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Abstract 

Both MXene and conducting polymers are hot research topics on electrode materials for 

supercapacitors (SCs). The combination of these two different types of materials can solve the 

defects that exist when they are used as electrode materials alone. Based on theoretical capacity, 

specific surface area, mass load, flexibility and excellent mechanical properties, 

MXene/conducting polymers composites demonstrate their potential to become advanced 

electrode materials. In order to further illustrate the changes brought about by these composites, a 

large number of examples of MXene/conducting polymers as electrodes are described in details. 

In general, this review covers the latest developments in the study of SCs based on 

MXene/conducting polymers composites, including materials preparation, electrode materials, 

symmetrical supercapacitors (SSCs) and asymmetrical supercapacitors (ASCs). This article aims 

to understand the application of MXene/conducting polymers composites in the research of SCs, 

and provides a guideline for further research of these promising materials. 

Keywords: MXene; Conducting polymers; Composites; Supercapacitors. 
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1. Introduction 

With the rapid development of science and technology, humanity’s demand for energy is 

increasing. For a long time, the continuous consumption of petroleum, coal and other fossil fuels, 

the supply of non-renewable energy has been slightly short of, and the contradiction between social 

development and energy supply has become more and more serious[1-5]. In order to effectively 

solve the problem of energy supply, it is important to reduce the adverse impact of fossil fuel 

combustion, and realize the green and sustainable blossom of the ecological environment[6-9]. 

Developing efficient energy storage devices is considered to be a strategic technology for the 

development of renewable energy, such as metal ion batteries[10-12], fuel cells[13, 14], phase 

change energy, solar cells, metal air batteries[15-17] and SCs[18-20]. Among these promising 

devices, SCs have attracted much attention because of the advantages including wide operating 

temperature range, high-power density, long cycle life and good recoverability[21-25]. The 

electrochemical performances of SCs are mainly related to the properties and structures of 

electrode materials[26-29].  

Based on the energy storage mechanism, electrode materials are mainly divided into two 

categories[30]. One is carbon materials providing good power density because of their fast-

physical processes, on the basis of electrochemical double layer capacitor[31-33]. Nevertheless, 

owing to the lack of rapid reversible reactions, they have lower energy densities[34, 35]. The other 

is pseudocapacitive materials by taking on Faraday charge transfer reactions at the 

electrochemically active sites, including transition metal oxides[36, 37], such as MnO2 and RuO2, 
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which can be used as effective electrodes owing to their high theoretical capacitance of 1380 and 

1200-2200 F g-1, respectively[38, 39]. However, the cyclic stability of pseudocapacitive materials 

is poor, which greatly limits its application[40, 41]. Therefore, on the premise of not losing the 

advantages of excellent rate capacity and large specific capacity, to find a suitable electrode 

material with good cycling stability becomes more importantly[42, 43]. 

Because of the remarkably physical and chemical performances, two-dimensional (2D) 

materials can provide not only electrical double-layer capacitance by ion adsorption/desorption, 

but also pseudo-capacitance by Faraday redox reaction on the surface[44-46]. Some 2D materials 

even provide electrical double-layer capacitance and pseudo-capacitance at the same time[47-49]. 

Because of their unique features, good elasticity, excellent mechanical properties, the quality of 

load big advantages[50, 51], 2D materials have become important electrochemical active materials 

in SCs, such as grapheme[52], metal organic framework (MOFs)[53, 54], the layered double 

hydroxides (LDHs)[55] and MXene[56, 57]. 

MXene is a large class of 2D transition metal nitrides or carbides, for example Mo2C[58], 

Nb2C[59], Ti2C[60], V2C[61], Ti3C2[46, 62], etc. Fig. 1 (a) shows the distribution of the main 

selected elements of MXene in the periodic table. Its general molecular formula is Mn+1AXn (n=1, 

2, 3), in which M, A and X separately denote the transition metal, IIIA and IVA group elements and 

nitrogen or carbon [63, 64]. In the tightly arranged M layer, X atoms are located in the center of 

the octahedron, and M and A layers are alternately arranged to form the MAX phase, as shown in 

Fig. 1 (b)[65]. MXene can be obtained through selectively etching element A. And the etching 



 

5 

process is carried out in solution, resulting in the periphery of the material with -O, -OH or -F 

functional groups[66]. Therefore, its general molecular formula can be expressed as Mn+1XnTx 

(n=1, 2, 3)[67], in which M, X and T denote the early transition metal, carbon or nitrogen, and 

surface terminating groups of -O, -OH or -F[68]. 

  

Fig. 1. (a) Fragment of the periodic table showing the main elements of the MAX phase. (b) The illustration of 

the crystal structure of the MAX phase[65]. Copyright 2013 American Physical Society. (c) Annual publication 

volume of MXene related articles. [Source: Web of Science. Search index: MXene energy, MXene 

supercapacitor or MXene/Conducting polymers supercapacitor.] 

Since the discovery of MXene by Gogotsi et al.[69] in 2011, MXene materials have attracted 

great attention because of their large specific surface area and excellent electrical conductivity. 
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Fig. 1 (c) exhibits the number of papers reporting MXene in the field of energy and supercapacitors 

(SCs) in recent years. The number of articles published each year is rising in a stepwise manner, 

which also shows that the research of MXene is becoming more and more popular. Lukatskaya et 

al.[70] stripped Ti3C2 with dimethyl sulfoxide and then adopted ultrasound to obtain Ti3C2 sheets 

with fewer layers. After centrifugation, filtration and drying, self-supported "Ti3C2 paper" 

electrodes had only 2~20 μm thickness. In the KOH electrolyte, this "paper" electrode provides a 

volumetric capacitance of 450 F cm-3 at 2 mV s-1, and still gives 280 F cm-3 even at 100 mV s-1. 

