
ll
OPEN ACCESS
iScience
Review
Progress and challenges of emerging MXene based
materials for thermoelectric applications
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SUMMARY

To realize sustainable development, more and more countries forwarded carbon
neutrality goal. Accordingly, improving the utilization efficiency of traditional
fossil fuel is an effective strategy for this great goal. Keeping this in mind, devel-
oping thermoelectric devices to recover waste heat energy resulted in the con-
sumption process of fuel is demonstrated to be promising. High performance
thermoelectric devices require advanced materials. MXenes are a kind of 2D ma-
terials with a layered structure, which demonstrate excellent thermoelectric per-
formance owing to their unique physical, mechanical, and chemical properties.
Also, substantial achievement has been gained during the past few years in syn-
thesizing MXene based materials for thermoelectric devices. In this review, the
mainstream synthetic routes of MXene from etching MAX were summarized.
Significantly, the current state and challenges of research on improving the per-
formance of MXene based thermoelectrics are explored, including pristine
MXene and MXene based composites.
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INTRODUCTION

Energy resources play a significant role in the development of industries. The utilization of fossil fuels is

always accompanied by harmful substances and releases huge amounts of thermal energy. In addition,

these fossil energy resources are not renewable. Significantly, the energy utilization currently is very low.

As shown in Figure 1A, above 60% of energy has been wasted as heat energy during consumption. The

high-grade (T > 300�C) waste energy could be reused, whereas the recovery of the low grade (T<300�C)
waste heat is still a great challenge.1,2 For sustainable development, there are at least three measurements

for human beings to consider. The first solution is to reduce the utilization of these unrenewable fossil fuels.

As a result, the research and utilization of new energy, such as geothermal, solar energy, wind energy,

hydrogen energy, and so on, has emerged as the focus because of the aggravation of the greenhouse ef-

fect.3 The second solution might be improving the utilization efficiency of fossil fuels. In this solution, the

engineering process and industrial models should be reconstructed or rearranged.4 Third, as a supplemen-

tary to the previous solution, harvesting, conversion and utilization of waste thermal energy, low grade

waste heat in particular, might also be a promising strategy.5–7 Currently, electric energy is regarded as

a prominent form of energy storage. As a consequence, thermolelectric devices have been a hot topic dur-

ing the past years. Thermoelectric energy conversion techniques, which can directly convert heat into elec-

tricity, have gained a substantial amount of attention. Having no moving parts, thermoelectrics play an

important role in the exploration of sustainable clean energies, such as radioisotope, thermoelectric power

generation, and recovery of automobile exhaust heat.8–11 There are three thermoelectric effects, Seebeck

effect, Peltier effect, and Thomson effect (Figures 1B–1D). Seebeck effect refers to the function of convert-

ing external temperature changes to electric signals via preferential diffusion of charge carriers (holes with

positive charge or electrons with negative charge) under a thermal gradient, as shown in Figure 1B. For

Seebeck effect, it is an electric energy generating device, in which a thermovoltage across a material DV

will be induced by a temperature difference DT. The relationship between DV and DT can be described

as DV =SDT, where S is called Seebeck coefficient. By contrast, for Peltier effect (Figure 1C), it is usually

applied to construct cooler, in which a heat flow Q will be induced under an electric current I. The Q is

greatly dependent on I, following the equation of Q = PI, where P = TS is the Peltier coefficient.12,13

For Thomson effect (Figure 1D), it refers to a reversible cooling or heating occurring in a homogeneous

conductor when an electric current and a temperature gradient co-exist. No matter what type of effect,

the conversion efficiency of thermoelectric materials or devices is defined by the following formula:
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Figure 1. Diagram of energy consumption distribution and thermoelectric effect

(A) Diagram of energy consumption distribution. Data were adapted from ref. 1. Published under a CC-BY license. Schematic illustration of thermoelectric

effects.

(B) Seebeck effect, (C) Peltier effect, and (D) Thomson effect. Reproduced from ref. 14 with permission. Copyright 2020 American Chemical Society.
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Here S is the Seebeck coefficient, s is the electrical conductivity, T is the absolute temperature, and k is the

thermal conductivity, which could be divided into two parts, lattice thermal conductivity (kl) and electronic

thermal conductivity (ke). In addition, S2s are usually called power factor. The challenge for rationally

designing high performance thermoelectric materials is to enhance power factor S2s. In another word,

an ideal thermoelectric material is expected possess high electrical conductivity and low thermal

conductivity.

As 2Dmaterials with good development prospects, MXene has attracted significant attention since its birth

in 2011.15 Typically, the general formula of MXene could be written as Mn+1XnTx, in which M denotes tran-

sition metal, X represents C or/and N, Tx is used to represent functional group (–O, –OH, and –F), and n

can be from 1 to 4.16–18 In the family of MXene, the combination of M and X brings the number of possible

structure of MXene up to over 100. In addition, termination groups on the surface of the outmost transition

metal layers increased it by another order of magnitude. Figure 2A shows current available compositions of

MXene (the elements used to build MXene are marked in color) and structures of some typical MXene.

Owing to the unique structure characteristics, MXene render 2D sheets with many interesting properties,

such as metallic electrical conductivity, excellent mechanical properties, good biocompatibility, and

aqueous solution processing without surfactants.19,20 Furthermore, MXene is often obtained by removing

A atom from MAX through chemical etching, resulting in abundant native defects, chemically active sur-

faces, and high conductivity. MXene have demonstrated promise for a variety of applications and in partic-

ular for energy management for the near future.

The utilization of MXenes to attain high-performance thermoelectric devices shares several advantages. First,

the high electrical conductivity and hydrophilicity of MXenes is favor for thermoelectrics. This characteristic is

very different from traditional thermoelectric materials, such as Bi2Te3, CuSe, and ZnSe, which usually hold

n-type conduction, resulting in low electrical conductivity. What’s more, the flexible surface termination groups

further provide opportunities to modify MXene, yielding MXene based composites with desired functions. Be-

sides, the intrinsic 2D layered structure allows for convenient property regulation andmultilayer assembly. These

characteristics provide promising opportunities to tailor the electronic and thermal properties of MXene, hold-

ing promises in thermoelectrics. Furthermore, the existence of transition metal atoms on the surface provides

abundant redox activity in electrochemical processes, which is much desired when constructing a thermoelec-

trochemical cell. In addition, the hydroxyl-terminated surface endows good hydrophilicity for interaction with

aqueous electrolyte. On the other hand, heat energy is widely found everywhere. In particular, the temperature

difference between the environment and human body is capable of generating electric. As a result, wearable

flexible thermoelectrics are in urgent needed. When a thermoelectric generator/cell is equipped, many wear-

able electronic accessories are expected to self-power without additional energy supply. Compared with

manyother thermoelectricmaterials,MXenes usually deliver better flexibility. Limited by relatively small Seebeck

coefficients and high thermal conductivity inmetallic systems, theMAXphases usually show poor thermoelectric
2 iScience 26, 106718, May 19, 2023
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Figure 2. MXene composition and timeline for the research on thermoelectric properties/applications of MXene

based materials

(A) Periodic table showing compositions of MXenes. Elements used to build MXenes are color-coded. The schematics of

four typical structures of MXenes are presented at the bottom.

(B) timeline for the research on thermoelectric properties/applications of MXene basedmaterials. Year 2017. Reproduced

from ref. 21 with permission. Copyright 2017 American Chemical Society. Year 2018, Reproduced from ref. 22 with

permission. Copyright 2018 John Wiley & Sons. Year 2019, Reproduced from ref. 23 with permission. Copyright 2019

American Chemical Society. Year 2020, Reproduced from ref. 24 with permission. Copyright 2020 American Chemical

Society. Year 2021, Reproduced from ref. 25with permission. Copyright 2021 John Wiley & Sons. Year 2022, Reproduced

from ref. 26 with permission. Copyright 2021 John Wiley & Sons. Year 2023, Reproduced from ref. 27 with permission.

Copyright 2023 John Wiley & Sons.
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performance. In contrast, after removing A-atom, many yielded MXenes exhibited semiconducting properties

on appropriate surface terminations. Both the first principle theory and DFT predicted that semiconducting

MXenes had higher Seebeck coefficient and larger electrical conductivity than conventional thermoelectric ma-

terials regardless of their relatively high thermal conductivity. Figure 2B plots timeline ofMXene basedmaterials

applied in thermoelectric field, evidencing the promising prospect ofMXene basedmaterials for thermoelectric

devices.

It is out of the question that MXenes may hold good promise of thermoelectric applications. The predica-

tion is in well agreement with the fact. The development of MXene in thermoelectric application is faster
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and faster. To date some reviews have been reported on the synthesis and application of MXene based

materials. For example, Huang et al. reviewed MXene based nanostructures for next generation devices,

including energy storage and conversion, catalysis, sensors, photodetectors, EMI shielding, degradation,

and biomedical applications.28 The application of four types of MXenes (Niobium carbide, vanadium car-

bide, titanium carbide, and molybdenum carbide) in supercapacitor, superconductor, catalysis, sensors,

batteries, medical treatment, and optoelectronic devices are reviewed by Qin et al.29 Aslam et al. reviewed

the applications of MXenes in non-lithium energy storage technologie.30 Pang et al. provided a summary of

MXene structures in the production of hydrogen, ammonia, and multi-carbon compounds, as well as en-

ergy storage applications by emphasizing rational design of MXene structures.31 Jin et al. reviewed the syn-

thesis of MXenematerials and their application of textile sensors in the wearable field.32 Recently, Ayodhya

provided a comprehensive review discussing the composites of MXene and the existing applications in

various chargeable energy storage devices and sensors.33 Sherryna et al. highlighted the role of Ti3C2

MXene and its potential in promoting photocatalytic hydrogen production.34 Jamil et al. provided a great

review on MXene, in which major preparation techniques, various important properties as well as different

applications, such as solar energy storage, hybrid photovoltaic thermal system, electronic applications,

desalination and other areas of thermal management field.35 Although these excellent reviews on en-

ergy-related application of MXenes have been published, thermoelectric properties of MXenes are rarely

summarized. Considering its rapid development, here we provided a comprehensive review focusing on

the synthesis of MXene by etching MAX by highlighting the etching principles and discussing the merits

and disadvantages. To assuring the comprehensive property of this review, the current two popular syn-

thetic process of MAX, solid state reaction and solution based reaction, were also briefly introduced.

Furthermore, considering the fascinating properties of MXene based materials, recent advances in MXene

based thermoelectric materials, including pristine MXene, MXene/carbon composite, MXene/polymer

composite, and MXene/inorganic composite, are reviewed one by one. Finally, the perspectives and chal-

lenges in the areas of MXenes and thermoelectrics were outlined. We hope to strength the connection be-

tween the fascinating compositions/structures of MXene based materials and thermoelectric properties

and promote the rapid development of thermoelectric devices.

SYNTHESIS OF MAX AND MXene

MAX synthesis

Owing to the relation of ‘‘mother and son’’ betweenMAX andMXene, it is necessary to briefly introduce the

strategies to obtainMAX, though the synthesis of MAX seems to be out of this review scope. Typically, MAX

could be prepared by many methods, among which solid-phase reaction and solution-phase method (such

as sol-gel method) are the two most popular ones. In this section, we will highlight these two methods in

brief.

Solid state chemistry

As a conventional approach, solid state chemistry is the most frequently utilized method to synthesize

MAX. From the element composition of MAX, one may easily to wonder the possibility of synthesizing

MAX from the corresponding elementary precursors. Surely by reacting among these pure elementary pre-

cursors the correspondingMAXmay be obtained, which have been verified by numerous reports.36 For sin-

gle transition metal containing MAX, there are three elements in MAX, so ternary phase diagram may be

helpful to provide some information. In fact, the M source can also be metal hydrides, such as TiH2 or

ZrH2.
37 Take Hfn+1AlnC as an example, Figure 3A depicted the ternary phase diagram of Hf-Al-C system.

The formation point of HfAlC can be clearly distinguished from the phase diagram (either compositions

or stoichiometry). It is noted that the formation of Hf-Al-C may require sintering at high temperature.

The detail process could be described as below. Initially, as indicated by the phase diagram the powder

of the three experimental starting compositions were mixed homogeneous by the assistance of milling

balls in the presence of isopropanol. To obtain HfAlC phase, the powder mixture should be supposed

to drying and a high temperature sintering at high pressure.38 Besides Hf-Al-C, the same group extended

this solid state chemistry to synthesize binary MAX phase in which two transition metals (Zr and Ti) are con-

tained, as displayed in Figure 3B.39 Similarly, Jiang et al. synthesized Mo2Ti2AlC3 MAX by thermal treating

the powder of Mo, Ti, Al, and graphite (2:2:1.2:3 M ratio) at 1600�C in argon gas flow.40 In 2021, Nemani

et al. did a benchmark work to synthesize high entropy MAX and MXene, in which there are five metal el-

ements at M site in the structure of MAX and MXene. The synthetic process is schematically depicted in

Figure 3C. The initial step was to synthesize a high entropy MAX containing five metal elements through

a reactive sintering of five elemental powders. Briefly, four transition metals (TiVNbMo or TiVCrMo) were
4 iScience 26, 106718, May 19, 2023



Figure 3. Solid state chemical synthesis of MXene

(A)Three starting powder compositions are indicated in blue, while the compositions of the stoichiometric compounds Hf2AlC, Hf3AlC2, and Hf4AlC3 are

shown in red. Reproduced from ref. 38 with permission. Copyright 2016 American Chemical Society.

(B) Map showing the phase assembly of MAX phase ceramics synthesized in the Zr-Ti-Al-C system, as a function of the hot-pressing temperature and the Ti

content, x, in the (Zr1�x,Tix)3Al1.2C1.6 starting powder. Reproduced from ref. 39 with permission. Copyright 2017 American Chemical Society.

(C–E) Schematic illustration of the synthetic process of TiVNbMoC3Tx or TiVCrMoC3Tx and the HAADF STEM combined with EDS results of TiVNbMoC3Tx

(D) or TiVCrMoC3Tx (E). Reproduced from ref. 41 with permission. Copyright 2021 American Chemical Society.
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mixed with Al and carbon at equimolar ratio. Once heated from room temperature to 1600�Cwith a holding

duration of 4 h, the mixture of the powders can be easily converted into TiVNbMoAlC3 or TiVCrMoAlC3.

The TiVNbMoAlC3 or TiVCrMoAlC3 can be converted into TiVNbMoC3Tx or TiVCrMoC3Tx by conventional

etching removal of Al. From the HAADF STEM combined with EDS results (Figures 3D and 3E), one can see

that uniform layered morphology and homogeneous atomic distribution of Ti, V, Nb/Cr, Mo, and C atoms

in the final TiVNbMoC3Tx or TiVCrMoC3Tx product.41 Recently, Zhou et al. also prepared high-entropy

laminate metal carbide MAX phase using a high-temperature solid-state reaction of Ti/V/Cr/Nb/Ta/Al/C

powder mixtures in a tube furnace. To mix such multielements homogeneous, they added a small amount

of ethanol.42
iScience 26, 106718, May 19, 2023 5

mailto:Image of Figure 3|tif


Figure 4. Schematic illustration of molten salt assisted synthesis of MXene

Reproduced from ref. 45 with permission. Copyright 2022 John Wiley & Sons.
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It is noted that the inert atmosphere is usually needed for solid state chemistry synthesizing MAX. The minor

amount of oxygen may lead to the spontaneous oxidation of carbon or metal precursors, leading to the unde-

sired quality of the MAX product. To inhibit the spontaneous oxidation, Dash et al. creatively developed a

molten salt assisted synthesis technique. Their molten salt assisted technique is different from previous ones

where argon atmospheres are usually needed, which could be operated in air.43,44 Take the work of Dash

et al. as anexample in case.As shown in Figure 4, the samplewas encapsulated in themolten salt, which prevents

the air/oxygen contacting the reaction systems. In their synthesis protocol, potassium bromide (KBr) was used as

the reaction medium because it has high ductility at room temperature and can be cold-pressed to densities

above 95% relative density. Taking advantage of this property of KBr, gas-tight encapsulation around a spec-

imen can be achieved before placing it in a KBr salt bed for further heating (step I). In this way, before the system

was exposed to heating, the specimen could be protected from oxidation by the gas-tight salt encapsulation.

When heated, the sample is well submerged in the molten salt, and so a barrier is formed between ambient air

and the sample (step II). When the reaction is completed, water was introduced to cool the system. Under such

circumstance, KBr will be dissolved (step III). Free powder is then obtained by boiling the samples in water fol-

lowed by filtration (step IV).45 The benefits of utilizing molten salt as reaction medium are many. First, the syn-

thesis temperature could be reduced, resulting in saving additional cost. Second, the reaction system could

beperformed in air atmosphere because the oxygen/air and the sample are isolated by themolten salt, prevent-

ing the oxidation during the sintering process. Significantly, by simply increase the batch size or setting the pro-

cess continuous, such molten salt assisted process can be scaled up to industrial scale.46 The high content of

water required for the washing step might be the main disadvantage of this process, which may result in the

impossibility to fully densify bulk samples in a singlestep. Later, Roy et al. have prepared V2AlC and Ti2AlN

MAX phases in a low melting eutectic salt mixture (NaCl: KCl = 1: 1) medium using elemental powders as raw

materials. The NaCl and KCl molten salt mixture not only protect the metal precursors from oxidation at high

temperature but also produce the required phase at lower temperature with shorter soaking time compared

to the single molten salt system.47

Solution based process

Considering the high cost of solid state chemistry methods, which limit their practical application at an in-

dustrial scale, scientists are always looking for solution based approaches to synthesize MAX materials.

Furthermore, someMAX, such as Cr2GaC can not be synthesized via traditional solid state chemistry.48 Sie-

bert et al. proposed a sol-gel method to prepare Cr2GeC MAX. The synthesis process includes two steps.

Initially, the sol and gel was formed by dispersing germanium ethoxide, Cr(NO3)3, citric acid in ethanol.

