suspensions but enhance surface functionalization is 
needed. Defects are regarded as dipole active sites that induce deflection 
in the geometric centre of passing electrons, in turn delivering dipole 
and interface polarization. These can be artificially introduced in MXene 
sheets via external bias, electric/magnetic field, chemical etching or in 
situ degradation of certain ionic species. In ternary heterocomposites, 
the increase in number of interfaces encourages easy electron hopping 
by limiting the phase charge accumulation and impedance mismatch. 
MXene composites are selective catalysts and their selectivity can be 
experimentally quantified by maintaining an optimal overpotential. 
Other quantitative tools like Faraday efficiency, production rate, Gibbs 
free energy and apparent quantum yield are also considered for esti
mating the efficiency of MXene catalysts. Green-MXenes can be 
contemplated as an enabling technology in the field of energy storage 
and conversion for its properties like high specific capacitance, pseu
docapacitive charge storage mechanism and stability. Additionally, 
nature derived MXenes integrated in bio-sensing platforms are prom
ising solutions for tumor diagnosis and treatment due to their non- 
toxicity, high surface area and enhanced photothermal conversion 
ability. Given the combination of properties like large surface area, 
excellent hydrophilicity, high conductivity and rich laboratory-tailoring 
ability; MXenes hold great potential in both electro-chemical and het
erogeneous catalytic reactions. Moreover, in order to expand their cat
alytic applicability, interplay of metal elements with surface termination 
modalities needs further investigation. To bridge the gap between 
existing MXene configurations and desired properties, computational 
studies provide a foresight for understanding solvent–MXene; 
intercalant-MXene interactions, reaction thermodynamics and bandgap 
projections to optimize the molecular structure. 

This understanding of nature sensitive MXenes can be further refined 
by integrating AI tools to assess chemical life and end products. The 
criteria of green MXenes can be further extended to those that can be 

Fig. 9. Infographic wireframe, mapping the impact of green MXenes on global platform. Sustainable development goals (SDG) like clean water and affordable energy 
can be visualized with the low cost, climate sensitive MXene systems, similarly factors like accessible fuel, recyclable material or scalable synthesis influence the 
economic growth of any country. This wireframe can be followed to analyse the interdependency of fundamental factors including zero toxic waste, ease of 
adaptability and stability of 2D MXenes. 
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mass produced, form composites with other green materials like bio
char, cellulose etc; undergo recycling and are cost effective. This review 
establishes as the primary account of the potential of MXenes to trans
form energy industry keeping in check with the sustainable development 
goals. MXenes can therefore be the most dependable material to achieve 
carbon-neutrality, safe water, pollution reduction and energy indepen
dent targets not only in large economies but also in developing 
countries. 
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