Ghidiu et al.[71] etched Ti3AlC2 with hydrochloric acid and lithium fluoride and obtained clayey 

Ti3C2, then rolled the clayey Ti3C2 into thin sheets with a roller and directly made an electrode. In 

1 M H2SO4 electrolyte, its volumetric capacitance is as high as 900 F cm-3 at 2 mV s-1 and 730 F 

cm-3 at 100 mV s-1. Hydrophilicity, metal conductivity as well as surface redox reaction of MXene 

are the key to the preparation of electrode materials with good performances. However, under the 

effect of van der Waals force, the adjacent MXene flakes have a strong tendency to gather or self-

accumulate, reducing the specific surface area and further affecting the ion diffusion among the 

layers. So, it seriously deteriorates the properties in practical applications of MXene based 

electrodes[72, 73]. Fortunately, the combination of conducting polymers with MXene can improve 

their electrochemical properties and give them superior mechanical properties[74-77]. 

The conducting polymers that are most commonly studied for use in SCs devices are 

polyaniline (PANI), polypyrrole (PPy), polythiophene (PTh) and poly(3,4-

ethylenedioxythiophene) (PEDOT)[78-82]. They have good intrinsic conductivity. Table 1[83] 
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shows the typical conductivity of different conducting polymers in the doping state. Compared to 

conventional polymers (10 eV), conducting polymers have a lower band gap (1-3 eV). And these 

polymers possess specific doping/undoping behaviors, various morphologies and rather fast 

charge and discharge ability[84, 85]. 

Table 1. Conductivity of typical conducting polymers[83]. 

Polymer PANI PPy PTh PEDOT 

Conductivity (S cm-1) 0.1-5 10-50 300-400 300-500 

Since 2015, the development of MXene in the field of energy storage has been rapid, and 

there are numerous articles for SCs research[86-92]. For example, Xu et al.[88] discussed MXene 

for energy storage in sodium ion batteries, comparing theoretical and experimental differences in 

electrochemical performance. Nan et al.[86] summarized MXene in different energy storage 

devices and presented some challenges of MXene for future energy storage. Wu et al.[87] 

introduced MXene in potassium ion battery by some examples and explained the potassium storage 

mechanism of MXene. Nasrin et al.[93] elaborated the improvement of 2D/2D MXene 

heterostructures on the performance of SCs. The reviews of MXene applications in energy storage 

such as SCs and batteries are relatively numerous, however, there are relatively few reviews of 

MXene/conducting polymer composites for SCs. 

In order to get a quicker and more convenient understanding of the recent research on 

MXene/conducting polymers in SCs, the recent papers on MXene/conducting polymers for SCs 

are summarized. This article focuses on the application of 2D materials MXene and 
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MXene/conducting polymers composites in SCs, including the synthesis and preparation of 

MXene and composite materials, and the research of advanced electrode materials. Subsequently, 

the application of these materials in symmetrical supercapacitors (SSCs) and asymmetrical 

supercapacitors (ASCs) is discussed with detailed examples. Some problems existing in the 

development of current Mxene/conducting polymers composite materials are pointed out. At last, 

we look into the application prospects of MXene. 

2. Synthetic Methods 

2.1. Preparation of MXene 

2.1.1. HF etching 

There are dozens of known types of MXene. Ti3AlC2 is taken as an example to explain the 

main preparation methods of MXene lamellas[64, 94]. As shown in Fig. 2 (a)[95], the first reported 

method for preparing MXene is to etch bulk Ti3AlC2 with hydrofluoric acid (HF). This preparation 

method requires the cation intercalation to get layered Ti3AlC2 into a single layer or a few layers. 

However, there is often more than a single reaction in the etching process. The etching reaction of 

Ti3AlC2 in HF is expressed as follows[96]: 

													Ti3AlC2(s) + 3HF(aq) = AlF3(a)+ Ti3C2(s)+ 
3

2
H2(g)                           (1) 

Ti3C2(s)+ 2H2O(aq)= Ti3C2(OH)2(s)+ H2(g)                                 (2) 

Ti3C2(s)+ 2HF(aq) = Ti3C2F2(s)+ H2(g)                                    (3) 

Equation (1) is an essential step for the formation of layered Ti3C2. Equation (2) and (3) are 
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reactions that generate the corresponding surface terminals (-OH, -F) on the Ti3C2 lamellae, and 

the actual terminal is most likely a combination of the -OH and -F. In the whole reaction, the solid 

dense Ti3AlC2 is treated by HF, and then the Al atoms are selectively stripped to form a loosely 

stacked accordion-like Ti3C2Tx (Fig. 2 (b)[97] and Fig. 2 (c)[97]). The Ti3C2Tx was then dispersed 

by ultrasound to form single-layer or few-layer MXene. In Fig. 2 (d)[98], after the Al atoms are 

stripped, the exfoliated Ti3C2 layers have two naked Ti atoms per unit formula, and they would be 

satisfied through suitable ligands. As the experiment was carried out in the aqueous solution, the 

system is rich in ligands of fluorine ions, -OH and -F[98]. HF etching is a dynamic process. During 

the etching process, the etching conditions including HF dosage, reaction time, reaction 

temperature, etc. play roles in affecting the resulting morphology, yield and the proportion of 

surface terminating groups of Ti3C2Tx[99-101]. 

2.1.2. Fluoride-based salt etching 

The preparation of Ti3C2 by HF etching has been widely used. However, this preparation 

involves HF, which is itself a colorless, smoky, highly irritating, and highly corrosive liquid. 