Afterward, the gel was combusted at 1000�C for several hours under the constant Ar flow, thus forming

Cr2GeC MAX. Alternatively, the gel can also be converted into Cr2GeC MAX through a microwave assisted

route, instead of combustion boat. Obviously, the carbon resource in this work is citric acid. It is noted that

citric acid may be converted into graphite under microwave irradiation, so the amount of citric acid in the

precursor system is critical for the purity of the final MAX product. Siebert er al also prepared V2GeC MAX

by using vanadyl(IV) acetylacetonate to replace Cr(NO3)3.
49 Besides direct synthesis single transition
6 iScience 26, 106718, May 19, 2023
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Figure 5. Preparation of MAX materials by sol-gel method

Schematic visualization of transitioning from traditional approaches to themore versatile wet chemistry to allow for higher

degrees of freedom in the achievable shapes and morphology of MAX phase Cr2GaC

Reproduced from ref. 52 with permission. Copyright 2023 American Chemical Society.
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metal-containing MAX, some authors of the same group proved that double transition metal-containing

MAX is also available via such sol-gel process, such as (Cr/Mn)2AlC2 and (Cr/Fe)2AlC2.
50,51 Recently, Siebert

et al. extended sol-gel method to prepare MAX with different morphology. In their recent work, the intro-

duction of biopolymer into the gel enables the synthesis of the model compound in the form of thick films

as well as full and hollow microspheres. As shown in Figure 5, by optimizing the amount of biopolymer and

reaction temperature, the shape of Cr2GaC MAX could be well controlled from solid microsphere, hollow

microspheres, and thin films. Take chitosan as an example in case, the use of biopolymer template shares

several advantages, For one thing, chitosan as a nature biopolymer ensure the precursors are able to

dissolve in water, making the possibility to use Cr/Ga ions as metal resources. For another thing, the ver-

satile nature of chitosan ensures the tuning morpgology of the template. The required viscosity of the sys-

tem (entanglement of cationloaded polymer chains) can be easily obtained to make thick films with the po-

tential to use different shaped molds. For the full microspheres, the water solubility of chitosan makes the

formation of spherical beads. As for the hollow microspheres, the aggregated chitosan exposes the nega-

tive charged surface to capture the metal cations and acted as the template.52

Typically, solid state chemistry process shares the advantages of pure product, simple cooperation. The high

energy consumingmight be themain disadvantage of solid state chemistry because the synthesis temperatures

are typically required up to 900�C and 1700�C.53–55 Furthermore, a milling step is added to obtain powders

before the heating treatment, which makes the process complex. Using advanced techniques (such as micro-

wave irradiation) the thermal cycles and reaction temperature may be reduced. Nevertheless, microwave pre-

sents some limitations in synthesizing large samples because of temperature gradients. At last, in some cases

the use of metallic hydrides might be dangerous because of the liberation of H2 during the thermal process.

Compared to traditional solid-state chemistry, sol-gel chemistry offers a variety of advantages over classical

solid-state chemistry, such as milder reaction conditions and greater processibility. The choice of raw materials

is wide. For M resource, numerous metal ions/salts may be available. For carbon resource, many organic mole-

cules as well as polymers may work. The disadvantage of sol-gel chemistry synthesizing MAX lies in the residual

impurity in the final product, though the amount of impurity usually is minor. Besides solid state chemistry and

sol-gel based solution process, there are some other techniques for synthesizing MAX phase materials, such as

physical vapor deposition,56,57 pressureless synthesis,58,59 hot isostatic pressing route,60 replacement reac-

tion,61–63 carbothermal,64 microwave heating accompanied by spark plasma sintering,65 and conventional/

nonconventional combinations.66 Readers interested in this field can refer to specific literature.
MXene synthesis

Since the birth of MXene in 2011, many researchers are devoted to synthesize MXene and investigate the

properties and potential applications of MXene. Generally, MXenes are prepared by selectively etching A
iScience 26, 106718, May 19, 2023 7
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Figure 6. Diagram of popular synthetic routes to etch MAX into MXene
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atoms from MAX phases. On delamination, ultrathin single/few-layer MXene flakes can be readily

obtained. They can be expressed as Mn+1XnTx, where T stands for the surface functional group, such

as-O,-F, and-OH. To date, many MXene materials are mainly produced from the parent 2D MAX via top-

down process. Depending on the reactivity difference of M and A in MAX, some reagents are able to

etching A from MAX. On the basis of reagent used and technique involved, these etching methods can

mainly be divided into five categories (Figure 6), which are HF etching, fluoride salt etching, electrochem-

ical etching, hydrothermal etching, and molten salt etching. In this section, we will briefly discuss them.

HF etching

HF is the most common utilized etching agent to remove A atom layer from MAX. The mechanism of

etching removal of A atoms includes several reactions. Using HF etching technique, Naguid et al. from

the group discovering MXene prepared a series of MXenes via immersing MAX phases (including

Ti2AlC, Ta4AlC3,(Ti0.5,Nb0.5)2AlC, (V0.5,Cr0.5)3AlC2, and Ti3AlCN) to remove Al atoms.67 Take HF etching

Al atoms from Ti3AlC2 as an example. To obtain single or few layer MXene materials, the whole process

involves two procedures, an etching procedure followed by an exfoliation treatment, as depicted by Fig-

ure 7.68 The first reaction occurs between Ti3AlC2 and HF. Owing to the high electronegativity of F and the

weak interaction between Al atom layer and Ti layer in Ti3AlC2, AlF3 is easy to form in this step. Meanwhile,

hydrogen gas simultaneously is generated. The removal of Al atoms fails to destroy the layered structure of

the materials. As a result, the yielded Ti3C2 maintains the layered structure of Ti3AlC2. The etching process

is usually carried out in aqueous solution, consequently, Ti3C2 is easy to form hydrolysis reaction, which is

the second reaction in the system. In this reaction, the Ti element is oxidized while H element is reduced, so

hydrogen gas is also generated accompanying the formation of Ti3C2(OH)2. At the same time, the exces-

sive HF may also react with Ti3C2 to yield Ti3C2F2 and hydrogen gas. The above-mentioned reactions could

be simply described as below:

Ti3AlC2 + 3HF = AlF3 + 3=2H2 +Ti3C2 (Equation 2)
Ti3C2 + H2O = Ti3C2ðOHÞ2 +H2 (Equation 3)
Ti3C2 + HF = Ti3C2F2 +H2 (Equation 4)

To date, numerous MXene materials have been synthesized via HF etching removal of A atoms from the

parent MAX phase. Table 1 summarized some typical MXene materials gained by etching removal of A

atoms from parent MAX phase using HF as etching agent. From this table, one many see that the etching

performing condition varies with MAX phases. This is because the bonding energy of A-M is different in

different MAX phases. The advantage of HF etching is simple operation and mild condition. Nevertheless,

HF etching possesses several cons such as the toxicity of HF itself, the generation of H2 as byproduct which

is dangerous. Moreover, the highly corrosive nature of HF usually does damage to the product, such as

causing pores in the product, which decrease the mechanical strength of the product.69,70 In addition,
8 iScience 26, 106718, May 19, 2023
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Figure 7. Schematic exfoliation process of MXenes from MAX phases

The red circles show the configurations I and II in vertical views. Reproduced from ref. 68 with permission. Copyright 2016

American Chemical Society.
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the resultant MXene obtained with HF usually exhibited multilayered structure with an accordionlike struc-

ture, after which a further delamination procedure is necessary by tetramethylammonium hydroxide

(TMAOH) or tetrabutylammonium hydroxide (TBAOH).71 At last but not least, theory calculations have pre-

dicted that carbon vacancy is easily generated during the HF etching and exfoliation process because the

formation energy of carbon vacancy is very low (1.7 eV).72

Etched by fluoride salt and strong acid

To avoid directly using HF as etching agent, researcher proposed improved methods. One effective strat-

egy is replacing HF with the mixture of fluoride salt and HCl. In this way, when MAX phases are immersed

into the mixture of fluoride and HCl, HF will be in-situ formed to etching MAX phase. Ghidiu et al. prepared

two-dimensional Ti3C2 by etching Ti3AlC2 in a mixture solution of LiF and HCl. Of interest, the resulting hy-

drophilic material swells in volume when hydrated, and can be shaped like clay and dried into a highly

conductive solid or rolled into films tens of micrometres thick.16 Later, Tian et al., Sun et al. and Kim

et al. also prepared such materials using the similar process.86–88 Figure 8A depicted a typical operation
Table 1. Typical MXene materials prepared via HF etching removal of A atom from parent MAX phases

MAX MXene Etching agent condition Reference

Mo2GaC Mo2C 50% HF 3 h Meshkian et al.73

Mo2TiAlC2 Mo2TiC2Tx HF – Anasori et al.74

Mo2Ti2AlC3 Mo2Ti2C3Tx HF – Anasori et al.75

Ti3AlC2 Ti3C2Tx 50% HF Room temperature 18 h Liu and Li76

Ti3AlC2 Ti3C2Tx 48% HF Room temperature 20 h Guo et al.77

Ti3AlC2 Ti3C2Tx 49% HF 60�C, 4–36 h Peng et al.36

Nb2AlC Nb2CTx 40% HF 60�C, 48 or 72 h Peng et al.36

Mo2Ga2C Mo2CTx 25% HF 55�C 8 days Guo et al.78

Ti2CO2 Ti3C2 HF Room temperature Naguib et al.79

Ti3AlC2 Ti3C2Tx 40% HF room temperature one day Hermawan et al.80

e-TAC HF 80�C，2h Xie et al.81

Ti3AlC2 Ti3C2(OH/ONa)x F2–x 40% HF 313 K ，10 h Peng et al.82

Ti3AlC2 Ti3C2Tx 45% HF 60�C ，24 h Yang et al.83

Mo2Ga2C Mo2CTx 48% HF 60�C 7 days Luo et al.84

V2AlC V2CTx 50% HF Room temperature 8 h Naguib et al.85

Nb2AlC Nb2CTx 50% HF Room temperature 90 h Gonzalez-Julian et al.58

Ti3AlC2 Ti3C2T x 50% HF 2 h Naguib et al.15
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Figure 8. Schematic illustration of procedures for preparing Ti3C2Tx MXene using LiF and HCl as etching agent

(A) traditional experimental process. Reproduced from ref. 89 with permission. Copyright 2022 American Chemical Society. SEM images of Ti3C2Tx obtained

via LiF/HCl etching 16 h (B), centrifuged for (C) 1 min, (D) 2 min, and (E) 5 min. Reproduced from ref. 23 with permission. Copyright 2019 American Chemical

Society.

(F) Improved fluoride salt and HCl etching process to prepared V2C MXene.

(G) Typical SEM image of the V2C MXene.

(H–K) Corresponding elemental maps from the dark-field STEM image of the individual V2CMXene. Reproduced from ref. 94 with permission. Copyright 2022

American Chemical Society.
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procedures for prepare Ti3C2Tx from Ti3AlC2 using LiF and HCl as etching agent. In this protocol, no partic-

ular instruments are involved.89 Besides LiF and HCl system as etching agent, other fluoride salt may also

work, such as FeF3, KF, and cobalt Fluoride (CoF2 or CoF3).
15,90–92 The etching time and centrifugation have

significant impact on the quality of the product. Usually, the etching time is long because it includes at least

stages, in-situ formation of HF and reaction between the parent MAX and HF. Figuress 8B–8E shows the
10 iScience 26, 106718, May 19, 2023
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products of the process of preparing Ti3C2Tx in the work of He et al., where through LiF/HCl etching fol-

lowed by centrifugation, granular Ti3AlC2 was transformed into sheet-shaped Ti3C2Tx MXene. Initially,

multilayered Ti3C2Tx was formed by etching Ti3AlC2 particles with LiF/HCl for 16 h. The obtained multilay-

ered Ti3C2Tx exhibits an accordionlike structure. As shown in Figures 8C–8E, the layer distance of interlayer

in Ti3C2Tx gets larger and larger when a brief centrifugation applied. Such result was also obtained by

Zhang et al.93

To simplify the preparation process, Firestein et al. develop an improved LiF/HCl etching process to

synthesize 2D delaminated V2C (d-V2C), which is very simple and includes only a single-step.94 The

synthetic experiment setup is schemed in Figure 8F, in which the mixture of LiF and HCl was utilized

as etching reagent. The etching process was carried out in a hydrothermal autoclave. In this way, the

etching process could be restricted in the closed environment of autoclave under continuous stirring

different from previous ones, where the delamination can not occur during the etching process. Here

delamination is expected to occur in situ, i.e., during washing of etched V2C with deionized water.

Compare to previous studies, the utilization of a thermal insulating fabric is another important advan-

tage of this approach, which assures the temperature of the reaction mixture was stable (90�C)
through the whole process.95,96 SEM image of the product (Figure 8G) reveals a characteristic layered

stack of delaminated MXene flakes. As for the chemical composition, which was identified through the

dark-field scanning TEM combined with EDS mapping analysis. As shown in Figures 8H–8K, the repre-

sentative electron image and elemental maps of an individual nanosheet reveals that the V2C is

composed of V, C, Cl, F. Obviously, Cl and F are terminated groups in the product, which are orig-

inated from the etching reagent.

The properties of MXenes are much dependent on surface terminations. For example, traditional termi-

nation groups (either O containing or F containing) render MXenes hydrophilic surface, benefiting their

dispersion in water. For some cases, hydrophobic surface may be desired. Considering the inactivity of

the O and/or F termination groups, which are expected to mask the active sites for N2 reduction reac-

tion, Guo et al. developed a strategy to convert these termination groups on the surface of Ti3C2Tx into

iron-containing species. Thanks to the chemical changes on the surface of Ti3C2Tx and strong coupling

interactions between Fe and Ti species, the surface work function was reduced dramatically, leading to

an enhanced catalytic reactivity of MXene toward N2 reduction.77 To tuning the surface group of

MXenes, To avoid the formation of-O, or-OH terminated MXene, organic solvent might be preferred.

Natu et al. developed a water free process to prepare MXene.97 By using organic polar solvents in

the presence of ammonium dihydrogen fluoride, Ti3C2Tz flakes rich in fluorine terminations were ob-

tained. Jing et al. forwarded a solid-liquid reaction process to graft 4-nitrophenyl groups onto Ti3C2Tx
MXene. The whole process can be depicted as Figure 9A. The first etching removal of Al atom layer

is the same as traditional reports. The subsequent delamination process is different. In their work, MXene

were placed on substrates in 4-nitrobenzene-diazonium (4-NBD) in anhydrous acetonitrile (CH3CN) for

10 min with N2 bubbling. The diazonium modification processes are described by the following

chemical equations: usually the terminal groups in Ti3C2Tx are in the form of = O, －OH, and －F. These

groups possess lone electron pairs which are easy to transformed to electron-accepting species if any. As

a result, when treated with 4-NBD, aryl diazonium cation may get the lone pair electrons from = O and－
OH, subsequently releasing a molecule of N2 to yield an aryl radical (Equations 4 and 5). The aryl radical

can form a covalent bond with an oxygen atom and/or a titanium atom in the Ti3C2Tx lattice. As for the －
F terminal groups, the lone-pair electrons in the F of Ti3C2Tx, shown in Equation 6, may be seized by the

diazonium ion, forming F-Ph bond, which are more stable than Ti-F bond. As such, the terminal groups in

was removed as the byproduct of FC6H4NO2. Through above analysis, one can easily conclude that the

graft amount of 4-NBD would absolutely be dependent on the termination O-containing groups because

F groups are removed from MXene. As shown in Figure 9B, aromatic C=C bond stretching, asymmetric

and symmetric stretching bands were observed at 1595.0, 1517.8, 1346.2, and 1103.2 cm�1, respectively.

The above phenomena indicate that the 4-NBD was successfully anchored onto the surface of MXene. By

anchoring 4-NBD molecules, the work function, conductivity, and mobility of the MXene can be

controlled.98
(Equatio
n 5)
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Figure 9. Organic solvents adjust MXene surface groups

(A) Schematic diagram of synthesis and subsequent diazonium functionalization of Ti3C2Tx.

(B) diazonium functionalized FTIR spectrum of Ti3C2Tx. Reproduced from ref. 98 with permission. Copyright 2021 American Chemical Society.

(C) Schematic illustration of synthesizing APTES functionalized Ti3C2 MXene as well its EDSmapping (D). Reproduced from ref. 99 with permission. Copyright

2018 Elsevier.
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(Equatio
n 6)
(Equatio
n 7)

MXenes are expected to provide huge surface area and space, which are benefited for accommodate guest

molecules, such as enzyme. To increase the binding affinity between MXene and enzyme, functionalizing

MXene with organosilicon molecules is a preferred strategy. Kumar et al. developed a process to function-

alize MXene with (3-Aminopropyl)triethoxysilane (APTES) (Figure 9C). After etching removal of Al atoms

and delamination, Ti3C2 MXene could be obtained. By adding 1 mg of APTES into the suspension of

100 mg of Ti3C2 MXene dispersed on 50 mL of ethanol, APTES functionalized Ti3C2 MXene would be

yielded. As shown in Figure 9D, the elements of Si, O, N were homogeneous distributed on the surface

of functionalized Ti3C2 owing to the existence of NH2, the functionalized Ti3C2 can be used for covalentally

immobilize anti-CEA. After immobilization o anti-CEA, the Ti3C2 MXene immobilizing anti-CEA could be

used to construct electrochemical biosenor for detecting cancer biomarker.99

Fluoride salt and HCl replacing HF can avoid direct using hazardous HF and the etching environments pro-

vide opportunity to further modify the surface, morphology, and chemical reactivity of MXene. The flexible

select of fluoride salt may further boost the application range of this method. Sometimes the fluoride can

provide additional function besides etching reagent. For example, when FeCl3 and HCl was used to

etching Ti3AlC2, Fe(III) ions may enter the interlayer spaces of MXene, increasing the water reactivity of

Ti3C2Tx toward forming TiO2 anatase. The case for cobalt ions intercalating, it is more advantageous.

For one thing, the size of cobalt ions is relative larger, whose intercalation could provide a stable expanded

interlayer space. For another thing, the intercalated cations could be able to be converted into other func-

tional component (such as oxide particles), thus processing MXene into a composite. However, when
12 iScience 26, 106718, May 19, 2023
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Figure 10. Electrochemical etching in aqueous solution

(A) Mechanism of electrochemical etching Ti2AlC to Ti2CTx in HCl. Reproduced from ref.102 with permission. Copyright

2019 American Chemical Society.

(B–I) Schematic illustration and characterization of Ti2CTx prepared via electrochemical etching MAX in binary aqueous

electrolyte. Reproduced from ref.103 with permission. Copyright 2018 John Wiley & Sons.

(J) Schematic illustration of the electrochemical etching synthesis of Ti3C2Tx in LiOH/LiCl solution.

(K) Photograph of Ti3C2Tx dispersion showing Tyndall effect.

(L) Photographs of Ti3C2Tx films.

(M–P) Lowest-energy atomic configurations and (Q–T) corresponding ELF plots of the pristine Ti3AlC2 and the etched

Ti3AlC2 with increasing amounts of LiOH and LiCl. Reproduced from ref.104 with permission. Copyright 2022 American

Chemical Society.
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etching Al-containing MAX with fluoride salt, a significant amount of crystalline AlF3$3H2O may simulta-

neously be formed during the etching process, which is a common undesired byproduct. The residual crys-

talline AlF3$3H2O may affect quality of the final MXene. Post-synthesis treatments, such as washing with

HCl, have to be taken to obtain pure MXene. Similar to HF etching process, fluoride salt based etching

methods are also usually time consuming (surpassing 24 h, not including the repeated washing stages).

Much F-based reagents are involved, which are dramatically hypertoxic, leading to serious safety and envi-

ronmental concerns. Moreover, the resultant MXenes are terminated by F-based groups, which would seri-

ously impede the transportation of electrolyte ions and sacrifice the electroactive sites.

Electrochemical etching

In chemical principle, the underlying mechanism for etching removal of A atom layers in MAX phase is

attributed to the higher chemical active nature of the M�Al bond than the M�C bond. Theoretically, all

process involving charge/electron transfer can be designed as an electrochemical process. As a conse-

quence, MAX could be electrochemical etched to MXene. In the past years, extensive efforts have been

devoted synthesize MXene via electrochemical methods. In 2017, Sun et al. proposed an electrochemical

etching method to convert Ti2AlC to Ti2CTx using 2 M HCl aqueous electrolyte. Owing to F-based reagent

free, the resultant MXenes possess only –Cl terminal groups, as well as the common ones, such as –O and –

OH. It is well know that many parameters, such the potential window, current density, the concentration of

electrolyte, as well as the surface properties of electrode is a critical for electrochemical process, and these

parameters may vary with the electrochemical processing. In their system, the over-etching of parent

Ti2AlC phases may occur, leading to the formation of carbide-derived carbon.100 Lukatskaya et al. also

noticed the formation of amorphous carbon when selectively removing Al layers from Ti3AlC2 by anodic

etching in dilute NaCl, HCl, and HF solutions.101 Pang et al. prepared Ti2CTx by electrochemical etching

Ti2AlC in HCl solution. As displayed in Figure 10A, the etching mechanism involves two stages. Initially,

Al atom in Ti2AlC was removed by an applied voltage because of the weaker Ti�Al bond than Ti�C

bond. Afterward, both Al and Ti atoms are etched until only monolayer carbon atoms are retained. The

overall etching reaction on Ti2AlC is described as follows:

Ti2AlC + yCl� + ð2x + zÞH2O /Ti2CðOHÞ2xClyOz + Al3+ + ðx + zÞH2 + ðy + 3Þe� (Equation 8)

Similar to the work of Sun et al., the resultant Ti2CTx MXenes possess only Cl-terminated groups and some

common-OH and-O group. Compared to Sun’s work, the optimal etching time was shortened to be 9 h by

gentle heating.102

It is well known that Al is an amphoteric metal which can react with both acids and bases. The etching of

Al foil via conventional acids/bases has been experimentally verified many years ago.105,106 To figure out

applicable electrolyte for removing Al layer from MAX phases, Yang et al. examined various aqueous so-

lutions, including sulfuric acid (H2SO4), nitric acid (HNO3), sodium hydroxide (NaOH), ammonium chloride

(NH4Cl), and ferric chloride (FeCl3). The results reveal that chloride-containing electrolytes possess

apparent etching effects. This is attributed to the strong binding capability of Cl� with Al. Unfortunately,

limited by kinetic problems, the etching reactions take place preferentially on the surfaces.107 Taking this

concerning in mind, the authors of the same group proposed a binary aqueous system to electrochem-

ically etching Ti3AlC2 for obtaining Ti3C2. In their protocol, NH4Cl and TMA-OH was utilized as electro-

lytes. As shown in Figures 10B–10D, two pieces of bulk Ti3AlC2 was used as electrodes. It is noted that in

this system the cathode also acted as a counter electrode, so the etching process only took place on the

surface of the anode. It is noted that TMA-OH here plays two roles. For one thing, together with NH4Cl it

is the component of the electrolyte. For another thing, TMA-OH would dissociate into TMA+ and OH�.
14 iScience 26, 106718, May 19, 2023
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The generated OH- ions are capable of combining with NH4
+ from the dissociation of NH4Cl, forming

NH4OH. As a consequence, the intercalation of NH4OH into the interlayer of Ti3C2Tx may occur in the

electrochemical etching system, which may enlarge the interlayer distance, thus improving the etching

kinetics. A series of characterization (XRD and SEM) in Figures 10E–10I confirmed this conclusion. Owing

to the absence of fluoride-containing reagent in the system, the termination groups on the surface of the

exfoliated Ti3C2Tx (T = O, OH) flakes exclude any fluorine terminations. As expected, the exfoliated

Ti3C2Tx (T = O, OH) delivers excellent supercapacitor performance, which surpasses those made from

traditional wet-chemical approaches.103 As a successive of the above work, the same group proposed

an iodine-assisted etching strategy for preparing Ti3C2Tx in acetonitrile solvent. Though no electrochem-

ical techniques were applied, the real driving force for the etching processing is the moderate redox po-

tential of I2/I
� (EQðI2=I�Þ = 0:54). However, in this protocal a further HCl delamination treatment is

needed.108

Very recently, Chen et al. developed another binary aqueous system based electrochemical etching pro-

cess to prepare F-free and Cl-containing Ti3C2Tx MXene. As shown in Figure 10J, the etching process

was carried out in LiOH/LiCl solution using two identical Ti3AlC2 electrodes at a potential window of

5.5 V. The choice of LiOH/LiCl combination lies in two aspects. For one thing, Cl-containing electrolytes

are able to etch Ti3AlC2 owing to the strong interaction between Cl- and Al. For another thing, the ampho-

teric nature of Al enables it to react with OH�.109 whole etching process includes two steps. First, Al was

removed by Cl-containing electrolyte and OH- owing to the weaker bond strength of Ti-Al than that of

Ti-C. Second, Li+ in the electrolyes can intercalate into theTi3C2Tx layers, enlarging the interlayer distances

by weakening the interactions between adjacent layers. Owing to such intercalation and no organic solvent

used, the surface of the synthesized Ti3C2Tx is expected to be can be excellent hydrophilicity, making the

synthesized Ti3C2Tx water dispersable (Figure 10K). In addition, the good film-forming ability of the Ti3C2Tx
makes the Ti3C2Tx film highly flexible, which can be folded into a special shape without fracture Figure 10L.

Another merit of this process is ascribed to the high etching efficiency of 92.2% within 5 h. Furthermore, no

addition delamination is needed and sonification alone is able to delaminate Ti3C2Tx without using any haz-

ardous organic intercalant. The detail etching mechanism is illustrated in Figures 10M–10P, which can be

well evidenced by the corresponding ELF plots in Figure 10Q–10T.104

Besides carrying out in aqueous solution, electrochemical etching can also be performed in organic sol-

vent. For some applications, we may need MXene materials with hydrophobic surface or terminated

with desired organic functional groups. Under these circumstances, electrochemical etching in organic sol-

vent might be preferred. Yang et al. prepared Ti3C2TxMXene quantum dots (MXeneQDs) via a simple elec-

trochemical etching process which was followed by a bath sonication delamination procedure. As shown in

Figure 11A, their experimental setup is very simple, in which the Pt and Ag were utilized as counter elec-

trode and reference electrode, whereas the Ti3AlC2 was working electrode. The electrolyte was non-

aqueous ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]-[PF6]) and acetonitrile

(MeCN). Once a potential was applied on working electrode, the fluoride-containing ionic liquid will

release F�, which would etching Al from Ti3AlC2, forming Ti3C2Tx. The exfoliation potential of Ti2AlC2 is

crucial, which could be determined by cyclic voltammetry (CV) testing of an electrolyte with 1.0 M

[BMIM][PF6] in MeCN. Under optimal condition, the etching process can be finished within 5 h. The micro-

structure of the MXene QDs is clearly visible in TEM images, as shown in Figures 11B and 11C, which show

uniform and ultrasmall MXene QDs. HRTEM image in Figure 11D reveals that the lattice fronges had an in-

ner plane spacing of 0.21 nm, corresponding with (0110) facet of Ti3C2 MXene. The average lateral size was

determined to be �5.34 nm as shown in Figure 11E.110

Hydrothermal etching

Hydrothermal technique is a versatile method to prepare various functional materials. In a typical hydro-

thermal process, all reactants are sealed in a vessel where a high temperature (usually above the boiling

point of solvent) and a high pressure is provided. Compared to conventional wet-chemical and solid state

chemical processes, hydrothermal possesses high efficiency and energy economical characteristics. In view

of thermodynamic point, the attack of base to Al in MAX can occur under standard condition. The practical

difficulty is a kinetic problem in which a thin layer protective some oxide/hydroxide is often formed on the

surface of MAX, preventing the etching reaction.111 Recently, hydrothermal has been utilized for exfoliating

MAX to synthesize MXene. Peng et al. prepared Ti3C2 and Nb2C MXene via hydrothermal method. In their

protocol, NaBF4 and HCl was used as etching reagents, which can occur reaction to form HF.36 Li et al. have
iScience 26, 106718, May 19, 2023 15



Figure 11. Electrochemical etching in organic solvents

(A) Process for the preparation of Ti3C2Tx MXene Quantum Dots by an electrochemical etching technique in CH3CN

containing ionic liquid.

(B–D) Characterization of Ti3C2TX including TEM (B and C), HRTEM (D) and size distribution (E). Reproduced from ref. 110

with permission. Copyright 2020 American Chemical Society.
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reported a hydrothermal synthesis of Ti3C2Tx MXene using NaOH as alkali. Typically, Ti3C2Tx MXene termi-

nated with-OH and-O with high purity was synthesized via treating Ti3AlC2 with NaOH under hydrothermal

condition. The etching removal of Al layer from MAX involves two steps, oxidation of Al into Al oxide/hy-

droxide and the dissolution of Al oxide/hydroxide. Intrinsically, the reaction between MAX and NaOH is a

heterogeneous one. The outer Al atoms are prone to oxidation and dissolution by NaOH. With reaction

processing, the inner Al atomsmay be oxidized and dissolved only if the concentration of NaOH is enough.

As shown in Figure 12A, both the concentration of NaOH and reaction temperature has significant impact

on the quality of the final product. In particular, owing to the jamming effect, at low concentration of NaOH
Figure 12. NaOH as alkali hydrothermal synthesis of Ti3C2Tx MXene

(A) Schematic illustration of hydrothermal etchingTi3AlC2 MAX to synthesize Ti3AlC2Tx MXene.

(B) formation of Ti3AlC2Tx under various hydrothermal temperatures and NaOH concentrations. Dominant products for 24 batches of samples prepared

under different conditions. Red circles: MXene; black squares: MAX; blue triangles: NTOs. There are three regions of according to the main product.

(C–E) XRD patterns of the products gained at different conditions. Reproduced from ref. 112 with permission. Copyright 2018 John Wiley & Sons.
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(either high temperature or low temperature), with the etching processing, the inner Al atoms oxidize as

well. However, the newborn Al hydroxides (Al(OH)3), and their dehydrated oxide hydroxides (AlO-(OH))

may form. The dissolution of the newborn Al(OH)3 may be prevented. On the other hand, the dissolution

of Al(OH)3 with NaOH is an endothermic reaction, which is favored on increasing the reaction temperature.

In addition, the oxidation of Ti in Ti3AlC2 is possible, leading to the formation of Na/K-Ti-O compounds

(NTOs). Obviously, the formation of NTOs is not desired for synthesizing MXene. To figure out the optimal

experiment condition, the authors carried out a series of experiments. Figure 12B provided the dominant

products for 24 batches of samples prepared under different conditions (combination of different concen-

tration of NaOH and different hydrothermal time). From the visible result one can see three product region,

MXene (marked as red circles), MAX (marked as black squares), and NTOs (blue triangles). The products

were further identified via XRD (Figures 12C–12E). On the above evidence, the optimal condition was

set to be 27.5 M NaOH under 270�C. It is noted that an argon atmosphere should be provided to alleviate

the oxidation of the sample.112 Of interest, Jiang et al. prepared several mildly oxidized MXenes ((mo-

Nb2CTx, moTi3C2Tx, and mo-V2CTx)) via a hydrothermal process, in which LiF and HCl were utilized as

etching reagent. The reason for their work to allow the MXenes to be mildly oxidized might be because

of the fact that F-terminated MXenes usually provide unsatisfied electrochemical performance when acting

as electrode candidates.113

Under hydrothermal condition, all reactants are expected to dissolve and the reaction rates are much

higher than those under conventional wet-chemical processes. Meanwhile, currently mature operation

equipment and optimum route are available for hydrothermal process. Certainly there are also several

drawbacks utilizing hydrothermal method to prepare MXene. Similar to other wet chemical process,

MXenes prepared via hydrothermal method usually need to be further modified to meet the requirement

of specific application because it is difficult to real in-situ activation in a typical hydrothermal process. In

addition, the equipment from using acid/alkali solution is not avoidable.

Molten salt etching

Although electrochemical and hydrothermal etching avoids resorting to HF solution, the use of aqueous

solutions introduces a mixture of Cl, O, and OH surface groups. Recently, water-free etching has attracted

extensive attention, among which molten salt etching is one of the most popular strategies. Li et al. devel-

oped a ZnCl2 molten salt assisted etching strategy to prepare Cl-terminated MXene. Take Ti3C2Cl2 as an

example in case, the synthetic process is schematically depicted in Figure 13. The formation mechanism

involves two steps. Initially, Al atoms at A sites of Ti3AlC2 was replaced by Zn atoms, forming Ti3ZnC2.

The driving force for this step is ascribed to two aspects. For one thing, the strong Lewis acidity of ZnCl2
can produce strong electron-accepting ligands, which can react with the A element in the MAX phases

because Ti-Zn bonds are thermodynamically more stable than Ti-Al bonds. Simultaneously, the A-layer

(here is Al atom layer) diffusion process at high temperature can also promote the formation of Ti3ZnC2.

The second step is the formation of Ti3C2Cl2. This step can only take place on condition that excessive

amount of ZnCl2 is used (The molar ratio of Al-MAX to ZnCl2 here was 1:6). The reactions involved in the

process can be summarized as below.

Ti3AlC2 + 1:5 ZnCl2 = Ti3ZnC2 + 0:5 Zn+AlCl3 (Equation 9)
Ti3AlC2 + 1:5 ZnCl2 = Ti3C2 + 1:5 Zn+AlCl3 (Equation 10)
Ti3C2 + Zn = Ti3ZnC2 (Equation 11)
Ti3ZnC2 + ZnCl2 = Ti3C2Cl2 + 2 Zn (Equation 12)
Ti3ZnC2 + Zn2+ = Ti3C2 + Zn22+ (Equation 13)
Ti3C2 + 2Cl� = Ti3C2Cl2 + 2e (Equation 14)
Zn22+ + 2e = 2 Zn (Equation 15)

By flexibly selecting salt constituents and preciously control the reaction temperatures, the authors of

this group synthesized a variety of MAX phases (Ti3ZnC2, Ti2ZnC, Ti2ZnN, and V2ZnC) and MXenes

(Ti3C2Cl2 and Ti2CCl2). The results indicate a general and controllable approach to synthesizing
iScience 26, 106718, May 19, 2023 17



Figure 13. MXene was prepared by molten salt assisted etching

(A) Process for preparing Ti3C2Cl2 MXene using ZnCl2 molten salt etching method. Reproduced from ref. 114 with permission. Copyright 2019 American

Chemical Society.

(B) Schematic illustration for the synthesizing SA-Cu-MXene by selective etching quaternary Ti3(Al1-xCux)C2. Reproduced from ref. 115 with permission.

Copyright 2021 American Chemical Society.

(C) Schematic illustration for the synthesis of Ti3AlC2 MAX phase by a one-pot process integrating the fabrication and etching of MAX. Reproduced from ref.
116 with permission. Copyright 2022 American Chemical Society.

(D) Schematic illustration of one-pot molten salt synthetic process of Ti3C2 MXene using Ti, Al, and C as raw materials. Reproduced from ref. 117. Published

under a CC-BY license.
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nanolaminated MAX phases and the derivation of halide group terminated MXenes from its respective

parent MAX phase.114

Using a quaternary Ti3(Al1-xCux)C2 MAX as precursor, Zhao et al. prepared single atom Cu immortalized on

MXene. In this work, the etching removal of Al atoms from the quaternary Ti3(Al1-xCux)C2 MAX phase is

crucial. The innovated thought lies in the removal of Al with simultaneously preserving Cu atoms in the

product. As depicted in Figure 13B, when the quaternary Ti3(Al1-xCux)C2 MAX was immersed into the

molten ZnCl2 at 600�C, Al layers in MAX phase reacted with zinc chloride to produce AlCl3. Meanwhile,

the easy sublimation of AlCl3 would promote the etching remove of Al atoms in the A layer. As for the pres-

ervation of Cu, it was related to the intrinsic nature of Cu. The residual Cu atoms generates accordionlike

single atom Cu immobilized MXene (SA-Cu-MXene). Here, it should be emphasized that the

complete removal of Al is also supposed to occur at excessive amount of ZnCl2 (in the work mass ratio

of Ti3(Al1-xCux)C2 to ZnCl2 is 1 : 5).115 By analyzing the works of Li et al. and Zhao et al., one may conclude

that the excessive amount of ZnCl2 is necessary to assure the removal of Al. Otherwise, the Zn would only

replace Al resided in MAX. From the intrinsic mechanism analyzing, one may also know that the excessive

amount of Cl� plays crucial role because the formed AlCl4
� is the leaving species of Al. Taking these con-

siderations as well as the high price of ZnCl2, Liu et al. proposed another molten salt etching process to
18 iScience 26, 106718, May 19, 2023
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remove Al atoms from Ti3AlC2 to prepare Ti3C2. The whole etching process is shown in Figure 13C.116 In

their work, CuCl2, NaCl and KCl were used as molten salt etching reagent. Obviously, CuCl2 is the crucial

one whereas NaCl and KCl may be expected to act as solvent providing Cl�. Compared to ZnCl2, these

three chlorides (CuCl2, NaCl and KCl) are much cheaper. Similar to ZnCl2 system, the Lewis acid of Cu2+

may react with Al layer to form Cu on the MXene surface, whereas Al is converted into AlCl3 gas, which

is benefit for expanding the interlayer distance of MXene. Excess Cu2+ also partially reacts with the

exposed Ti atoms from Ti3C2 to form metallic Cu, whereas charge compensation is ensured by Cl� anions

reacting to form Ti3C2Cl2. The etching reactions can be described as below.