Therefore, researchers have been working to find a gentler and safer etching method to replace HF 

etching. In 2014, Ghidiu et al.[102] for the first time, etched Ti3AlC2 with a mixture consisting of 

LiF and HCl to obtain Ti3C2Tx MXene. The resulting MXene has clay-like plasticity after 

absorbing water, and can be rolled into thin film with a thickness of tens of micron meters. The 

dried solid powder particles have high electrical conductivity. In addition, Fig. 2 (e&f)[103] shows 

the morphology of Ti3C2Tx obtained after LiF-HCl etching the MAX phase. In the etching process, 
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the use of a much gentler and environmentally friendly LiF-HCl etching agent to treat MAX 

facilitates the pre-intercalation of Li+, which increases the MXene layer spacing and weakens the 

interlayer interaction[104, 105]. This makes it easier to delaminate MXene during ultrasonic 

processing to obtain small or single layer MXene flakes. It is important to note that LiF-HCl is one 

of the most extensive in-situ HF etching agents currently used to synthesize high-quality 

MXene[106]. Inspired by LiF-HCl etching, more groups of acids and fluoride salts including NaF, 

KF, NH4F, etc. are applied. When H2SO4 is used instead of HF, the etched Ti3C2Tx can still be 

obtained[102]. The reason is that fluoride salt and acids react to obtain HF. Interestingly, in the 

aqueous solution of fluoride salt, a large number of cations and H2O molecules spontaneously 

intercalate among Ti3C2 sheets. Then, MXene having surface modification and larger interlayer 

spacing is prepared[107, 108]. 

 

Fig. 2. (a) Illustration of layered Ti3C2 MXene synthesized by HF etching[95]. Copyright 2016 American 

Chemical Society. SEM images of (b) MAX phase before treatment and (c) Ti3AlC2 after HF treatment[97]. 

Copyright 2012 American Chemical Society. (d) illustration of Ti3AlC2 exfoliation process [98]. Copyright 2011 
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WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. (e) (f) SEM images of Ti3AlC2 after LiF-HCl 

treatment[103]. Copyright 2016 Elsevier B.V. All rights reserved. 

2.2. Preparation of conducting polymers 

2.2.1. Hard template 

In the case of fabricating regular nanostructures, hard template method is a general and 

resultful method[109]. The course is as follows: (1) penetration or adsorption of monomers to the 

surface of the template or into the void of the template, (2) in-situ reaction or curing of the 

dispersed monomers, and (3) removal of the template[110, 111]. Common templates include silica 

nanomaterials, anodic aluminum oxide (AAO), orbital etching films, and other non-conducting 

polymers nanomaterials[112-115]. These templates usually appear as a porous cylinder or hollow 

structure. Therefore, the size of the prepared structure is directly depended on the pore size of the 

template, and their structure and length are regulated through varying the reaction conditions and 

monomer concentration[116, 117]. This leads to the possibility of two extreme modes of 

nanostructured conducting polymers polymerized by the hard template method. One is that at a 

slow reaction rate and with sufficient monomer supply, the monomers can be slowly diffused into 

the template for filling, forming nanowires structures[111, 118]. In the other case, due to the 

interaction between the polymer and the pore wall surface, the monomers rapidly diffuse from the 

bulk solution to the pore wall and polymerize to form the nanotubes structure under the condition 

of fast reaction rate and insufficient monomer supply[119, 120]. Fig. 3 (a)[121] presents the 

preparation of conducting polymer nanostructures using porous membranes, nanofibers and 
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colloidal particles as hard templates. 

Xue et al.[122] discovered that PPy nanotubes arrays could be grown inside the AAO template 

via lowering the template temperature, and prepared the sample using micro-cold wall vapor 

deposition technology. However, the traditional sacrificial template has some unavoidable 

disadvantages. For example, in sacrificial templates (such as AAO templates), the structure of the 

conducting polymers is affected by the morphology and shape of the electrode. Fortunately, in Fig. 

3 (b), Park et al.[123] prepared PANI nanosheets by employing ice as a movable template[123]. 

Due to the low energy and orderly suspended -OH groups on the ice surface, the use of ice can 

effectively limit the growth of polymer films. In addition, the ice template removal process is 

simple, while ensuring the continuity and integrity of the film[124]. However, it is very difficult 

to prepare complex nanostructured conducting polymers by hard template method due to the 

limited types of template structures available. Therefore, it is necessary to choose other preparation 

methods, such as soft template method. 

2.2.2. Soft template 

In comparison with the hard template method, soft template method is relatively simple and 

fits the synthesis of nanostructured conducting polymers in a large scale. The soft template method 

usually uses colloidal materials, surfactants, and directed structural molecules to fabricate micelles, 

which direct the growth of conducting polymers in the nanoscale to form nanomaterials in turn[109, 

125, 126]. Fig. 3 (c)[121] shows the illustration of the preparation of nanotubes, nanospheres and 

nanoarrays using micelles, nanowires and monomer droplets as soft templates. The size and 
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morphology of nanostructures of conducting polymers prepared by soft template method are 

highly related to the reaction conditions, for example, the nature and concentration of dopant, the 

concentration of oxidant and monomer, reaction temperature and so on[127-129]. These 

parameters can be used as a simple means to regulate the molecular structure and size[109, 110]. 

The most used surfactants have hydrophilic heads and hydrophobic tails (mainly alkyl chains). In 

a synergistic action between molecules, these surfactants form nanotube structures that act as 

templates to control the growth of conducting polymers. 

Soft templates with tunable structures offer a good opportunity to fabricate complex three-

dimensional (3D) nanostructures that are not possible with hard template methods[110]. Ma et 

al.[130] prepared different PANI nanostructures (Fig. 3 (d)[130]). In other words, under room 

temperature and low acid environment, by changing the type of surfactant, PANI with different 

structures such as spherical (Fig. 3 (e)[130]), diamond plate-shaped (Fig. 3 (f)[58]), flower-shaped 

(Fig. 3 (g)[130]), cylindrical (Fig. 3 (h)[130]), block-shaped (Fig. 3 (i)[130]), branch-shaped (Fig. 

3 (j)[130]), cloud-shaped, and rose-shaped etc., can be prepared. The complex nanostructures are 

difficult to be fabricated using hard templates.  

Besides, the structures and performances of the conducting polymers are adjusted through 

changing the soft template materials and reaction conditions. However, the poor stability and the 

uncontrollable final form of soft templates are challenging. Besides, some soft templates, for 

instance, tobacco Mosaic virus, DNA and sodium alginate, are dear to produce conducting 

polymers[110, 131, 132]. 
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2.2.3. Electrochemical polymerization 

Electrochemical polymerization is a reliable method to prepare electrode-type conducting 

polymers, whose thickness and morphology are regulated via deposition rate and charge[133-136]. 

In the method, the doped conducting polymers are directly grafted onto the electrode surface 

without the need of additional catalysts[119, 137]. However, conducting polymers synthesized by 

electrochemical polymerization alone are usually irregular in structure[138]. For obtaining the 

target morphology, a template needs to be found in the combination with the structure and size of 

conducting polymers. 

Many attempts have been made to get rid of templates. For example, conducting polymers 

nanowires are electrochemically prepared on bias electrodes in the presence of an aqueous 

monomer solution[139, 140]. The nature of this method is the combination of electrode-conductor-

electrode or electrode-conductor-target[139]. As shown in Fig. 3 (k&l)[138], Chouvy et al.[138] 

used this method to prepare oriented PPy nanowires and found that as the solution contains a low 

concentration of non-acidic anions and a high concentration of weakly acidic anions, the size of 

the sample increases. Since electrochemical reaction is a controllable method to prepare 

conducting polymers and their nanostructures, electrodeposition in the inter-electrode channel has 

attracted attention in the preparation of molecular devices[138, 139, 141]. 

2.2.4. Interfacial polymerization 

Different from the traditional polymerization in aqueous solution, the interfacial 

polymerization is carried out in an organic and aqueous immiscible two-phase system, which 
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initiates the polymerization reaction with fewer nucleation sites[142]. As shown in Fig. 3(m), 

interfacial polymerization is a templateless method, in which dopant anions and monomer are used 

at the liquid/liquid interface to facilitate the aggregation of monomer-anions. It can synthesize 

conducting polymers films with high specific surface area or electrochemical properties[142, 143]. 

At the interface, conducting polymers form and rapidly diffuse into the aqueous phase, allowing 

the interface to react further. The polymerization rate is affected through the concentration of 

monomer and oxidant, and the types of nanostructures obtained depend on organic solvent, acid 

dopant, reaction time and other factors[144]. For instance, the length of PANI nanofibers increases 

as the acid strength increases[110, 142]. The interfacial polymerization method displays many 

advantages: (1) synthesis and purification processes are carried out without any templates, (2) this 

method has high yield and is easy to be expanded and repeated, and (3) the obtained product is 

easily dispersed in aqueous phase, facilitating biological applications and environmentally friendly 

processes in environment[110, 142, 145]. 
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Fig. 3 (a) Illustration of the preparation of conducting polymer nanostructures using porous membranes, 

nanofibers and colloidal particles as hard templates[121]. (b) The preparation processes of 2D PANI nanosheets 

on ice surfaces (Inset: the transmission map of the complete 2D nanosheet)[123]. Copyright 2015 WILEY‐VCH 

Verlag GmbH & Co. KGaA, Weinheim. (c) Illustration of the preparation of nanotubes, nanospheres and 

nanoarrays using micelles, nanowires and monomer droplets as soft templates[121]. (d) Schematic diagram of 

PANI preparation with different structures[130]. SEM images of PANI with different structures, such as (e) 

spherical[130], (f) diamond plate-shaped[130], (g) flower-shaped[130], (h) cylindrical[130], (i) block-

shaped[130] and (j) dendritic-shaped[130]. Copyright Royal Society of Chemistry. (k) Schematic diagram of the 
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preparation of PPy nanowires by electrochemical polymerization (Inset: SEM image of PPy nanowires)[138]. (l) 

SEM image of PPy nanowire from the top view[138]. Copyright 2018 Elsevier Ltd. (m) Schematic of an 

interfacial polymerization reaction. 

2.3. Preparation of MXene/conducting polymers composites 

As a high-performance electrode material, MXene has shown great application prospects in 

the field of SCs[46, 146]. However, similar to other 2D materials, thin films made of MXene are 

prone to re-stacking, thereby reducing ion transport inside the electrode, which seriously affects 

the specific capacitance and rate capability of the independent electrode[147, 148]. To overcome 

this problem, many researches have been focused on designing the MXene electrode structure and 

improving its ion transport properties. These include the preparation of microporous and hydrogel 

Ti3C2Tx thin films, and the design of mixed electrodes of Ti3C2Tx and carbon nanomaterials[149-

151]. Although some of these strategies can effectively improve the ion transport and high-speed 

electrochemical performance of the electrode, they will reduce the electrode density, resulting in 

a decrease in the electrode volume capacitance, rate capability, and energy density[152-154]. In 

recent years, studies have shown that depositing conducting polymers (such as PANI, PPy and 

PEDOT) on the surface of MXene sheets can promote the electrochemical properties of 

independent MXene electrodes[155-158]. 