Ti3AlC2 + 3
�
2CuCl2 /

NaCl=KCl
Ti3C2 + AlCl3ðgÞ+ 3

�
2 Cu (Equation 16)
Ti3C2 + CuCl2 /
NaCl=KCl

Ti3C2Cl2 +Cu (Equation 17)

Ma et al. combined the molten salt etching process with the synthesis of MAX phase, resulting a one-pot

molten salt process to obtain MXene from raw Ti, Al, and carbon. The fabrication protocol is schematically

illustrated in Figure 11D, which involves four steps. Initially, a pellet was prepared by mixing stoichiometric

amounts of titanium, alumina and graphite powders with NaCl and KCl, followed by a pressing treatment

on a steel die. Afterward, Ti3AlC2 MAX phase was achieved via heating the pellet to 1300�C. At this tem-

perature, Ti, Al, and carbon are expected to react and give Ti3AlC2, different from traditional process where

the synthesis of MAX and MXene are separate. The as yielded Ti3AlC2 MAX phase is not necessary to be

isolated from the molten NaCl and KCl medium. By adding CuCl2 into the system, the etching removal

of Al atom layer may occur via the reduction of Cu2+ ions into the Cu and concomitant Al oxidation into

the volatile AlCl3 phase. Finally, after cooling to room temperature, a water plus (NH4)2S2O8 washing

was applied to remove the solidified salts and Cu from the MXene particle surface.117 Besides Ti-based

MXene, other MXene can also be prepared via molten salt etching process. Dong et al. report the prepa-

ration of Nb2CTx MXene by CuCl2+KCl+NaCl molten salts, in which CuCl2 was the etching agent to react

with Nb2AlC, whereas NaCl and KCl were used as salt bed.118 Different from Zn, Cu is a relative inert metal

element. It should be pointed out that the formed elemental Cu may reside in the product after the etching

reaction is completed. As a result, a further removing Cu procedure is needed to obtain pure Ti3C2 MXene.

In their work, ammonium persulfate (APS), which is a strong oxidant, is used to oxide Cu particles, thus

removing Cu. Owing to the introduction of the strong oxidant which also contains O element, this final

MXene prepared from this molten salt route is expected to be terminated with O and Cl surface groups.

Though CuCl2, NaCl and KCl share the advantages of lower price over ZnCl2, the strong oxidant APS

may cause some environmental issues such as releasing SO2. Very recently, Huang et al. demonstrated

that the Ti3AlC2 could be etched into Ti3C2Tx in molten MCl2$nH2O (M = Fe, Co, Ni), in which the

MCl2$nH2O were reduced into M particles. Of interest, they further transformed the residual M particles

into MSx via sulfirization. The final resulted Ti3C2Tx/MS2 delivered excellent sodium storage perfor-

mance.119 In another work, to avoid the post operation of removing metal particles caused by the redox

reaction between molten CuCl2 and MAX, developing simple and environmentally sound processes are al-

ways desired. Shen et al. forwarded an integrated process (MS-E etching) combining molten salt and elec-

trochemical technique to etching MAX phase yielding MXene. In this way, cathode reduction and anode

etching can be spatially isolated, resulting in metallic impurities absence in MXene product. Moreover,

this strategy is superior in modification because the surface terminations can be in situ modified from-Cl

to-O and/or-S by adding various inorganic salts. As a result, the modification steps are greatly shortened

and the variety of surface terminations is enriched as well. Last, but not least, such MS-E etching can be

regarded as a sustainable method owing to the two significant aspects. For one thing, no acidic liquid

waste is produced during the whole process. For another thing, the salt can be reused.120

In 2020, Li et al. have further proved that the molten salt etching technique to synthesize MXene is powerful

tool. In their work, a series of MAX materials with different atoms in A site (A = Al, Si, or Ga) were used as

precursors to synthesize various MXenes. Take a site of Si as an example, the derivation process for con-

verting Ti3SiC2 into Ti3C2 can be shown in Figure 14A. Similar to Liu et al.’s work, the etching process in-

cludes two steps, which involve the follow reactions.

Ti3SiC2 + 2CuCl2 /Ti3C2 + SiCl4ðgÞ+ 2Cu (Equation 18)
Ti3C2 + CuCl2 /Ti3C2Cl2 +Cu (Equation 19)
iScience 26, 106718, May 19, 2023 19



Figure 14. Synthesis of MXenes using MAX materials with different atomic sites as precursors

(A) Schematic illustration of synthesis of Ti3C2Tx using CuCl2 molten salt etching process.

(B) Gibbsfree energy mapping (700�C) guiding the selection of Lewis acid Cl salts according to the electrochemical redox potentials of A-site elements in

MAX phases (x axis) and molten salt cations (y axis) in Cl melts. Stars mark the corresponding MXenes demonstrated in the current study. All symbols (stars

and spots) were calculated using the same approach; the star symbols were experimentally verified in this paper, whereas spot symbols remain theoretical

prediction. Reproduced from ref. 121. Published under a CC-BY license.
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The Lewis acid of Cu2+ is expected to oxidize the exposed Si atoms which are weakly bonded to Ti in the

Ti3C2 sublayers, forming SiCl4 phase. SiCl4 is easy to sublimation because its boiling point is just 57.6�C.
Similar the reports elsewhere,114,116 excess Cu2+ partially reacts with the exposed Ti atoms from

Ti3C2accompanied by the formation of metallic Cu, whereas charge compensation is ensured by Cl� an-

ions, forming Ti3C2Cl2. To remove Cu from the MXene, either APS or FeCl3 was available. Besides etching

Ti3AlC2 to form Ti3C2, other MAX phases were also tested in their group. By a series of experimental evi-

dence, they proposed a generic method to etch MAX phases by direct redox coupling between the A

element and the cation of the Lewis acid molten salt, which could be described as below:

A + y
�
x BClx /ACly + y

�
x B (Equation 20)

Obviously, this is a redox reaction. To make the reaction spontaneous, the potentials of Bx+/B (EðBx+=BÞ) and
Ay+/A (EðAy+=AÞ) are expected to meet the requirement:

EðBx+=BÞ>EðAy+=AÞ (Equation 21)

Furthermore, the Gibbsfree energy change (DrGm) of the reaction could be calculated using the following

equation:

DrGm = � nF
�
EðBx+=BÞ � EðAy+=AÞ

�
(Equation 22)

Here n refers to the number of electron transferred in the redox reaction, and F refers to the Faradic con-

stant, which is 96485C/mol.

Theoretically, those reactions with a negative value in Gibbsfree energy change are expected to work for

synthesize MXene. Rational combination of chloride molten salt and MAX is capable of forming corre-

sponding MXene. Figure 14B provide a Gibbsfree energy mapping with the electrode potentials. Guided

by this mapping, some combinations (star symbols) have been verified in experiment, whereas some (spot

symbols) are only theoretically verified.121 Here, what should be pointed out is that for practical synthesis,

one should simultaneously consider kinetic factors besides thermodynamic factors.

Considering the postmodification of MXenes, the Cl- or Br-terminated MXenes are preferred to O- or F-

terminated ones. Take Ti-based MXene as example; this can be verified by the fact that the bond strengths

of Ti-F and Ti-O are more stable than Ti-Cl and Ti-Br. Their formation enthalpies are confirmed to
20 iScience 26, 106718, May 19, 2023
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Figure 15. Schematic illustration of molten etching process to prepare Ti3C2Br2 MXene as well as its derivatives

Reproduced from ref. 122 with permission. Copyright 2020 Prof. Dmitri V. Talapin.
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be �617 kJ/mol (TiBr4),�804 kJ/mol (TiCl4), and �1649 kJ/mol (TiBr4). Kamysbayev et al. developed a gen-

eral strategy to install and remove surface groups by performing substitution and elimination reactions in

molten inorganic salts. As shown in Figure 15. In the presence of CdCl2 or CdBr2, MAX phase could be

easily converted into MXene terminated with Cl or Br (here is Ti3C2Br2 as example in the figure). It should

be noted that Cdmay be formed during the etching process, which can be removed by addingHCl (or HBr).

This is very different from the removal of Cu by Li et al. and Zhao et al., where APS or FeCl3 are needed. The

reason for such difference could be ascribed to the intrinsic different properties of Cd and Cu. Obviously,

using HCl or HBr to remove Cd will yield CdCl2 or CdBr2, which can be recovered for recycle use. Owing to

the high reactivity of Ti-Cl and Ti-Br bonds, the MXenes terminated with Cl or Br surface groups can be

easily converted to other groups, For convenience, the cases reported in their work was also summarized

in Table 2.122

HF etching, fluoride salt plus HCl etching, electrochemical ething, and hydrothermal etching are belonged

to wet-chemical etching.Wet-chemical processes usually result in high yield of MXene products, whichmay

remain the method of choice for large-scale manufacturing. Meanwhile, wet-chemical process allows for

flexible selecting etching reagent and condition, which has discussed above. Different from wet-chemical

etching process, molten salt etching usually yieldMXene product with only one type of termination groups.

Molten salt etching method shares the advantages of single thermal process, flexible choosing salt.
Table 2. Summary of samples prepared via molten salt etching process in ref 122

Original MXene Molten salt system Exchange reagent Temperature (oC) Target MXene

Ti3C2Br2 CsBr-KBr-LiBr Li2Te 300 Ti3C2Te

Ti3C2Br2 CsBr-KBr-LiBr Li2S 300 Ti3C2S

Ti3C2Br2 CsBr-KBr-LiBr LiSe 550–600 Ti3C2Se

Ti3C2Cl2 KCl/LiCl Li2O 550–600 Ti3C2O

Ti3C2Cl2 KCl/LiCl NaNH2 300 Ti3C2(NH)

Ti3C2Br2 CsBr-KBr-LiBr LiH 300 Ti3C2,2

Ti2CBr2 CsBr-KBr-LiBr LiH 300 Ti2C,2
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Table 3. Comparison of various etching techniques in advantages and disadvantages

Etching method Advantages Disadvantages

HF etching Suitable for many types of MAX.

Mature process equipment and operating

conditions for various MAX.

Hazardous HF needed.

Excessive etching possible.

The structure of layered structure may be

destroyed.

Long residual time (over 8 h). Further

modification needed for application.

Fluoride salt and HCl etching The surface, morphology, and chemical

reactivity of MXene may be modified.

Possible to further process MXene into a

composite.

when the pH approaches neutral, results in

spontaneous delamination.

Lithium is a rare resource.

AlF3$3H2O impurity formed in the product.

Electrochemical etching Operation condition is mild.

Experimental setup is simple.

In-situ activation possible.

Mass production is difficult.

Efficiency is low.

Potential should be preciously controlled.

Hydrothermal etching Completely avoid using fluorine agent.

High reaction rate leads to high efficiency.

Low temperature (less 250�C).

Mature equipment, process, and operating

condition.

Easy to form oxide purity.

Long residual time (usually over 6 h).

Further activation needed.

Molten salt etching Rend the surface of MXene hydrophobic.

Termination groups are variable with molten

salt applied.

High solubility of various ionic compounds.

Single thermal process.

In-situ activation possible.

High temperature needed.

Residual other metals usually can not be avoid.

Salt recycling challenge.

Lack of optimum process and mature

equipment.

Use of hash salt corrosive equipment.
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However, this method usually suffers from the recycling salt, optimum/general process and mature equip-

ment. Meanwhile, the equipment corrosion from the utilization of harsh salt should be further resolved. For

convenience, Table 3 summarizes the merits and shortcomings of these etching techniques discussed

above.

Besides advantages and disadvantages in operation, properties of materials are often dependent on the

process of synthesis. MXenes are not exceptions. Generally, different methods lead to different termina-

tion groups in the final MXene products. In the aspect of thermoelectric application, MXenes obtained

by HF and fluoride salt assisted etching usually deliver poor performance because the termination groups

are F�, which is a strong electronegative element, implying a strong electron absorption ability. As a result,

the electrons in-F atoms terminated MXene are usually trapped. For another thing, the presence of the-F

atom would also prevent cations accessing into the MXene interspace, limiting the electron injection effect

and providing low carrier concentration. For hydrothermal etching, it endows MXene with abundant –OH

termination groups, which is hydrophilic and readily forms hydrogen bond with H2O. Owing to the strong

inter-affinity, chemically bonded H2O is difficult to remove, which hinders the thermoelectric performance

of MXene. For electrochemical etching, Ti in MXene easily react with electrolyte leading to accessive

etching, yielding TiO2which is located at the edge of MXene sheets. As a result, the carrier transport be-

tween the MXene sheets may be prevented. As for molten salt etching technique, it inherently requires

a high temperature, which has risks of sintering MXene sheets. In addition, the residual metal elements

(such as Cu, and Zn) is difficult to be distributed evenly, resulting in non-reproducibility of thermoelectric

performance of MXene.

APPLICATION OF MXene BASED MATEIRALS IN THERMOELECTRIC FIELD

Thermoelectrics, capable of realizing mutual transformation of heat energy into electrical energy, are more

preferred compared to other energy supply devices. Also thermoelectric devices gain several advantages

which involve their high durability, robustness, scalable, and compact and neither contain any moving parts

nor emit any harmful gases. The benefits of developing high performance thermoelectric materials/devices

are many. On one hand, waste heat energy caused by fossil energy consumption is expected to be
22 iScience 26, 106718, May 19, 2023



Figure 16. Comparison of figure of merit (ZT) achieved in various thermoelectric materials

SnS from ref. 125, Ag2Se from ref. 126, Bi/Bi2S3 from ref. 127, PEDOT: PSS from ref. 128, Cr2TiC2(OH)2 from ref. 129, others from

ref. 130
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recovered and converted into electric energy, which in turn reserves fossil energy resource and avoids

some environmental concerning. It is confirmed that the utilization efficiency of the global primary energy

consumption is only about one-third, and majority of the energy is lost through various inefficiencies.

Among all kinds of energy wastes, the major loss has been confirmed to be waste heat. Furthermore,

some advanced devices could be constructed, such as temperature sensors and fire warning devices. As

we know that the thermoelectric effects depend on temperature differences between two legs. For

some energy-intensive production industries, the working temperature is significant for safety. Also, the

temperature above a critical value may lead to fire disaster. If a suitable thermoelectric device is connected

to a warning light, the light may be turned on when the temperature is near the critical one. On the other

hand, with the emergence of the flexible electronics and revolutionary changes in electronic devices, ther-

moelectrics are expected to charge/power these devices utilizing the intrinsic temperature differences be-

tween the human body and the environment avoiding using long wires, which are necessary in tradition

external power supplies. In addition, utilizing thermoelectric modules make solar desalination feasible,

which is preferred in obtaining drinkable water from seawater.123,124

As mentioned in the introduction section, MXene based materials have attracted increasing attention

owing to their outstanding thermoelectric efficiency. Recent developments have renewed the interest in

enlarging the family of MXenes and tuning the structure of MXenes to make them excellent electric con-

ductivity but poor thermal conductivity. Furthermore, many MXene based composites possess stacked

layers of a laminated structure with different molecule/ion intercalation have been reported to exhibit

excellent thermoelectric properties. As outlined in Figure 16, we will discuss the thermoelectric applica-

tions of MXene based materials by classifying them into pristine MXene and MXene based composites

including MXene/carbon, MX/polymer and MXene/inorganic.
Pristine MXene for thermoelectric application

Thermoelectric devices refer to the direct transformation of heat into electricity, making it an effective and

reliable energy technology for microelectronics. Because of the low dimensionality, MXenes demonstrate

significantly different electronic structure andmagnetic properties as their correspondingMAX phases, en-

dowing themgreat potential in thermoelectric energy harvesting. This has been verified by both theoretical

predication and experimental research. In 2012, a series of MXenes, including Ti2CO2, Hf2CO2, Zr2CO2,
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Figure 17. Mo-based MXenes preparation steps and electrical and thermoelectric properties

(A) Schematic illustration for the synthesis of MXene. (i) Selective etching of the A-element in the layered precursor materials, (ii) intercalation of organic

molecules, tetrabutylammonium cations (TBA+), (iii) exfoliation of 2D MXene flakes by molecule exchange with water and ultrasonication.

(B–D) thermoelectric parameters of MXenes: (B) condictivity, (C) Seebeck coefficient, and (D) power factor. Reproduced from ref. 21 with permission.

Copyright 2017 American Chemical Society.

ll
OPEN ACCESS

iScience
Review
Sc2CF, Sc2C(OH)2, and Sc2CO2, were expected to possess semiconductor character with band gaps be-

tween 0.24 and 1.8 eV by Khazaei et al. using a set of first principle calculations.131 In 2014, a later calculation

study revealed that Mo2CF2 (with fluorineterminated surface) have superior thermoelectric power factor

among the other 35 different functionalized M2XTx MXene systems.132 With time passing, experimental ev-

idence came to accumulate. In 2017, Kim et al. measured the electric and thermoelectric properties of three

compositions of Mo-based MXenes (Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx). As displayed Figure 17A, the

preparation of these Mo-based MXenes involves three steps. Initially, the corresponding MAX phases

(Mo2Ga2C, Mo2TiAlC2, andMo2Ti2AlC3) were etched by HF to remove Al atoms. By washing with deionized

water several times, multilayer MXenes (HF-etched powders) can be gained. Afterward, the multilayer

MXenes were treated with tetrabutylammonium hydroxide (TBAOH), which leads to exfoliation of 2D

MXene suspensions. Meanwhile, the tetrabutylammonium cation (TBA+) may be intercalated between

the negatively charged MXene sheets, followed by further washing and sonication. The authors further

checked the thermoelectric properties of three Mo-basedMXenes. As shown in Figures 17B–17D, the elec-

trical conductivity of all three Mo-based MXene papers varied with the change of temperature. In partic-

ular, they are resistive in the pristine state near room temperature, whereas there is a rapid increase of their

electrical conductivity during the first heating cycle. This phenomenon could be ascribed to the loss of wa-

ter molecules, which leads to a gradual enhancement of the conductivity at low temperatures (300–500 K). If

the temperature continues to increase, owing to the formation of graphite from the thermal decomposition

of TBA+ intercalant at around 500–600 K, the onset of rapid conductivity increase sharply. This is well in

accordance with the reported thermal decomposition temperature of TBA+ intercalant in graphite, which

is around 480 K. It is well known that a high temperature usually leads to a high graphitization of carbon,

which is expected to further increase the electrical conductivity. Expectedly, the conductivity really in-

creases when the temperature is above 600 K. However, the increase rate is very slow. This observation

can be attributed to the decomposition of remaining TBA+ and the possible thermal-induced loss of sur-

face termination groups. The variation of electrical conductivity with temperature was further confirmed by

TGA with DSC and XRD. As for the seebeck coefficient, one can see from Figure 17C that all three MXenes

exhibit negative values of the Seebeck coefficients, indicating n-type behavior. In contrast to the electrical

conductivity, no drastic transitions on temperature are observed for the Seebeck coefficient, whereas only a
24 iScience 26, 106718, May 19, 2023
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Figure 18. Effect of surface terminate modification on the thermoelectric performance of Ti3C2Tx
(A–C) concentration of KOH.