2.3.1. Preparation of MXene/PANI composites 

Xu et al.[159] came up with a new strategy for producing MXene/PANI composites by 

chemically oxidizing polymerizing aniline monomers on Ti3C2Tx MXene nanosheets under acidic 
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conditions. The surface of MXene nanosheets is rich in -O, -F, -OH functional groups, which can 

provide nucleation sites for the deposition of aniline on the surface of MXene[160]. With the 

continuous dripping of ammonium persulfate (APS), the aniline monomer began to continuously 

polymerize on the functional groups on the surface of MXene. Finally, irregular porous PANI was 

formed on the MXene nanosheets to provide channels for the transport of electrolyte ions. With 

more ion transport channels, the electron transfer efficiency and electrochemical activity of the 

MXene/PANI composite have also been improved. In addition, Zhao et al.[161] used the method 

of in situ polymerization at low temperature to reasonably modify PANI nanoparticles on the 

surface or between MXene nanosheets, as shown in Fig. 4 (a)[161]. One can see from Fig. 4 

(b)[161] that PANI nanoparticles in the MXene/PANI composite are relatively regular and 

distributed relatively uniformly. This method effectively reduced the damage to MXene 

nanosheets and ensured the polymerization quality of PANI as much as possible[162, 163]. 

Beidaghi et al.[155] reported a method for preparing MXene/PANI composites by oxidant-

free polymerization, which uses aniline monomers to synthesize MXene/PANI composites on the 

periphery of MXene nanosheets through in-situ polymerization without adding additional oxidants，

as shown in Fig. 4 (c)[155]. The amount of polymer deposition on the periphery of MXene 

nanosheets is a key parameter affecting the electrochemical performance of the electrodes. The 

cross-sectional SEM image (Fig. 4 (d)[155]) shows that MXene and PANI nanoparticles are 

closely combined to form a dense interlayer structure with pores. Under the premise of not 

reducing the electrochemical performance, the MXene/PANI composite electrode prepared when 



 

19 

the quality of the PANI deposited on the surface of the MXene layer is minimized shows 503 F g-

1 mass capacitance and 1682.3 F cm-3 volume capacitance (1682.3 F cm-3). The composite method 

can effectively control the amount of PANI so that the electrode has a higher ion transport capacity, 

improves the electrochemical performance of the electrode, and has excellent cycle performance 

(the capacitance retention rate after 10000 cycles is 98.3%). Compared with the original Ti3C2Tx 

electrode previously reported, this method can prepare high-quality load or high-thickness 

MXene/PANI electrode without affecting the electrochemical performance. 

 

Fig. 4 (a) Diagram of preparation of PANI/Ti3C2Tx by in situ polymerization at low temperature[161]. (b) SEM 

image of MXene/PANI composites[161]. Copyright 2019 The Authors. (c) Diagram of preparation of 

PANI/MXene by oxidant-free polymerization[155]. (d) Cross-sectional SEM image of MXene/PANI films[155]. 

Copyright Royal Society of Chemistry. 

2.3.2. Preparation of MXene/PPy composites 



 

20 

As shown in the mechanism diagram of Fig. 5 (a)[164], Jian et al.[164] used a one-step co-

electrodeposition route for preparing MXene/PPy composite films on ITO glass. With MXene 

nanosheets as the core of polymerization, pyrrole monomers gradually polymerize on the surface 

or between the MXene nanosheets to obtain a 3D carambola-like MXene/PPy composite film, as 

shown in Fig. 5 (b)[164]. The introduction of PPy with pseudo-capacitance characteristics can 

produce a higher capacitance than pure MXene. At the same time, due to the introduction of 

Ti3C2Tx, the expansion problem of PPy during charging and discharging is alleviated[165, 166]. It 

is worth noting that PPy intercalates the Ti3C2Tx nanosheets, increasing the interlayer spacing of 

Ti3C2Tx and further improving electrochemical performance of the material. Besides, Zhang et 

al.[167] fabricated Ti3C2/PPy film via HCl-LiF in-situ etching, electrophoretic deposition and 

electrochemical polymerization (Fig. 5 (c)[167]). From the comparison of Fig. 5 (d&e)[167], it 

can be clearly seen that the cross-sections of the PPy film and the Ti3C2/PPy film are significantly 

different. Under the condition of 1 mA cm-2, affected by the synergistic effect of Ti3C2 and PPy, 

the planar SCs prepared by Ti3C2/PPy composite films showed 109.4 mF cm-2 and 86.7 mF cm-2 

area capacitance in 2 M H2SO4 solution and PVA/H2SO4 solid electrolyte, respectively. 

Wu et al.[168] prepared PPy/Ti3C2 MXene heterostructure nanocomposites by one-step in 

situ polymerization, as shown in Fig. 5 (f)[168]. In the introduction of uniformly dispersed Ti3C2 

nanosheet suspension, the pyrrole monomer was in situ polymerized to generate PPy nanospheres 

on the periphery of the MXene sheet layers to generate a PPy/Ti3C2 MXene heterostructure 

nanocomposite material. As can be seen in Fig. 5 (g)[168], PPy and Ti3C2 form a heterogeneous 
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composite material with a regular particle size and a uniform distribution. The heterogeneous 

structure of PPy/Ti3C2 MXene composites provides many active sites for charge or ion transfer, 

accelerates the rapid accessibility and penetration of ions in the electrolyte, and reduces the 

inherent resistance and charge transfer resistance[169, 170], improving the electrochemical 

properties significantly. 