(D–F) hydrothermal time. Reproduced from ref. 133 with permission. Copyright 2020 Elsevier.
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slow change during the first heating cycle is observed. Such result in turn verified that the reason for the

rapid increase in the electrical conductivity above�500 K is likely corresponded to the enhanced electrical

network between MXene nanosheets rather than irreversible changes of each MXene flakes. In particular,

during the temperature of 500–550 K, a trend of increasing Seebeck coefficient was observed for Mo2CTx
samples, revealing an interesting transition from p-type to n-type on thermal annealing.21

As mentioned in section 1, MXenes are usually prepared from selective etching A atoms from their parent

MAX. The etching process as well as the post treatment process has significant impact on the performance

of the final MXenes. Liu et al. have performed a systematic investigation on the influence of post hydrother-

mal treatment, including the acidity of the medium, treating time and the alkali resource on the thermo-

electric performance of Ti3C2Tx. By treating Ti3C2Tx with different electrolytes, different termination groups

may be obtained. In their research, KOH, NaOH, NH3$H2O and KCl at different concentrations were used

as treating agent. They found that the effects of the treating agent are complicated. Both the concentration

and treating time are crucial for the final performance. Take KOH as an example; the conductivity of the

final Ti3C2Tx decreased with the increase of KOH concentration, whereas the Seebeck coefficient increased

(Figures 18A–B). As for the power factor (S2s), the modified MXene film displayed a high power factor of

44.98 mW m�1K�2 at room temperature (Figure 18C). Once the concentration of KOH was set at 0.2 M,

the treating time of 2h was verified to be best to given the highest conductivity and Seebeck coefficient

(Figure 18D–18E). The sample obtained at the treating time of 2 h supplies high conductivity and Seebeck

coefficient; thus, the highest power factor was obtained by treating Ti3C2Tx for 2h ((Figure 18F)). Besides the

concentration of the post treatment agent and the treating time, in their work, Liu et al. further investigated

the type of treating agent affecting the thermoelectric properties of Ti3C2Tx. They found that strong elec-

trolytes provide a high electrical conductivity compared with weak electrolyte. Owing to the intercouple

effect among the Seebeck coefficient and conductivity, the temperature effect is interesting. A high tem-

perature leads to low conductivity whereas the Seebeck coefficient increased with the treating tempera-

ture. This phenomenon could be ascribed to the enhanced surface termination modification effect. At

high temperatures, more －OH and －F functional groups were effectively removed, leading to the in-

crease of the number of －O functional groups.133 By first-principle calculations and Boltzmann theory

respectively, Omube et al. predicted that Yttrium carbide MXenes (Y2CT2, T = F, Br, OH, H) attain high

and moderate figures of merit and Seebeck coefficients. Particularly, Y2CH2 was expected to have the
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largest value of ZT = 0.97, which can be compared to 10% Carnot cycle efficiency.134 Recently, by organic

molecule intercalation and thermal treatment, Huang et al. demonstrated that Mo2TiC2Tx and Nb2CTx
MXenes could be controlled into n- and p-type, respectively. The thermoelectric power factor of

Mo2TiC2Tx and Nb2CTx MXenes was shown to be 13.26 and 11.06 mW/(mK2) at room temperature, respec-

tively. In this work, they further designed and fabricated an all-MXene flexible and integrated thermoelec-

tric nanogenerator by combing Ti3C2Tx MXene as a contact electrode. The fabricated thermoelectric nano-

generators using 20 p-n units could produce an output voltage and power of 35.3 mV and 33.9 nW,

respectively, under a temperature difference of 30�C.135

As theory predicted, the termination groups on the surface of the MXene may determine the nature of

MXene to some extent. For example, the intrinsic Cr2TiC2 (without termination groups) is n-type semicon-

ductor, whereas Cr2TiC2 with－F and－OH are p-type semiconductor. Obviously, such different properties

are expected to give different thermoelectric properties. Combing the first-principles calculations with

semiclassic Boltzmann theory in BoltzTraP code, and the linearized phonon Boltzmann transportation

equation (BTE) using third-order IFCs as the input in ShengBTE code, Jing et al. discovered that ordered

Cr2TiC2T2 MXenes (T =-F or-OH) are promising TE materials with high ZT values. As shown in Figure 19A,

the ZT values of hole-doped Cr2TiC2(OH)2 and Cr2TiC2F2 are much higher than that of Cr2TiC2. In particular,

Cr2TiC2(OH)2 delivers high ZT value up to 3.00 at 600 K and 2.58 at room temperature, which are compa-

rable to those the very recently reported record-high ZT value of SnSe.136 A further thermoelectric conver-

sion efficiency revealed that p-type Cr2TiC2(OH)2 and Cr2TiC2F2 are found to be higher than that of n-type

Cr2TiC2. The different thermoelectric peroperties of these Cr2TiC2T2MXenes are absolutely ascribed to the

surface functionalization, which plays the crucial role in both the electronic structure and lattice phonon

dispersion in MXenes. In general, to get better thermoelectric performance, the MXenes are expected

to deliver semiconducting electronic structure with relatively high electrical conductivity and very small lat-

tice conductivity. Despite significantly reducing the lattice thermal conductivity by introducing the large

size of the surface functionalization group, the electronic band gap and the characteristics of band are

determined both by transition metals and surface groups.129

Besides directly providing thermal energy to create temperature differences between two sides of thermoelec-

tric materials, there are some additional strategies to create temperature difference, such as absorbing micro-

wave, sunshine, and electromagnetic wave. It has been demosntrated thatMXene possess a 100% internal light-

to-heat conversion efficiency. Based on electromagnetic energy conversion mechanism, He et al. designed a

thermoelectric generator driven by electromagnetic wave, as depicted in Figure 20A. In this thermoelectric

generator, the composites consisting of 80 wt % D-Ti3C2Tx with a thickness of 1 mm are coated on the surface

of the aluminum alloy. P-type and N-type semiconductors are connected at each end. The choice of the

aluminum alloy has several advantages. For one thing, aluminum alloy has a high thermal conductivity, which

are benefit to transfer heat rapidly to P-type and N-type semiconductors, reducing heat loss. For another thing,

the electrical nonconductivity of the aluminum alloy prevents electron transmission between P-type and N-type

semiconductors. Based on the Seebeck effect, a circuit between P-type and N-type semiconductors will be

formed owing to the the temperature difference, which will be suitable for power supply of low power electric

devices. As a consequence, the electromagnetic energy is converted into power energy. Figure 20A shows the

relevant operational mechanism. Figures 20C–20F show the thermoelectric performance of the device. One can

see fromFigure 20C and d that the electrical conductivity of the composite ismuch dependent on themass ratio

of D-Ti3C2Tx. The higher mass ratio of D-Ti3C2Tx provides a higher electrical conductivity. The composite con-

taining 80 wt % D-Ti3C2Tx delivers a high electrical conductivity up to 0.6 S m�1. The conductivity mechanism is

mainly attributed to the conductive network as shown in the inset of Figure 20D.Meanwhile, the distance among

D-Ti3C2Tx is usually related to the D-Ti3C2Tx concentration. A smaller may be obtained at a high D-Ti3C2Tx con-

centration, promoting the electron transportation. As a result, the higher the D-Ti3C2Tx concentration,

the greater is the the conductivity. In addition, the conduction loss (ε00c) and polarization loss (ε00p) of

D-Ti3C2Tx/wax composites were further studied. As shown in Figure 20E and f, both ε
00
c and ε

00
p of D-Ti3C2Tx/

wax composites were dependent on the frequency. In particular, a higher frequency leads to a lower ε00c and
ε
00
p. This result is ascribed to the definition that ε00c and frequency are inversely proportional to each other. Un-

expectedly, when the D-Ti3C2Tx concentration is below 40 wt %, a zero value of ε00c is observed. As for ε00p of D-
Ti3C2Tx/wax composites, owing to the polarization no obvious relaxation peaks were observed.

Besides electromagnetic wave, light irradiation is also capable to generate heat. Under temperature degrada-

tion, ions may also move toward a certain direction. Inspired by this, Hong et al. developed a subnanometer ion
26 iScience 26, 106718, May 19, 2023



Figure 19. Thermoelectric figure of merit (ZT) and TE conversion efficiency for Cr2TiC2 and Cr2TiC2T2 (T = �F

and �OH)

(A) ZT value between 200 and 600 K and (B) thermoelectric conversion efficiency in the same temperature range.

Reproduced from ref. 129 with permission. Copyright 2019 American Chemical Society.
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channels, converting external temperature changes to electric signals via preferential diffusion of cations under a

thermal gradient. Thedevice configurationwas schematically illustrated in Figure 21A. Thedevice is consistingof

two Ag/AgCl electrodeswhich are connected by a polymer electrolyte containing arrays ofMXene channels and

cations and anions. On one side (position 1 in the figure) the light irradiation was utilized to induce high temper-

ature. The temperature gradient and derived photothermal voltages may allow the transport of ions across the

MXene channels. As revealed by Figure 21B, the temperature gradient increases with increasing the light inten-

sity. Moreover, prolonging the light irradiation time can also provide a temperature gradient, leading to a pro-

portional open-circuit voltage (DV). As a result, a positive ionic Seebeck coefficient will be yielded. Owing to the

rapid photothermal heating of nanoconfined fluids, an instantaneous thermo-osmotic motion is expected to

occur. To check the effect of light irradiation source, the positionof light and the intensity of the light were further

investigated. The result was displayed in Figure 21C, the light irradiation position has no impact on the
Figure 20. Thermoelectric properties of D-Ti3C2Tx composites for thermoelectric generators

(A) Schematic illustration of a thermoelectric generator driven by electromagnetic wave.

(B) Relevant operational mechanism.

(C and D) DC conductivity (s) and (d) log 10 DC conductivity (s) vs. mass ratio of D-Ti3C2Tx/wax composites. The inset of (C) shows Keithley 4200-SCS

semiconductor characterization system. The inset of (D) is the schematic diagram of electron transportation.

(E) Conduction loss (ε00c) and (F) polarization loss (ε00p) for D-Ti3C2Tx/wax composites. Reproduced from ref. 23 with permission. Copyright 2019 American

Chemical Society.
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Figure 21. Light irradiation induces ion transport in MXene to generate heat

(A) Schematic illustration for the constructing a thermoelectric device using light irradiation as a heat source.

(B) Time-dependent temperature gradient and photothermal voltages when irradiated at position 1. The light is

irradiated for 60sat each light intensity.

(C) Proportional increment of temperature gradient at elevated light intensity. Inset shows time-dependent temperature

changes at positions 1 and 2, respectively, under light illumination of 127 mW$cm-2.

(D) Photothermal voltages under elevated light intensity at different irradiation positions. Inset displays the calculated

ionic Seebeck coefficient from the photothermal voltages, independently of the irradiation positions. Reproduced from

ref.137 with permission. Copyright 2023 American Chemical Society.
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temperature gradient (DT), which increases proportionally to the energy of irradiated light. When varying light

intensities, a stable thermal flux could be identified on condition that the MXene channel is locally irradiated.

Obviously, this conductive thermal feature is responsible for driving the stable temperature difference across

the interlayer water in the transverse cation channels. Under elevated light intensity, the voltage usually includes

two fractions, thermal voltage and thermoelectric voltage. As shown in Figure 21D, this thermoelectric device

produces both the different polarity of the thermal voltage and the ionic thermoelectric voltage. The former

is dependent on the irradiation position. The latter shows a proportionate rise under elevated light intensity.137

Besides above highlighted examples, there have been some more achievements gained in developing

MXene based thermoelectric devices. Table 4 listed the thermoelectric properties of recent reported pris-

tine MXene, which further evidenced that MXene is a promising thermoelectric material. It should be noted
Table 4. Thermoelectric properties of some representative MXene based thermoelectric devices reported during the past years

MXene Test condition Seebeck coefficient Thermal conductivity ZT value Reference

Ti2CO2 300 K 750 mV/K 18.42 W/mK 0.98 Sarikurt et al.138

Mo2C/Mo2Ti2C3 room temperature 308 mV/K;

�25 mV/K

0.37 W/mK;

0.45 W/mK

1.7 3 10�5; 2.6 3 10�4 Park et al.25

Sc2C 900 K 300 mV/K 4 W/mK 0.5 Kumar et al.139

Ti2CO2 300 K – 43.95 W/mK – Guo et al.140

Ti3C2Tx 5.8 K (DT) 78.4 mV/K – – Xu et al.141
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Figure 22. Preparation of swcnts /MXene composites and thermoelectric parameters

(A) Schematic illustration for the synthesis of SWCNT/MXene composite. Temperature-dependent Seebeck coefficient

and electrical conductivity (B), and power factor (C) of SWCNT/MXene composites with different wt % MXene.

(D) Schematic diagram of the thermoelectric device consisting of 10 couples of legs.

(E and F) Open circuit voltage as a function of temperature gradient and (F) Voltage–current and power-current curves.

Reproduced from ref. 146 with permission. Copyright 2022 Elsevier.

(G) Schematic illustration for the preparation of multifunctional MCT-fabric. SEM images of pristine TPU (H), p-TPU fabric

(I), and MCT-fabric (J). Joule heating performance of MCT-fabric under gradient-increasing voltage (K). Cyclic heating-

cooling performance of MCT-fabric cycles under a voltage of 2, 5 and 10 V (L and M). Long-term temperature-time curve

of MCT-fabric at a voltage of 5 V for 1000 s (N). Reproduced from ref. 147 with permission. Copyright 2022 Elsevier.
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that some critical parameters, such as power factor, figure of merit (ZT) still have much space to improve

compared to some traditional inorganic thermoelectric materials.

Although promising prospect, it should be pointed out that pristineMXene as thermoelectric materials suf-

fers from several disadvantages. For one thing, instability of MXene to atmospheric oxidation in harsh en-

vironments or high temperatures is a significant concern. For another thing, the performance of MXenes

should be further boosted for satisfying practical requirement. Finally, MXenes, possessing typical nature

of ceramics, are usually fragile, so the mechanical stability should further be improved. In addition, for

wearable devices, the flexibility is necessary. Thus, it is expected that more research on constructing flex-

ible MXene based composite for thermoelectric application will be attractive.

MXene/carbon composites for thermoelectric application

Benefiting from their high charge carrier mobility, unique 1D electronic band structure, having both

metallic and semiconducting tubes and ease processing, carbon nanotubes (CNTs) are one of the most

promising flexible thermoelelectric materials. Compared to polymers and inorganic semiconductors,

CNTs provides a series of advantages, such as more versatility because of its excellent electrical conduc-

tivity, tunable thermopower by facile p- and n-doping, and light weightness. Great progress has been

made in utilizing CNTs and their hybrid composites to construct thermoelectric devices because of their

ease processability, scalability, and low density.142–145 Unfortunately, the thermoelectric properties of

CNTs are currently restrained by their low Seebeck coefficient and high thermal conductivity. Recently,

many groups are devoted to making composites with appropriate organic or inorganic materials, en-

ergy-filtering effect to improve the thermoelectric properties of CNTs by boosting Seebeck coefficient

and decrease the thermal conductivity with little sacrificing of electrical conductivity. For example, Wei

et al. prepared a series of three-dimensional (3D) hollow structured SWCNT/MXene films. Fig-

ure 22Ademonstrate the synthetic process of SWCNT/MXene films, which is very simple because only ame-

chanical mixing of two solutions (CNT/EtOH and MXene/H2O) is needed followed by vacuum filtration.

Owing to the energy filtering effect at interfaces, the SWCNT/MXene composites are demonstrated to

possess higher Seebeck coefficient compared to SWCNTs does. As demonstrated in Figures 22B and

22C, the thermoelectric parameters, such as Seebeck coefficient, electrical conductivity, and power factor
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of SWCNT/MXene composites are much dependent on themass loading ratio of MXene on the composite.

At MXene loading of 10 wt %, SWCNT/MXene-10 possessed the highest thermoelectric performance. It is

verified bycalculation that the Seebeck coefficient and ZT value are about 2 times and 20 times higher than

that of the neat SWCNTs, respectively. Figure 22D demonstrated the schematic photograph of a thermo-

electric device based on the SWCNT/MXene-10, in which 10 legs of SWCNT/MXene-10 was used. The per-

formance of the device was presented in Figures 22E and 22F. The open circuit voltage under actual test

condition (VAC) is demonstrated to be very close to the theoretically calculated values (VTH). Moreover, a

good linear relationship between the VAC and the temperature difference was observed, which reached

the maximum of 41.84mVat the temperature difference of 117.3 K. Significantly, the device delivered a

high theoretical power (PTH) of about 1.54mW at temperature difference of 117.3 K. By dividing the power

output by area of the thermoelectric module (10 cm2), the power density of the device was calculated to be

0.15 mW cm� 2.146 Recently, Zhang et al. deposited the hybrid of Ti3C2Tx MXene and carbon nanotubes

(CNTs) on polyurethane (TPU) non-woven fabric (MCT-fabric) via a dip-coating approach. Based on the syn-

ergistic MXene/CNTs conductive coating and pre-stretching induced ultrasensitive microcrack structure,

the as-prepared MCT-fabric possesses several functions, such as strain sensor, superior EMI shielding

effectiveness, and rapid Joule heating response. The synthetic procedure, characterization, and Joule

heating performance of MCT-fabric were displayed in Figures 22G–22N.147

In another work, Ding et al. constructed a series of composites consisting of MXene and SWCNTs with

sandwich structure. As revealed by Figure 23A, the composite films possess the typically compact and

well-aligned 2D layered structure by the composition of single-layer and few-layer. Such result is helpful

to provide a higher electrical conductivity and lower thermal conductivity owing to the phonon scattering

at the junction interface. In this work, the authors prepared sample with three structures, Ti3C2Tx-SWCNTs,

Ti3C2Tx-SWCNTs-Ti3C2Tx (SWCNTs was located between two Ti3C2Tx layers), and SWCNTs-Ti3C2Tx-

SWCNTs (Ti3C2Tx was located between two SWCNTs layers). Figure 23B presents the energy diagrams

of these three composite structures. The band gaps in SWCNT and Ti3C2Tx are greatly different (4.13 eV

and 3.90 eV, respectively), leading to ease forming a Schottky barrier between Ti3C2Tx and SWCNTs.