In addition, MXene nanosheets exhibit good hydrophilicity because of the -F, -O, -OH groups 

of the surface. These functional groups provide more nucleophilic reaction sites for polymerizing 

pyrrole monomers[171]. MXene nanosheets and PPy framework are tightly combined through 

beneficial π-π conjugation and electrostatic force. The effective combination of the Ti3C2 ultra-

flake layers and the PPy nanospheres can prevent the spontaneous agglomeration and 

accumulation of the Ti3C2 layers[168]. 
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Fig. 5 (a) The mechanism diagram of MXene/PPy composite preparation. Inset: SEM images of Ti3AlC2, 

Ti3AlC2-MXene and MXene/PPy[164]. (b) SEM image of 3D starfruit-like MXene/PPy composite[164]. 

Copyright 2019 Elsevier Ltd. (c) Flow chart of preparation of Ti3C2Tx/PPy composite membrane by 

electrochemical polymerization[167]. SEM image of the hybrid Ti3C2Tx/PPy membrane (d)[167] and the pure 

Ti3C2Tx film (e)[167]. Copyright 2019 Elsevier Ltd. (f) Synthetic schematic diagram of PPy/Ti3C2 

nanocomposite[168]. (g) SEM image of PPy/Ti3C2 composite[168]. Copyright 2020 Elsevier B.V. 

2.3.3. Preparation of MXene/PEDOT composites 
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Zhu et al.[172] prepared a flexible MXene/PEDOT: poly(styrenesulfonate) (PEDOT: PSS) 

film using the vacuum assisted filtration method, as shown in Fig. 6 (a)[172]. In this method, the 

prepared MXene solution is mixed with the PEDOT: PSS dispersion in proportion, and the 

MXene/PEDOT: PSS composite film (Fig. 6 (b) [172]) is obtained by vacuum filtration. For 

improving the conductivity of the composite film, MXene/PEDOT: PSS composite film is treated 

with H2SO4 to get rid of the non-conducting PSS, and a flexible and independent high-performance 

MXene/PEDOT composite film (Fig. 6 (c)[172]) is obtained. From the comparison of the two 

cross-sectional SEM images, it can be seen that the regularity of the composite membrane after 

treatment with concentrated H2SO4 is better, which also leads to an improvement in its 

performance. As shown in Fig. 6 (d)[172], it can be seen from the stress-strain curve that after 

adding a handful of PEDOT: PSS and H2SO4, the tensile strength of the film is significantly 

improved. In addition, compared with pure MXene film and other MXene/polymer composite 

films, the MXene/PEDOT: PSS composite film greatly enhances the mechanical performance and 

maintains good electrical conductivity[173-175]. This method provides ideas to prepare 

lightweight, flexible, and high-performance MXene/PEDOT composites with high mechanical 

strength. 

Chen et al.[176] prepared 1,5-naphthalenedisulfonic acid doped MXene/PEDOT (MPT) 

composites by in-situ chemical oxidation. NP-MPT and NA-MPT composites were prepared by 

co-doping with phosphomolybdic acid and anthraquinone-2-sulfonate. Among them, NA-MPT 

shows a good layered composite structure, with a large voltage window as high as 1.8 V and a 
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specific capacitance of 323 F g-1. The latter value is more than twice that of pure PEDOT and pure 

MXene, as shown in Fig. 6 (e)[176]. This co-doping method can be used for reference in other 

MXene/polymer composite applications[21, 177]. 

In addition, Gogotsi et al.[178] imitated the preparation of MXene/PPy composites by in-situ 

polymerization without oxidants to prepare MXene/PEDOT composites, as shown in Fig. 6 

(f)[178]. Compared with conventional PEDOT polymerization, although the degree of oxidation 

of EDOT is not high enough, it is sufficient to achieve the conditions for PEDOT to complete 

doping polymerization in MXene[179, 180]. This method does not need any oxidizing agent. It 

only needs to simply mix the etched Ti3C2Tx MXene solution and the EDOT aqueous solution to 

realize the polymerization of EDOT on the periphery of the MXene sheets[181, 182]. In 

comparation with MXene and pure PEDOT, composite material has good cycle stability and rate 

performance. The effective combination of Ti3C2Tx and PEDOT improves the ion and charge 

storage capacity[183-186]. 
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Fig. 6 (a) Flow chart of preparing MXene /PEDOT: PSS composite membrane by vacuum assisted filtration 

method[172]. SEM image of MXene/PEDOT: PSS composite membrane (b)[172] and MXene/PEDOT 

composite membrane treated with concentrated H2SO4 (c)[172]. (d) Stress-strain curves of MXene /PEDOT: 

PSS composite films with different mass ratios[172]. Copyright 2020 Elsevier Ltd. (e) CV curves of obtained 

samples at 10 mV s-1 [176]. Copyright 2018 Elsevier B.V. (f) Illustration of polymerizing EDOT on the surface 

of MXene[178]. Copyright Royal Society of Chemistry. 

3. Electrode based on MXene/conducting polymers 

The performance of SCs is affected by many factors, such as electrode material[187, 188], 

the choice of electrolyte[189], and the size of potential window[190, 191], among which the 

electrode material is a key factor affecting the performance of the capacitor[192, 193]. Therefore, 
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a lot of efforts have been invested in the research and development of reasonable structure design 

for electrode materials to promote the effective electron transmission and ion diffusion of SCs[191, 

194]. Advanced electrode materials must have the characteristics of temperature stability, high 

conductivity, high specific surface area, good chemical stability, corrosion resistance, etc., and 

must be green and environmentally friendly and low in cost[92, 195, 196]. At present, the most 

researched electrode materials mainly include carbon-based materials[197], conducting 

polymers[198-200], and transition metal oxides[201, 202]. This article will focus on the 

MXene/conducting polymers composites electrode and its application in SCs. 

3.1. MXene-based electrodes 

Since its introduction in 2011, MXene has been widely used in a variety of studies, and new 

types of MXene have been continuously confirmed. So far, more than half of MXene research 

focuses on Ti3C2Tx MXene, owing to the superior 6000-10000 S cm-1 electrical conductivity and 

mechanical stability[203-205]. Yan et al.[152] prepared a stand-alone and binderless MXene film 

electrode with excellent volume performance by vacuum assisted filtration and assembly of stand-

alone membrane technology. This MXene film electrode is based on its ultra-high density and 

excellent pseudo-capacitance energy storage mechanism, showing 1222 F cm-3 volume 

capacitance[152]. However, this case has significant limitations and can only be achieved at low 

scan rates. The volumetric capacitance of MXene film will be degraded seriously under high 

scanning rate or rapid charge and discharge conditions[66, 206, 207]. Li et al.[208] prepared a 

flexible suspended Ti3C2Tx MXene film with a wave structure (Fig. 7 (a)[208]) using a mechanical 
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compression method. The wavy structure reduces the problem of self-stacking to a certain extent. 

At the same time, the wavy structure provides a stable channel for the rapid and effective transfer 

of ions/charges. The compact structure of Ti3C2Tx MXene film electrode provides an ultra-high-

volume capacitance of 1277 F cm-3 at 10 mV s-1 in 3 M H2SO4; even at 5000 mV s-1, it still has a 

capacity of 790 F cm-3, as shown in Fig. 7 (b)[208]. 

Fan et al.[209] were inspired by porous graphene film electrodes and processed 3D MXene 

aerogels into dense porous MXene films by mechanical pressing, as shown in Fig. 7 (c)[209]. From 

the across-sectional scan of Fig. 7 (d)-(f)[209], it can be seen that when the mechanical pressure 

increases, the structure of the MXene film becomes denser and the sample layer arrangement 

becomes more regular, which is more conducive to improving the volumetric capacitance. 

According to the reports, at 500 mV s-1, the MXene film obtained at a mechanical pressure of 40 

MPa still has a volume capacitance of 462 F cm-3, while the value of the traditional MXene film 

is reduced to 395 F cm-3 [209]. The folded structure of MXene nanosheets are combined to form 

a tightly connected pore structure, which greatly increases the accessibility of electrolyte ions to 

active sites, thereby improving transport efficiency and the subsequent electrochemical storage 

capacity, as shown in Fig. 7 (g)[209]. 

In addition, this dense MXene film having a folded morphology is independent and adhesive-

free, which is applied directly as the working electrode. Compared with the traditional MXene film 

prepared by vacuum-assisted filtration, its rate performance and volume capacitance are greatly 

improved, and it is more suitable for mass production[209]. However, it should be pointed out that 
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due to the abundant pore structure, the density and conductivity of the prepared film are not as 

good as the traditional MXene film, which also leads to a volume capacitance of only 932 F cm-3 

at low scan rates[155]. MXene has natural advantages for SCs, but the application of independent 

membranes is very limited due to the performance problems[210]. 

 

Fig. 7 (a) SEM image of wavy MXene[208]. (b) CV curve of Ti3C2Tx MXene film electrode tested in the range 

of 10 to 5000 mV s-1[208]. Copyright 2020 Elsevier Ltd. (c) Schematic diagram of the preparation process of 

MXene film[209]. SEM images of cross sections of films prepared under different mechanical pressures: (d) 

CN-MX20[209], (e) CN-MX40[209], and (f) CN-MX50[209]. (g) Schematic diagram of ion diffusion of CN-MX 

and MXene films[209]. Copyright 2020 American Chemical Society. 
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3.2. MXene-conducting polymers binary composite electrodes 

3.2.1. MXene/PANI composite electrodes 

Wu et al.[211] successfully prepared organ-like amino-Ti3C2 (N-Ti3C2)/PANI composites by 

applying a two-step electrochemical route. In Fig. 8 (a)[211], N-Ti3C2 is first deposited or coated 

on the FTO-glass substrate through an electrochemical reaction. Then the ordered structure of 

Ti3C2 MXene was used as the carrier, under the action of constant voltage, the PANI chain was 

connected to the FTO-glass substrate through electrochemical polymerization. From the SEM 

image of Fig. 8 (b)[211] and EDS spectrum of Fig. 8 (c)-(e)[211], it can be seen that N-Ti3C2 and 

PANI are effectively combined. Fig. 8 (f)[211] shows the special binding method between N-Ti3C2 

and PANI, which is different from the general TI3C2 binding directly to PANI. The amine nitrogen 

on the PANI chain and the amino group carried by N-Ti3C2 are tightly combined through chemical 

bonds, which increase the spacing and accessible surface area of Ti3C2 MXenes, effectively 

preventing the self-stacking of MXene sheets. 

In addition, the organ-like N-Ti3C2/PANI composites formed by covalent grafting can also 

provide a precise and fast channel to transfer charges and ions, and make the charge transfer rate 

of the composites more rapidly. The special structure and special bonding method make N-

Ti3C2/PANI have good electrochemical performance. Among them, in the 0.5 M H2SO4 electrolyte 

solution, at 5 mV s-1, the N-Ti3C2/PANI shows the best performance with a maximum surface 

capacitance of 228 mF g-1, which is 32 times higher than that of the original Ti3C2 film, as shown 

in Fig. 8 (g)[211]. In addition, the N-Ti3C2/PANI composite electrode shows 85% capacitance 
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retention rate after 1000 cycles. 

 

Fig. 8 (a) Schematic diagram for the preparation of N-Ti3C2/PANI[211]. (b) SEM image of N-Ti3C2/PANI[211]. 

EDS spectrum[211]: (c) Ti, (d) C, and (e) N. (f) Atomic schematic diagram of PANI intercalation N-Ti3C2[211]. 