The consequence was that the Seebeck coefficient of the composite is much higher than that of pristine

SWCNTs. The increase of the Seebeck coefficient could be ascribed to the scattering off the low-energy

carriers. Furthermore, the electrical conductivity is much dependent on the ratio of SWCNTs as well

as the structure itself. In particular, for each structure the electrical conductivity decreased with increasing

the mass ratio of SWCNTs. Of interest, at a given mass ratio of SWCNTs, Ti3C2Tx-SWCNTs-Ti3C2Tx shows

the highest electrical conductivity. Figures 23C–23E presents the power factor of these composites when

applied in thermoelectric devices. The results demonstrate that Ti3C2Tx-SWCNTs-Ti3C2Tx film with 50%

SWCNTs generates a pretty sizable power factor. Compared to pristine Ti3C2Tx and SWCNTs, the value

was boosted 26 times and 5 times, which was up to 77.9 mW/(mK2).148

Traditional thermoelectric devices suffer from several issues such as high cost and insufficient perfor-

mance at ambient temperature, restricting their widespread applications. As a result, thermocells, also

known as thermoelectrochemical cells or thermogalvanic cells, represent an alternative to convert low-

grade waste heat into electrical energy. In particular, a thermocell is capable of convert body heat en-

ergy into electrical energy. The energy conversion in a typical thermocell relies on the thermoelectro-

chemical Seebeck effect. The voltages of thermocells rearch the order of mV/K under room temperature.

Recently, Wei et al. reported a ternary composite composed of Ti3C2Tx, SWCNT, and PANI (T-S-P), which

can be easily prepared via a facile vacuum filtration method. The ternary T-S-P composite electrode

showed notably improved thermoelectrochemical performance compared to the widely adopted noble

platinum electrodes. Notably, the as-fabricated T-S-P electrode showed excellent catalytic activity for the

temperature-dependent redox reactions. As displayed in Figure 24A, a square-shaped thermocell was

assembled using the T-S-P ternary composite using two copper electrodes in contact with an electrolyte

solution. Electricity may be created when the electrochemical redox potential is supplied by the temper-

ature difference between two sides. For a given electrochemical reaction in this system it can be ascribed

as below.

�
FeðCNÞ6

�3�
+ e�/

�
FeðCNÞ6

�4�
(Equation 23)

Moreover, owing to the good thinness, flexibility, and porosity, the ternary T-S-P composite electrode showed

superior advantages when circumventing the electrolyte diffusion issue. In their work, a practical thermocell was

further assembled, which is capable of powering electronics under the small temperature difference between
iScience 26, 106718, May 19, 2023 31



Figure 23. Thermoelectric properties of sandwich structured MXene/SWCNTs composites

(A) Schematic structures, (B) Energy diagrams, and (C � E) power factors of Ti3C2Tx-SWCNTs, Ti3C2Tx-SWCNTs-Ti3C2Tx, and SWCNTs-Ti3C2Tx-SWCNTs.

Reproduced from ref. 148 with permission. Copyright 2020 John Wiley & Sons.
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Figure 24. Preparation and thermoelectrochemical properties of Ti3C2Tx, Swcnts and PANI (T-S-P) ternary

composites

(A) Schematic configuration of the square TEC based on T-S-P composite electrode.

(B) Optical images of the as-fabricated square TEC.

(C) Demonstration of using the square TEC to light up two LED bulbs under the temperature difference of 30 K with the

assistance of a voltage amplifier.

(D and E) Demonstration of using the square TEC to power an electronic timer by harvesting human body heat. The timer

was immediately powered on once the thumb touched one side of the square TEC. The applied temperature difference

between the human body and the ambient environment was z10 K. Reproduced from ref. 27 with permission. Copyright

2023 John Wiley & Sons.
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human body and the ambient, as revealed in Figures 24B–24E. These results demonstrated that such T-S-P

ternary composite have great potential in harvesting/converting body heat into electrical energy.27

Graphene, which is composed of a monolayer of sp2 hybridized carbon atoms, has also attracted intensive

interests from broad areas of chemistry, physics, and materials science, among others. Interest in graphe-

ne’s thermoelectric applications has engendered a large pile of publications and a speeding up of research

pace.149–151 Literature investigation has evidenced that incorporating MXene into graphene is an effective

strategy to further improve the thermoelectric performance, trying to make use of the inherently excellent

electrical conductivity and superior charge transport properties of inorganic components. To date some

progress has been achieved in thermoelectric properties of graphene/MXene composites. Saeidi-Javash

et al. have reported the thermoelectric effect of Ti3C2Tx-graphene nanosheet, which could be used to

construct multifunctional bimodal sensors with integrated multiple sensing capabilities, including struc-

tural health monitoring, and wearable applications. Such a multifunctional sensor is based on determine

the detecting the direct-current Seebeck voltage across the printed device pattern. The bimodal sensor

based on the printed Ti3C2Tx-graphene nanosheet was constructed through printing technique, as sche-

matically presented in Figures 25A–25C, which includes four steps. The first two steps are exfoliation pro-

cesses to prepare graphene and Ti3C2Tx MXene, and the latter two steps are printing processes to deposit

graphene and Ti3C2Tx MXene onto the substrate. Figures 25D and 25E display the images of the printed

bimodal sensors with vertical and horizontal strain sensors on polyimide substrates. The developed sensor

demonstrates excellent sensing capability beyond conventional single-modality sensors besides providing

prominent spatial resolution utilizing the microscale printed patterns. Figure 25F presents the thermoelec-

tric voltages of six printed thermocouples (TC1-TC6), which increases linearly as a function of the
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Figure 25. Preparation and thermoelectrochemical properties of Ti3C2Tx -graphene nanosheets

(A and B) Liquid-phase exfoliation of graphite into graphene and (B) selective etching of Ti3AlC2 for the preparation of Ti3C2Tx MXene.

(C) Schematic illustration of the bimodal sensor fabrication process flow including (I) printing the strain sensor and outer legs of the temperature sensors

using Ti3C2Tx MXene ink and (II) printing the inner legs of temperature sensors using graphene ink.

(D) Printed bimodal sensor with horizontal strain sensors.

(E) Printed bimodal sensor with vertical strain sensors and top view of SEM images of printed graphene and Ti3C2Tx MXene films after annealing.

(F) Thermoelectric voltage of TC1-TC6 thermocouples.

(G) Simultaneous measurement of the strain and temperature at 150�C. Reproduced from ref. 152 with permission. Copyright 2021 American Chemical

Society.
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temperature difference. Amaximum output voltage of 11 mV is obtained under DT of 200�Cwith a compet-

itive thermopower output of 53.6 mV/�C with ultrahigh accuracy and stability during both steady-state and

transient thermal cycling tests. In addition, the sensor provided an outstanding platform to measure strain

as shown in Figure 25G.152

Compositing with carbon based materials, such as SWCNT, and graphene, supplies several merits to

MXene. First, the carbon materials are characterized by high electronic conductivity, which is favorable

for boosting the comprehensive thermoelectric performance of MXene. In addition, carbon materials

can be molded into flexible, lightweight films that endow the final device with high specific energy density.

Of significance, the introduction of carbon based materials would protect MXene from environmental

oxidation, improving the reliability of MXene based thermoelectric devices.

MXene/polymer composites for thermoelectric application

It has been demonstrated that composites consisting of p-type and n-type thermoelectric materials are ex-

pected to deliver high Seebeck coefficient, leading to an improved thermoeectric properties. Conducting

polymers also possess some other advantages applied in electronic devices. The introduction of polymer

containing composites to construct thermoelectric devices is expected to improve solutionmixing, thermal

conductivity, long-term stability, mechanical flexibility, and wear-ability, leading to a wide applica-

tion.153–156 In particular, conducting polymers themselves possess excellent electrical conductivity,

showing great prospect in boosting the performance of MXenes. Guan et al. prepared Ti3C2Tx/PEDOT:PSS

nanocomposites by drop casting a solution of PEDOT:PSS and MXene in water and DMSO. The prepared

Ti3C2Tx/PEDOT:PSS composites are capable of being applied to construct flexible and wearable thermal

sensors, which could be connected to fingertips, and demonstrated real time and rapid thermal response
34 iScience 26, 106718, May 19, 2023
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to cold or heat sources in a self-powered mode. It is well known that Ti3C2Tx is typically belonged to n-type

semiconductor, whereas PEDOT:PSS is p-type. By combining two such materials in one moiety, the elec-

trons are readily to be transformed to PEDOT:PSS from Ti3C2Tx, as schematically illustrated in Figure 26A.

As a consequence, an internal electric field will be created, preventing the movement of carriers with low

energy. Meanwhile, a high Seebeck coefficient will be obtained though the electrical conductivity seems to

be decrease. As presented in Figure 26B, the Seebeck coefficient of the composites increases with the lift-

ing MXene loading when the loading amount of MXene is low. Such result can be ascribed the energy

filtering because the Fermi level of MXene is lower than PEDOT:PSS by 0.2 eV Figure 26C provided the po-

wer factors of Ti3C2Tx/PEDOT:PSS composites with different amount of Ti3C2Tx, among which an optimal

power factor is 144–155 mW/(mK2).24

In another work, Jin et al. prepared a composite consisting of MXene (etching MAX with HF) and

PEDOT:PSS with zigzagmodification of PEG (PEDOT:PSS/MXene/PEG) though vertical directional freezing

and vacuum infiltrating, as illustrated by Figure 26D. The as-prepared PEDOT:PSS/MXene/PEG possesses

a multi-hierarchical honeycomb like structure (Figure 26E and 23F). The EDS mapping (Figure 26G) undis-

covered that the filling of PEG does not cause significant damage to the structure of PEDOT:PSS/MXene.

The PEDOT:PSS/MXene/PEG composite integrates the function of heat management and EMI shielding

into a single packaging material. The thermal conductivity of the PEDOT:PSS/MXene/PEG composite

was verified to be dependent on the filling contents of PEG. As revealed by Figure 26H, the more PEG filled

the lower thermal conductivity obtained. The thermal conductivity of PEDOT:PSS/MXene/PEG composites

ranges from 0.30 to 0.36 W m�1K�1 as the absolute content of MXene increases, suggesting that a higher

MXene content results in a higher heat exchange efficiency with outer by means of heat conduction. Figure

26I presents illustrates the components of a heterogeneous asynchrony photo-thermal-electric (PTE) con-

version system. Figure 26J presents relationship among the opencircuit voltage (OCV) of the system and

the temperature of the composite. One can see that the phase status changes of the composite have sig-

nificant impact on the OCV of the conversion system. On initial illumination the OCV of composite ramps

up rapidly. Followed by the initiation stage, the phase transition of PEG will occur, during which the OCV

falls back. Once the phase transition stage is finished, the OCV signal shows a plateau. However, after the

plateau stage, the system of the composite may reach heat buffer period, in which the quick drop off of the

OCV for conversion system is observed. The minimumOCV occurs at the termination of illumination, which

is determined to be around 5mV. As a consequence, by combiningMXene, PEDOT:PSS and PEG together,

it is plausible to construct an integrated PTE conversion system in the form of heat converter and heat

buffer, resulting in photo-voltaic transformation with a delay property.157

Polyimide (PI) is a large family of common polymers which show promising application in a variety of fields.

Recently, PI has been demonstrated to be a versatile modifying agent to adjust the performance of MXenes.

Different from conducting polymers, PI may have no contribution to the electrical conductivity of MXenes,

whereas PI is capable of lower the thermal conductivity of MXenes. As a consequence, by precious controlling

the structure and composition of MXene/PI composite, a desired thermoelectric performancemay be obtained.

Jiang et al. developed a dip-coatingmethod to prepare PI/MXene areogel (Figure 27A). As shown in Figure 27B,

once a temperature difference between the two ends of the PI/MXene, the migration of electrons from the hot

side to the cold sidewill occur. The thermoelectric voltagemay increase up to 2.15mV by increasing the temper-

ature difference increasing. Such a thermoelectric voltage is enough topower a temperature recorder. The linear

fitting function between the thermoelectric voltage and the temperature difference is plotted in Figure 27C. The

stability of the PI/MXene temperature-sensor was also investigated in their work, which was demonstrated to be

satisfied. In addition, when the temperature recorder is replacedwith a fire alarmdevice (such as a warning light),

the device may work well. As depicted in Figure 27D, when there is a fire near the the device, a temperature dif-

ferencebetween the two side of PI/MXenemaybe provided. As a result, the fire alarmwill provide information of

on fire or off fire. As a warning device, the repeatable warn is an important parameter for practice application. As

shown in Figure 27E, the trigger time of the first and fifth fire warning was 4.03 s and 2.98 s, respectively. Further-

more, in Jianget al.’swork, they also investigated the effect of PAAon the fire-warning trigger timeof PI@MXene

(Figure27F). The result showed that the increasenumberof PI skeletonwasnot conducive to forming the conduc-

tivepathwayandhindered theelectronsmigration inPI@MXene. thefirewarning trigger timegradually increased

with the increase content of PAA in the product. In addition, the dip-coating times also have impact on the per-

formance of PI/MXene. Increasing dip-coating times are expected to form more conductive pathways through

coatingmoreMXenenanosheeton theaerogels.Asa result, adecreased trigger timeofPI@MXenewasobtained

with increasing the dip-coating time (Figure 27G).158
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Figure 26. Preparation of Ti3C2Tx/PEDOT:PSS nanocomposites

(A) Schematic illustration of the interface effect in Ti3C2Tx/PEDOT:PSS composites.

(B and C) Seebeck coefficient and electrical conductivity, and (c) power factor of Ti3C2Tx/PEDOT:PSS composites at different Ti3C2Tx loading (wt %).

Reproduced from ref. 24 with permission. Copyright 2020 American Chemical Society.

(D) Synthetic process of PEDOT:PSS/MXene/PEG PCMs composite.

(E and F) The inner morphologies of PEDOT:PSS/MXene (w/w = 1) framework.

(G and H) The EDSmapping results of PEDOT:PSS/MXene framework and PEDOT:PSS/MXene/PEG composite (H) The effect of PEG contents on the thermal

conductivity of PEDOT:PSS/MXene.

(I) Illustration of real thermoelectric generator device based on PEDOT:PSS/MXene using sunlight as heat source.

(J) Time-dependent open-circuit voltage of the device. Reproduced from ref. 157 with permission. Copyright 2022 Elsevier.
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Figure 27. Polyimide (PI) compounded with MXenes to modulate thermoelectrochemical properties

(A) Schematic illustration for the preparation of PI@MXene aerogel composite.

(B) The diagram of a thermoelectric generator based on PI@MXene aerogel composite.

(C) Plot of voltage versus the temperature gradient.

(D) The diagram of working mechanism of the fire alarming device. The performance of the constructed fire alarm device: cycle performance (E), PAA ratio

dependent trigger time (F) and dip-coating times dependent trigger time (G). Reproduced from ref. 158 with permission. Copyright 2018 Elsevier.
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Recently, Ma et al. developed a series of flame alarm wallpapers (FAWs) based on the composite of ligno-

cellulose nanofibrils (LCNF) and Ti3C2Tx MXene. The composite preparation process is similar to the work

of Jiang et al., as displayed in Figure 28 a and b. The suspension of pre-synthesized Ti3C2Tx MXene was

mixed with LCNF suspension to form sandwich-like FAW which consists of MXene and LCNF with layered

structures. It is noted that in their work ammonium polyphosphate (APP) was used to catalyze the char for-

mation in the composite. Similar with Jiang et al.’s work, the sandwich-like composite can also assemble

into fire alarm (Figures 28C and 28D). Once the temperature around the device is high enough to induce

the flame, the device will shift to fire on state, providing fire alarming. In their work, they found that LCNF

layer containing 15% APP delivers a trigger sensitivity and thermal oxidation capacity. Compared to tradi-

tional flame alarm device, LCNF/MXene based FAW shares a superior fire alarm response (0.32 s) and a

continuous alarm signal (about 3073.0 s) as shown in Figure 28E. In addition, owing to the the good flexi-

bility of LCNF, ideal repeatable warning performance, excellent heat insulation ability and strong char-

forming properties in a fire. One of the disadvantages of this sandwich-like strategy lies in the lack of

sensing temperature. To decrease the loss of the incident of flame, hopefully some effective measurements

are expected to take for stopping the occurrence of fire disaster. Of course, new platforms for the construc-

tion of MXene-based multifunctional FAW might be offered, which is of great value in broadly addressing

the fire hazard problem of traditional wallpapers. Recently, Zeng et al. developed an enhanced thermo-

power flame-retardant cotton fabric (HTE@CF) by dip-coating of MXene, tannic acid (TA), and calcium

chloride (CaCl2) via layer-by-layer assembly. Their investigation reveals that the HTE@CF possesses a

high thermoelectric voltage of 3.72 mV, and the Seebeck coefficient more than 39.4 mV/K. What’s more,

the HTE@CF displayed accurate temperature response and sensitive fire-warning performance. When be-

ing burned, the fire-warning systemmay be triggered within 3 s. Meanwhile, the limiting oxygen index (LOI)

of HTE@CF was determined to be as high as 35.3%. Significantly, HTE@CF preserved stable structure even

when exposed to the flame for 60 s. These results demonstrated outstanding flame retardancy of HTE@CF.

Furthermore, the high conductivity of MXene and CaCl2 endowed HTE@CF good piezoresistive sensing

capability.159

Considering the thermoelectric characteristic and excellent conductivity of MXene nanosheets, Wang et al.

constructed a high fire safety cotton fabric (denoted asMXene/CCS@CF) by coatingMXene nanosheet and

carboxymethyl chitosan (CCS) via an eco-friendly layer-by-layer assembly method. The as-prepared

MXene/CCS@CF exhibits temperature sensing, fire-warning, piezoresistivity, and Joule heating perfor-

mance. When utilized to construct a temperature sensor, the MXene/CCS@CF yields outstanding
38 iScience 26, 106718, May 19, 2023
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Figure 28. Modulation of thermoelectrochemical properties of lignocellulosic nanoprimer (LCNF) composite with Ti3C2Tx MXene

(A–G) The schematic of MXene (A) sandwich-like fire alarm FAWs (B). The early fire warning performances and proposed working mechanism (C, D) Fire-

alarm response time and fire duration time (E) of sandwich-like fire alarm FAWs. Reproduced from ref. 160 with permission. Copyright 2023 Elsevier.

Schematic of construction for (F) temperature sensing circuit and (G) fire-warning circuit based on MXene/CCS@CF composites. Reproduced from ref. 161

with permission. Copyright 2021 American Chemical Society.
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performance. As is schemed in Figure 28F, the output voltage of MXene/CCS@CF regularly increased with

raising the temperature. A nearly linear relationship between the voltage and temperature was observed,

fitting the equation of U = 0.102T-0.413 (Figure 28F). Utilizing such liner relationship, the temperature

difference between two points of MXene/CCS@CF could be accurately calculated, giving a reliable tem-

perature sensor. The signal of the temperature difference can be converted into voltage. When the tem-

perature was higher than the ignition of combustible materials, a fire might occur. As a consequence,

Thereby, the trigger voltage to alarm the fire danger could be set at an early stage. Furthermore, the syn-

ergistic effect betweenMXene and CCSwas also investigated, and the result revealed that themass ratio of

CCS has impact on the performance of the flame retardant device. One can see from Figure 28G that

MXene/CCS@CF-1 (5 mg/mL CCS solution was used) delivers the most excellent performance. The limited

oxygen index of MXene/CCS@CF was as high as 45.5%, and the char length was only 33 mm in vertical

burning test. In addition, MXene/CCS@CF could detect a variety of humanmotions. Moreover, the control-

lable electrothermal performance renders MXene/CCS@CF as a potential portable heater. MXene/

CCS@CF could calculate the temperature difference between the two points of MXene/CCS@CF accord-

ing to the voltage. Besides, it could trigger the fire-warning system in a very short time when being burned.

Considering MXenes capable of generating electrical signals when the temperature gradient matches well

with the output voltage, fire-warning/temperature sensing circuit may be scheduled.

Besides PI and LCNF, many other polymers, such as PVA, PU, PET, have also reported to composite with

MXene, which provided the flame retardant.162 Table 5 list some recent work on MXene based materials
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Table 5. Summary and comparison of various MXene-based flame warning systems by utilizing modified MXene as flame warning

Materials information Alarm response time (s) Repeatable flame alarm/s Duration time (s) Reference

APP/LCNF/MXene 0.32 U 3073 Ma et al.160

PVP/PEG/MXene 1.8 U – Mao et al.163

MXene/CCS@CF 3.8 U – Wang et al.161

PU/MXene paper 11 U – Zhang et al.164

MXene/GO film 1 – 90 Li et al.165

MXene/Aramid 10 U 43 Peng et al.166

CNC/MXene 2.1 – – Zhang et al.167

polyimide/MXene 4.03 U – Zhao et al.168

CAS/TA/MXene film 0.982 U – Mao et al.169

MXene/Cellulose <4 U – Zeng et al.170

SiO2/PVP/MXene 5 – 2 Li et al.171

PA/MXene/GO 2 – – Li et al.172
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for flame alarm application as well as some tradition flame alarm system. Through Table 5 one can see that

in most composites MXene provides anti-dripping performance. Take PVA/MXene as an in case example,

owing to a physical barrier of MXene sheet, a real flame retardant purpose has difficulty in reaching PVA

sample. Similarly, the coated PU with sufficient amount of MXene could reach the rapid self-extinguishing

andmaintain the original shape even after combustion. Furthermore, incorporated into otherthermally sta-

ble substrate, such as polyimide aerogel, cellulose nanofiber, and graphene MXene nanosheets were

incorporated into some thermally stable substrates, whereas the composite architectures presented excel-

lent thermal stability and fire-resistance without catching fire.

In another work, Du et al. developed a solar-thermal electricity conversion device by combination of poly-

dopamine-decorated MXene (P-MXene) and biomass-derived phase change materials (PCM). The mate-

rials synthesis process includes two sections, syntheis of P-MXene and preparation of eMPCMs (erythritol

impregnated into P-MXene/cellulose nanofiber (CNF) hybrid aerogels). The detail synthetic procedures

could be schemed in Figures 29A and 29B. The as-prepared P-MXene composites possess 2D-layered

structures, which exhibit superior photothermal effects and excellent oxidation stability. After the function-

alization process, the as-prepared porous and interconnected 3D eMPCMs avoid liquid leakage during

phase transition. By attaching the eMPCMs specimen to a commercial thermoelectric generator equipped

with a finned cooler, a solar-thermal-electricity conversion measurement device was fabricated by radiated

under a solar simulator with an irradiation intensity of 250 mW/cm2 as shown in Figure 29C. A voltage

monitor linked with a computer was utilized to record the electric voltage of the eMPCM specimen under

irradiation. Figure 29D depicted the electric voltage evolution curves of the ePCM and eMPCMS during

solar-thermal-electricity conversion. Owing to the proportional relationship between electric voltage

and temperature difference, the output electric voltage behavior of the eMPCMs was expected to be

similar to the temperature evolution curves under light irradiation. By prolonging the light irradiation

time, the voltage of the eMPCMs may rapidly increase. This could be attributed to the efficient phototo-

thermal energy conversion capacity of the PMXene nanosheets. In addition, the mass ratio of P-MXene

to CNF in P-MXene/CNF hybrid aerogel was found to have significant impact on the voltage of the device.

The result demonstrated that at themass ratio of 1:1 (ePMCM-4) delivered the highest voltages of 0.63 V.173

The benefits of incorporating polymers intoMXene aremany. On one hand, polymers with hydrophobic carbon

backbones yields small sizes in the interlayer space dramatically decrease the thermal conductivity and increase

thermoelectric power factor. On the other hand, the flexibility of polymers endowsMXenebased thermoelectric

device wearable and has shown promising potential in body heat management. It should be noted that many

polymers are not stable at high temperatures (such as above 800�C) owing to carbonization. It is out of question

that more attention would be paid to develop light weight and high temperature tolerant devices.

MXene/inorganic composites for thermoelectric application

Bismuth telluride based alloys are historically reported thermoelectric materials with the best ZT value at room

temperature, which are the most utilized candidates. Unfortunately, the large-scale application for power
40 iScience 26, 106718, May 19, 2023



Figure 29. Modulation of thermoelectrochemical properties by polydopamine-modified MXene (P-MXene) complexed with biomass-derived

phase change materials (PCM)

(A–C) Schematic illustration for the synthesis of P-MXene (A) and eMPCMs (B). Schematic illustration of the measurement setup for solar-thermal-electricity

conversion (C). Temperature evolution curves of ePCM and eMPCMs during solar-thermal-electricity conversion measurement.

(D) Temperature evolution curves of ePCM and eMPCMs during solar–thermal–electricity conversion measurement. Reproduced from ref.173 with

permission. Copyright 2022 American Chemical Society.
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generation is limited by their their unsatisfactory thermoelectric performances in wide-temperature range

severely. Some strategies have been demonstrated to be efficient to further boost their ZT in the entire temper-

ature range (or average ZT), including intrinsic defect engineering, nanostructuring and texturing have been

developed.174–177 In particular, incorporating the nanoscale second phase, such as zero-dimensional nanopar-

ticles/nanodots,178,179 1D carbon nanotubes,180 2D graphene,181 a thin Co-P layer,182 thin ZnO layer,183 and so

on, are expected to supply abundant hetero-interfaces and grain boundaries, which could dramatically change

the carriers and phonon transport behavior in the composites, resulting in the enhancement of ZT in a wide tem-

perature range. Among all incorporated nanoscale second phases, 2D ones are preferred because of their gen-

eral compatibility with many materials. As for MXene based materials, there have been several examples on

MXene/BST composites for thermoelectric applications. For example, Lu et al. fabricated Ti3C2Tx/BST compos-

ites using the p-type Bi0.4Sb1.6Te3 (BST) as the matrix and a highly conductive MXene of Ti3C2Tx as the second

phase. The synthetic process of Ti3C2Tx/BST composites is schemed as shown in Figure 30A, which includes a

self-assembly protocol combinedwith spark plasma sintering (SPS). In the as-prepared Ti3C2Tx/BST composites,

the 2D MXene was homogeneously dispersed in the BST matrix, resulting in the improved power factor and

greatly reduced thermal conductivity. Similar to V2VI3 compounds with low thermal conductivity in the out-of-

plane direction induced by the texturing effect, the Ti3C2Tx/BST composites were also confirmed to possess

anisotropic thermoelectric properties. In particular, the thermoelectric performance in the out-of-planedirection

is superior over the in-plane direction. This work also further revealed the effect of Ti3C2Tx on the thermoelectric

performance of Ti3C2Tx/BST. The result indicated that both the conductivity and the Seebeck coefficient of

Ti3C2Tx/BST composites were greatly dependent on the loading amount of Ti3C2Tx, so was the power factor

and ZT. Figure 30B presented the temperature-dependent electrical conductivity of Ti3C2Tx/BST composites,

it was found that the overall electrical conductivity increased with the addition of Ti3C2Tx nanosheet. When

the loading fraction of Ti3C2Tx was 1 vol %, themaximumelectrical conductivity of 6.93 104 Sm�1 was achieved,

which is about 17% higher than that of pristine BST. Because BST is n-type semiconductor, which exhibits
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Figure 30. MXene/BST and BTS/MXene composite modulates thermoelectrochemical properties

(A) Schematic illustration for the preparation of Ti3C2Tx nanosheets and BST nanoplates.

(B) Self-assembly process for preparing Ti3C2Tx/BST composite powder.

(C) Densification of Ti3C2Tx/BST composite and the illustration of specimens for measuring different properties.(D)

Temperature dependence of power factor for Ti3C2Tx/BST composites with various loading. Reproduced from ref.184 with

permission. Copyright 2019 John Wiley &Sons.

(E) Synthetic process of BTS/MXene composites.

(F) schematic representation of EMI shielding mechanisms for the BTS/MXene composites. Thermoelectric performance

characterization results of BTS/MXene composites, electrical resistivity (G), Seebeck coefficient (H), power factors (I), total

thermal conductivity (J) and ZT (K) Reproduced from ref.185 with permission. Copyright 2022 Elsevier.
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negative Seebeck coefficient. As displayed in Figure 30C, owing to the highly increased carrier density, a much

lower Seebeck coefficient for the composites was obtained. Usually the impurity scattering or barrier energy

scattering is responsible for the limited reduction of Seebeck coefficient in the composites. A thermoelectric de-

vice using Ti3C2Tx/BST composites as p-type legs and commercial Bi2Te3 as n-type legs were studied. As shown

in Figure 30D, owing to the enhanced electrical conductivity andmoderately decreased Seebeck coefficient, the

Ti3C2Tx/BST composites supplied the increased power factor (PF) compared to pristine BST. As a consequence,

an improvedpeak ZT up to1.3 andan averageZT value of 1.23was obtained from300 to 475 K.What ismore, the

stability andmechanical performances of Ti3C2Tx/BST compositeswere also confirmed tobe better than pristine

BST, satisfying the requirements for practical applications. In addition, a high thermoelectric conversion effi-

ciency of up to 7.8% is obtained under a temperature gradient of 237 Kwith the newly developed thermoelectric

composites.184

Besides BST, currently, BTS (such as Bi2Te2.7Se0.3 compound) also has been considered as an efficient

n-type room temperature thermoelectric material). Zhang et al. demonstrated that the incorporation of

Ti3C2Tx MXene is favor for improving the thermoelectric performance of Bi2Te2.7Se0.3. They found that

the lattice thermal conductivity for nanocomposite samples is reduced from 0.77 to 0.41 W/(mK) at

380 K, and the electrical conductivity increases dramatically owing to the increased carrier concentration.

As a consequence, a peak ZT of 0.68 is obtained for Bi2Te2.7Se0.3/0.1 wt % Ti3C2Tx, which is enhanced by

48% compared with pristine Bi2Te2.7Se0.3.
186 In another work, Jiao et al. also prepared Bi2Te2.7Se0.3/Ti3C2Tx

(BTS/MXene) composites. The preparation process is schematically presented in Figure 30E, which involves

two steps, mixing BTS andMXene dispersion followed by vacuum-assisted filtration and hot pressing. Ther-

moelectric investigation evidenced that the BTS/MXene composites offer impressive thermoelectric con-

version properties. The improved thermoelectric performance can be ascribed to the high conductivity of

MXene and the blocking of low-energy carriers and the scattering of phonons at the interface, as displayed

in Figures 30F–30K present the thermoelectric papameters of BTS/MXene composites. Under optimal

composition, BTS/MXene composite involving 1.5 wt % MXene offers a peak dimensionless figure of merit

(ZT) of 1.2 from 313 to 498 K.185

Besides bismuth based compounds, tin (Sn) based materials are reported to possess middle temperature

exhibit thermoelectric performance because it exhibits intrinsically low lattice thermal conductivity

because of the strong anharmonicity of lattice vibration. Thanks to the low kl of 0.23 W m�1 K�1, giving

a high zT of 2.6 at 923 K, so its combination withMXene has achieved high, good and unique thermoelectric

functions.187,188 Zhang et al. reported that the incorporation of 2D Ti3C2Tx MXene into SnSe matrix can effi-

ciently increase the carrier mobility and concentration, leading to an improved electrical conductivity in the

temperature range of 323–523 K. As shown in Figure 31A, the fabrication of SnSe/Ti3C2Tx composites was

achieved through an in-situ precipitation. By changing the mass ratio of SnCl2$2H2O to Ti3C2Tx MXene, a
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Figure 31. Modulation of thermoelectrochemical properties of tin (Sn) based materials compounded with MXene

(A) Synthetic process of SnSe/Ti3C2Tx nanocomposites. Temperature-dependent thermoelectric performances of SnSe/Ti3C2Tx nanocomposites.

(B) electrical conductivity.

(C) Seebeck coefficient.

(D and E) power factor, and (E) ZT value and a comparison with other literature. Reproduced from ref. 189 with permission. Copyright 2022 Elsevier.

(F) Synthetic process of SnTe/Ti3C2Tx composites. Temperature-dependent thermoelectric performances of SnTe/Ti3C2Tx composites.

(G–J) electrical conductivity, (H) Seebeck coefficient, (I) power factor, and (J) ZT value. Reproduced from ref. 191with permission. Copyright 2021 Elsevier.
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series of SnSe/Ti3C2Tx composites can be obtained. They further revealed that the mass fraction of Ti3C2Tx
MXene in the composites has significant impact on the thermoelectric performance of Ti3C2Tx MXene. One

can see from Figure 31B that the combination of Ti3C2Tx MXene does not change the temperature-depen-

dent variation trend of electrical conductivity (s) of SnSe. No matter what ratio of Ti3C2Tx MXene to SnSe,

the s value increases gradually when the temperature rises from 323 K to a certain peak temperature

(named as Tp, the value of which, varying from 473 K to 623 K, depends on the yvalue). Such variation trend

is ascribed to energy barrier-enhanced carrier scattering at grain boundaries. Also, at the temperature

range of Tp to 723 K, the s decreases continuously; as the temperature elevates beyond 723 K, another in-

crease in s is observed. One may also note that the s value of the composites below their Tp is obviously

higher than that of pristine SnSe, indicating that the incorporation of Ti3C2Tx MXene is favor for improving

thermoelectric performance. Figures 31C and 31D presented the Seebeck coefficient (S) and power factor

(S2s) of all samples. Excitedly, both the S value and S2s value are boosted compared to those of pristine

SnSe. As for the zT values, the research revealed a peak value of 0.93 at 773 K for SnSe/Ti3C2Tx composite

with addition of 0.3 wt % Ti3C2Tx. Such result is much more advantageous than other SnSe based materials,

as demonstrated in Figure 31E.189 To further increase the concentration of carriers in SnSe2, which is ex-

pected to increase the thermoelectric properties, halogen element doping was tried by many professional

groups to optimize the carrier concentration. For example, Wei et al. developed Br-doped SnSe2/Ti3C2Tx
composites by a hydrothermal method combined with solid-state synthesis. They gained high carrier con-

centration of SnSe1.97Br0.03/0.4 wt % Ti3C2Tx, which is enlarged by three orders of magnitude compared with

pristine SnSe2. What’s more, the first-principles calculations revealed that the electrons transfer from the

MXene layers into the SnSe2 matrix was facilitated at elevated temperature. Benefitting from above merits,

a peak zT is obtained along out-of-plane direction at 818 K in SnSe1.97Br0.03/0.4 wt % Ti3C2Tx sample when

tested as thermoelectric materials.190

In another work, Jiang et al. utilized a similar method to prepare SnTe/Ti3C2Tx composites, which also

concluded a similar result that the thermoelectric performance of SnTe can be enhanced by incorporating

MXene. Figures 31F–31J present the synthetic process and thermoelectric performance of SnTe/Ti3C2Tx
composites. It should be pointed out that the synthesis of SnTe/Ti3C2Tx composites was carried out in

ethylene glycol but not water, which is different from the work of SnSe/Ti3C2Tx composites by Zhang

et al. Such preparation difference may be attributed to the different precursors are utilized in their work.

For SnTe/Ti3C2Tx composites, elementary Te powder was utilized as Te precursor, which should be

reduced to Te(II) to form SnTe. Of interest, ethylene glycol as an organic solvent possessing two-OH in

its molecule structure can simultaneously act as reducing agent. The case for SnSe/Ti3C2Tx composites

is different, where NaHSe was utilized as Se(II) precursor.191

As we mentioned before, waste heat covers low grade and high grade, however, most metal chalcogen-

ides, can only serve to recovery low grade waste heat in the low temperature range. Materials with earth

abundant and nontoxicity and high chemical/physical/thermal stability are desired to provide large scale

power generation using high grade heat at high temperatures. Taking this goal in mind, oxides are

outstanding candidates for high-temperature thermoelectric power generation. Among various available

materials, donor-doped SrTiO3 (STO) have turned out to be one of the best candidate because they

possess excellent thermoelectric performance with ZT = 0.6. To further boost thermoelectric performance

of STO for practical applications, constructing heterostructure or composite with other moieties has been

demonstrated to be effective. Recently, Dixit et al. prepared STN-MXene composite using a spark plasma

sintering process. Their investigation revealed that incorporating Ti3C2Tx MXene in a matrix of

SrTi0.85Nb0.15O3 facilitates the delocalization of electrons leading to better than single-crystal-like electron

mobility in polycrystalline composites. Figure 32 showed the thermoelectric properties of the as-prepared

MXene-STN composite. One can see from Figures 32A and 32B that the thermal conductivities (both elec-

tronic thermal conductivity and lattice thermal conductivity) of STN + MXene composites showed a signif-

icant increase in compared to pristine STN, which is different from the huge surge in electrical conductivity

obtained in these composites. This phenomenon can be ascribed to the presence of highly conductive

MXene. As a result, the incorporation of MXene into STNmatrix is favor for increase the ZT value as verified

in Figure 32C. It should be noted that the percentage ofMXene in the final composite has significant impact

on the thermoelectric property. Here they applied a quality factor, B, as an indicator parameter. The higher

value of B implied the better performance of the composite. as shown in Figure 32D, it was concluded that

the composite containing 1%MXene delivers the most excellent performance. In addition, a practical ther-

moelectric device composed of four legs was constructed and satisfied results were also obtained. The
iScience 26, 106718, May 19, 2023 45



Figure 32. Thermal properties and quality factor analysis

Plot of change in (A) thermal conductivity with temperature.

(B) lattice thermal conductivity with temperature and the Debye Callaway model fitting for all the composites in the inset.

(C) Change in ZT with temperature.(D) Quality factor of pure STN and composite samples at different temperatures. (E) Schematically showing MXene

facilitating the delocalization of electrons in the STN matrix by imparting strain and providing high energy electrons.Reproduced from ref. 192 with

permission. Copyright 2023 John Wiley & Sons.

ll
OPEN ACCESS

46 iScience 26, 106718, May 19, 2023

iScience
Review

mailto:Image of Figure 32|tif


ll
OPEN ACCESS

iScience 26, 106718, May 19, 2023 47

iScience
Review

mailto:Image of Figure 33|tif


Figure 33. ZnO- Ti3C2Tx nanomaterial composite modulates thermoelectrochemical properties

(A) Grain boundary of ZnO-Ti3C2Tx nanocomposites.

(B) synthesis of ZnO-Ti3C2Tx nanocomposites by cold sintering process, and (C–E) thermoelectric performance of ZnO-Ti3C2Tx nanocomposites.

(C) electrical conductivity.

(D) Seebeck coefficient, (E) power factor. Reproduced from ref.22 with permission. Copyright 2018 John Wiley & Sons.

(F) Schematic illustration for growing ZnO layer on Ti3C2Tx film (ZnO@Ti3C2Tx) via atomic layer deposition (ALD) technique.

(G–I) thermoelectric performance comparison of pristine ZnO and ZnO@Ti3C2Tx, (G) Seebeck coefficient, (H) electrical conductivity, (I) thermal conductivity,

and (J) power factor and ZT value. Reproduced from ref. 200 with permission. Copyright 2022 American Chemical Society.
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underlying physical mechanism for the improvement of thermoelectric performance of MXene/STN could

be ascribed to massive surge in electrical conductivity. As shown in Figure 32E, electrons coming out of

MXene attain much higher momentum because of highly conductivity of MXene. Owing to the presence

of STN matrix, part of these high-energy electrons injected into the STN matrix could be transferred to

the Anderson localized electrons, which move above the mobility edge to attain the itinerant states.192

ZnO is another potential candidate for thermoelectric energy conversion owing to its high abundance, low cost,

nontoxicity, and thermal stability.193–198 However, pristine ZnO usually supplies a low electrical conductivity

because of the low carrier concentration, limiting its thermoelectric application. Compositing with 2D materials

is considered to be a feasible route to increasing the carrier concentration, thus improving the electrical conduc-

tivity.Meanwhile, the dispersion of 2Dmaterials alonggrain boundaries of ZnO is expected toprovide abundant

interfaces, which may efficiently increase lattice scattering, leading to the decrease of thermal conductivity. To

date, some researchers have demonstrated that incorporating MXenes into ZnO is an interest of research for

thermoelectric application by increasing the carrier concentration accompanied by reducing the thermal con-

ductivity because of phonon-boundary scattering at interfaces, thereby greatly improving the thermoelectric

performances. For instance, Guo et al. synthesized ZnO-Ti3C2Tx nanocomposites by a cold sintering process.

As schematically presented in Figure 33A, the prepared ZnO-Ti3C2Tx nanocomposites are rich in grainboundary,

which are benefited for improving the electrical conductivity as well as mechanical stability of ZnO. The prepa-

ration process is shown in Figure 33B, in which three steps are involved. First, a homogeneous dispersed Ti3C2Tx
solution wasmixed and sonicated with the ZnO, which is followed by a freeze-dried treatment. Subsequently, by

adding 17–20 wt % 1.5 M acetic acid, the ZnO and Ti3C2Tx would be mixed homogeneous. Finally, the wetted

ZnO–Ti3C2Tx powders were pressed in a die under a pressure of 250MPaat a relative low temperature (less than

700�C) for 1 h. Compared to traditionally high temperature (usually over 800�C), this cold sintering process

avoids interdiffusion betweenMXene and ceramics andoxidation ofMXene in air.When applied for thermoelec-

tric devices, the ZnO-Ti3C2Tx nanocomposites exhibits better thermoelectric properties than pristine ZnO in

terms of electrical conductivity, Seebeck coefficient, and power factor, as shown in Figures 33C–33E. It is noted

that both the mass percentage of Ti3C2Tx nanocomposites in ZnO-Ti3C2Tx nanocomposites and the tempera-

ture used in cold sintering process have significant impact on the thermoelectric performance of ZnO-Ti3C2Tx
nanocomposites. The experiment results reveal that the sample containing 1% Ti3C2Tx treated at 750�C yields

the best performance.22 The improved thermoelectric performance with heat treatment may be ascribed to the

change of the concentration of dominant native donors in ZnO, which has also been confirmed by others.199

Considering the fact that 2D MXene can provide huge specific area and are easily oxidized in the air, Yan

et al. developed an atomic layer deposition technique to grow ZnO layer on MXene layer (ZnO@Ti3C2Tx), as

shown in Figure 33F. By adjusting the cycle number of atomic layer deposition, the thickness of ZnO layer could

be accurately controlled. Owing to spaces between layers in MXene, both the out surface and inner surface of

MXene are covered by ZnO. A comparison thermoelectric performance investigation reveals that ZnO@Ti3C2Tx
is superior over pristine Ti3C2Tx, as shown in Figures 33G–33J.200 It is noted that both ZnO@Ti3C2Tx and pristine

Ti3C2Tx give negative Seebeck coefficient.On increasing the temperature from300 to 700 K, Ti3C2Tx possesses a

gradual increase in the Seebeck coefficient from �3.87 to�6.17 mV/K. Comparatively, ZnO@Ti3C2Tx presents a

stronger increase tendency (�8.42 to�13.74 mV/K). In addition, ZnO@Ti3C2Tx still showed continuous enhance-

ment of the Seebeck coefficient at 650 K. The electrical conductivity of ZnO@Ti3C2Tx in fact is lower than that of

Ti3C2Tx. The decrease of electrical conductivity could be ascribed to the generation of some acceptor defects

such as VZn andOi, which are able to reduce the free-electron concentration.201 In addition, the thicker ZnO layer

on the surface of Ti3C2Tx is expected to yieldsmore acceptor defects, leading to a dramatic decrease in the elec-

trical conductivity. By reducing the thickness of ZnO layers or using more complex composition management,

the overall electrical conductivity may be further improved.

Currently, fully transparent thermoelectric devices are gaining more and more research interest,

where developing p-type transparent thermoelectric materials is necessary. Owing to its prominent
48 iScience 26, 106718, May 19, 2023



Figure 34. CuI/Ti3C2 nanomaterial composite modulates thermoelectrochemical properties

(A) Schematic illustration for the effect of interlaced architecture for energy barrier scattering between CuI and Ti3C2, respectively. Temperature-dependent

thermoelectric properties of CuI/Ti3C2.

(B) Seebeck coefficient.

(C) electrical conductivity, (D) power factor, and (E) thermal conductivity with respect to the Ti3C2 nanoinclusion vol %, respectively. Reproduced from ref. 26

with permission. Copyright 2021 John Wiley & Sons.
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hole-transport property, earth-abundant copper iodide (CuI), as a p-type semiconducting material with a

defect-tunable band gap of 0.9–1.9 eV, has been extensively explored for their transparent and high hole

mobility nature.202,203 In particular, CuI thin films are reported to possess the largest figure of merit for

transparent thermoelectric thin films with 0.22.204 Similar to other p-type semiconductors, however, the

electrical conductivities of CuI at room temperature usually are poor, leading to unsatisfied thermoelectric

performance at room temperature. Usually tuning the electrical conductivity of materials is expected to be

an efficient strategy to improve the thermoelectrical properties. It is confirmed that both the carrier density

and scatter phonons can be enhanced by introduction of secondary phase. In particular, nanoinclusions of

low-dimension type with a larger phase boundary is preferred, leading to effective transport channeling of

the charge carriers and in turn enhancing the thermopower. In addition, because of different bonding and

vibrational spectra of the host matrix and nanoinclusions, the thermal conductivity of composites is persis-

tently low, benefiting to yield high performance thermoelectric device. Karthikeyan et al. prepared a CuI/

Ti3C2 composite via Ti3C2 interlacing or nanoinclusion process followed by a hot press treatment. As pre-

sented in Figure 34A, the combination of CuI and Ti3C2 can add cause alterations in the effective mass of

the matrix band structure. The CuI/Ti3C2 composite exhibits effective charge transfer channeling and inter-

facial energy barrier scattering, which is induced in the interlaced architecture of CuI/Ti3C2 composite. On

the basis of energy scattering theory, energy-dependent charge carrier scattering or channeling occurs at

the interface barrier of secondary-phase nanoinclusions, allowing only the charges with higher energy to

penetrate through the interface. Figures 34B–34E shows the the Seebeck coefficient, S (b), electrical con-

ductivity, s (c), and the power factor (S2s) (d), and thermal conductivity measured as a function of temper-

ature for CuI/Ti3C2 composite at different temperatures. For pristine CuI, the variation of Seebeck coeffi-

cient with temperature is complex, which includes three stages. The first stage is below 350 K, in which the

Seebeck coefficient increases with temperature linearly. When the temperature is between 350 K and 425 K,

the Seebeck coefficient increases slowly. The maximum Seebeck coefficient of CuI at 425 K is 760 mV/K at

425 K. The last stage is located at the temperature zone above 425 K, in which the Seebeck coefficient

decreases with the temperature. For CuI/Ti3C2 composite, the Seebeck coefficient decreases with the

percentage of Ti3C2 in the composite. All composites gave lower Seebeck coefficient than pristine CuI.

A minimum value of 233 mV/K is obtained for CuI/Ti3C2 composite with 5 vol % Ti3C2 at 550 K. The electrical

conductivity of pristine CuI increases or stays almost constant with increasing temperature, whereas the
iScience 26, 106718, May 19, 2023 49

mailto:Image of Figure 34|tif


ll
OPEN ACCESS

iScience
Review
introduction of Ti3C2 has significant positive effect on the electrical conductivity of CuI. In particular, the

electrical conductivity of CuI/Ti3C2 composite with 5 vol % Ti3C2 increases fast with temperature initially

and than stay almost at 42 S/cm. This value significantly promotes the boost of their corresponding power

factor. Particularly of the CuI/Ti3C2 composite with 5 vol % Ti3C2 delivers a very large power factor up to

225 mW/(mK2) at 5500 K, which is much larger than that of pristine CuI and 55 mW/(mK2) at 360 K. This

huge increase in the power factor of the CuI/Ti3C2 composite is absolutely ascribed to the interlacing

morphology and densification process. The thermal conductivity of pristine CuI and CuI/Ti3C2 composite

with different amount of Ti3C2 are shown in Figure 34E. One can see that the thermal conductivity de-

creases with the increase of Ti3C2. This decrease could be ascribed to the scattering of phonon transport

via the energy barrier scattering.26

By compositing with traditional inorganic thermoelectric materials, many desirable advantages may be ob-

tained. For example, charge transport in these inorganic/MXene composites is expected to be dominated

by electron mobility. It is confirmed that the electrons transfer from the MXene layers into the inorganic

matrix can be dramatically facilitated by elevated temperature. Owing to the intrinsically low lattice thermal

conductivity of inorganic matrix, a peak zT close to unity may be achieved. In addition, thermoelectric de-

vices serving the purpose in a high-temperature range may be obtained by MXene/inorganic combination.
CONCLUSION AND PERSPECTIVES

In conclusion, this review summarized state-of-the-art research progress on the synthesis of MXene and its

application in thermoelectric devices. It is out of the question that MXene has become a promising family in

2Dmaterials benefiting from the compact layered structure, high thermal stability, and abundant active groups.

By preciously controlling the termination groups and the interlayer distances the thermoelectric performance of

pristine MXene can be greatly boosted to some extent. Also, by composite with other functional materials, such

as carbon nanotube, polymers, and inorganic nanomaterials, more and more MXene based thermoelectric de-

vices have been reported. Despite significant advances and received growing attention in the last decade, some

issues remain unresolved in both MXene synthesis and thermoelectric device construction.

For the synthesis ofMXene family, there are several challenges in the next decade. (1) The scientific community is

supposed to identify new precursors. Currently, the syntheses of MXene are much dependent on parent MAX

precursor. It is belonged to top-down process from MAX to MXene. The synthesis of MAX usually consumes a

large amount of energy, which leads to serious environment issues. Going forward, more elemental composi-

tion, safer process, low cost, more mass production is desired. In addition, if possible, MXenemay be obtained

by down to top method, such as from reaction between metal precursor and carbon precursor (CO2 might be

the most preferred). (2) The family of MXenemight be enlarged further. For one thing, great progress has been

madeon the synthesis of carbideMXenes, preparationof nitrides is trailingbehind. For another thing, the n value

in Mn+1AnX needs to be further enlarged, which is currently no more than 4. (3) Entropy engineering might be

involved in next decades. By introducingmulti-transitionmetals into theMsites inMXene,morepromising prop-

erties may come about. Entropy engineering allows enlarging the family of MXenes. Perhaps for this goal two

strategies are effective. One is presynthesize multimetal containing MAX parent phase, followed by etching

to yield mutimetal containing MXene. The second strategy refers to post introduction of more metal element

into the single metal containing MXene via cation exchange.

MXene-based materials possess excellent electrical transport properties, and advantages such as adjustable

termination groups, capable of compositing with various moieties, such as polymers, carbons, and inorganics

to improve the mechanical strength and good temperature stability. The most significant achievement in

MXene-based thermoelectrics was their higher ZT value achieved for pristine MXenes. Significantly, the high

conductivity of MXenes is dominated by electron mobility, which in turn leads to high thermal conductivity, un-

favorable to high thermoelectric performance. As a result, there is a great scope for zT improvement by elec-

tronic engineering through compositing with other materials. In this way, MXene based materials are expected

to meet the requirements of practical applicability. For example, for high-temperature thermoelectric devices,

MXene/inorganics were evaluated with better thermomechanical properties and high-temperature stability,

whereas MXene/polymer composites were more preferred for wearable thermoelectrics. For future trends,

both opportunities and challenges exist as listed below.

(1) Techniques to test and improve the thermal property of MXene based materials at the working tem-

perature should be needed. This is important to prevent electromigration or diffusion of the
50 iScience 26, 106718, May 19, 2023
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interconnect/conducting stripes or buffer layer occurs into the thermoelectric material, worsening

its properties on long-term operations.

(2) The human body releases approximately 60–180 W of heat, depending on body activity. Accord-

ingly, if efficient wearable thermoelectric devices could convert just a tiny fraction of this energy

(less than 0.1%) into electrical power, then, enough power would be produced to supply wearable

devices (e.g., health sensors, wearables, etc.). As a consequence, more attention should be paid to

develop lightweight, conformable, and breathable MXene based composites to meet the practical

requirements of wearable thermoelectric devices.

(3) 3D spatial information might be considered. For example, fire alarm devices are required to

response in time. Usually, the distance between the position of fire occurrence and the alarm device

are several or hundreds/thousands of meters. The reliability and stability of the fire alarm devices

should be further improved.

(4) Multi-field effect might be serious considered. There are at least two reasons to take multi-field

effect into account when constructing thermoelectric devices. For one thing, the heat source can

be photo- or magnetic- or microwave induced. These heat sources are expected to provide an addi-

tional field, which may affect the performance of the device. For another thing, thermoelectric

device in future may be used in space, where gravity field may be not available.

(5) Finally, more comprehensive theoretical and experimental strategies are needed to take full advan-

tage of MXenes merits. Combining theoretical and experimental investigation, it is expected to

boost the performance of MXenes, meeting the comprehensive requirement in converting/storing

clean energy and developing flexible electronic devices.
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Persson, P.O.Å., Lambrinou, K., and
Vleugels, J. (2016). Synthesis of MAX phases
in the Hf-Al-C system. Inorg. Chem. 55,
10922–10927. https://doi.org/10.1021/acs.
inorgchem.6b01398.

39. Tunca, B., Lapauw, T., Karakulina, O.M.,
Batuk, M., Cabioc’h, T., Hadermann, J.,
Delville, R., Lambrinou, K., and Vleugels, J.
(2017). Synthesis of MAX phases in the Zr-Ti-
Al-C system. Inorg. Chem. 56, 3489–3498.
https://doi.org/10.1016/j.ceramint.2022.
11.041.

40. Jiang, Q., Zeng, X., and Hu, C. (2022). A
promising layered thermoelectric metallic
ceramic with ultra-high temperature
stability: Mo2Ti2AlC3. J. Alloys Compd. 922,
166212. https://doi.org/10.1016/j.jallcom.
2022.166212.

41. Nemani, S.K., Zhang, B., Wyatt, B.C., Hood,
Z.D., Manna, S., Khaledialidusti, R., Hong,
W., Sternberg, M.G., Sankaranarayanan,
S.K.R.S., and Anasori, B. (2021). High-
entropy 2D carbide MXenes: TiVNbMoC3

and TiVCrMoC3. ACS Nano 15, 12815–
12825. https://doi.org/10.1021/acsnano.
1c02775.

42. Zhou, J., Tao, Q., Ahmed, B., Palisaitis, J.,
Persson, I., Halim, J., Barsoum, M.W.,
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