(g) The specific capacitance of pure N-Ti3C2 and N-Ti3C2/PANI electrodes from 5-100 mV s−1[211]. Copyright 

2019 Elsevier B.V. 

Li et al.[212] fabricated MXene/PANI material covered with PANI chains via the 

hydrothermal method. MXene serves as the supporting framework, while PANI serves to link 

adjacent MXene layers. In the prepared composites, MXene can improve flexibility and form a 3D 

network structure. The introduction of PANI expands the MXene interlayer spacing and 

accelerates the transfer of ions and charges[213]. In the 6 M KOH solution, the MXene/PANI 
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composite electrode displays a mass specific capacitance of 563 F g-1 at 0.5 A g-1, which is almost 

2.3 times than that of pure MXene (Fig. 9 (a&b)[212]). In addition, at 5 A g-1, the capacitance 

retention rate after 10000 cycles is as high as 95.15%. 

Chen et al.[214] used simple chemical oxidation polymerization method to study a new type 

of MXene/PANI composite as a synthesis method for high-performance SCs electrode, as shown 

in Fig. 9 (c)[214]. In this method, the dopant DL-tartaric acid (DLTA) is added to the Ti3C2Tx 

MXene solution and mixed uniformly, and the supramolecular self-assembly technology is used 

to assemble DLTA on the periphery of MXene. Then, in the supramolecular self-assembly process, 

rich electronegative oxygen-containing functional groups result in the aniline monomers to 

conduct the ordered mechanism polymerization, thus obtaining the Ti3C2Tx MXene-DLTA/PANI 

(TDP) self-assembly composites with satisfactory microstructure (Fig. 9 (d))[214]. 

The realization of supramolecular self-assembly mainly relies on the chiral interaction of 

MXene, and the flexible spatial distribution of DLTA with abundant negatively charged oxygen-

containing functional groups (-OH, -COOH). As can be seen from Fig. 9 (e)[214], in 1 M H2SO4 

electrolyte solution, the TDP electrode material prepared with a mass ratio of MXene and aniline 

of 2:8 exhibits a specific capacitance of 452 F g-1 at 1 A g-1, much higher than that of MXene (61 

F g-1) and PANI (263 F g-1). In addition, the TDP electrode also has a voltage window of up to 1.9 

V. At 4 A g-1, and it still has a capacitance retention rate of 61% after 2000 cycles, as shown in 

Fig. 9 (f)[214]). 
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Fig. 9 (a) GCD curves and (b) specific capacitance of pure MXene and MXene/PANI electrodes with different 

mass ratios at 0.5 A g-1[212]. Copyright 2020 Elsevier B.V. (c) Schematic diagram of the preparation procedure 

of TDPs[214]. (d) SEM image of TDP2. (e) GCD curves at 1 A g-1 and (f) cyclic curves at 4 A g-1 of MXene, 

PANI, DLTA-PANI and TDPs [214]. Copyright 2020 American Chemical Society. 

3.2.2. MXene/PPy composite electrodes 

Wu et al.[215] prepared organ-like Ti3C2Tx/PPy nanocomposites by low-temperature 

chemical oxidation, that is, pyrrole monomer was polymerized in situ on Ti3C2Tx nanosheets at 

low-temperature to form clear and uniformly dispersed PPy nanoparticles, as shown in Fig. 10 

(a)[215] and Fig. 10 (b)[215]. As a polymeric skeleton, Ti3C2Tx nanosheets limited the growth of 

PPy, effectively prevented the self-stacking of PPy, and promoted the structural stability of 
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Ti3C2Tx/PPy composites. The composite material prepared by this method mainly relies on the 

hydrogen bond and electrostatic force combination between Ti3C2Tx nanosheets and PPy chains. 

In addition, the intercalation effect of homogeneous PPy nanoparticles expanded the interlayer 

spacing of Ti3C2Tx nanosheets. At the same time, the highly oriented polymer molecular chains 

provide more channels for charge transfer and electrolyte ion diffusion, thus increasing the specific 

capacitance and reducing the charge transfer resistance. It is worth noting that in Fig. 10 (c)[215], 

Ti3C2Tx/PPy composite electrode with the best ratio shows a specific capacitance of 184.36 F g-1 

at 2 mV s-1, 37% higher than that of the pure Ti3C2Tx MXene electrode (133.91 F g-1). At 1 A g-1, 

the capacitance of the Ti3C2Tx/PPy composite electrode remains 83.33% after 4000 charge-

discharge cycles (Fig. 10 (d)[215]). The improvement of material electrochemical performance 

and cycle stability is attributed to the synergy between Ti3C2Tx nanosheets and PPy nanoparticles 

and different energy storage mechanisms. Most importantly, it exhibits a low-cost and convenient 

route to prepare Ti3C2Tx/PPy composites in large-scale. 
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Fig. 10 (a) Schematic illustration of preparing Ti3C2Tx/PPy composites through low-temperature in-situ polymerization of PPy on 

Ti3C2 nanosheets[215]. (b) SEM image of Ti3C2Tx/PPy. (Inset of a partially enlarged view)[215]. (c) The specific capacitance of 

PPy, Ti3C2, and Ti3C2/PPy at different scanning rates[215]. (d) Cycle curves of PPy, Ti3C2, and Ti3C2/PPy at 1 A g-1[215]. Copyright 

2019 Elsevier Ltd and Techna Group S.r.l. 

Tong et al.[216] successfully prepared an independent Ti3C2Tx/PPy composite film electrode 

by electrochemically depositing PPy on the Ti3C2Tx film prepared through the vacuum assisted 

filtration method (Fig. 11 (a)[216]). The Ti3C2Tx/PPy composite film has a special structure, in 

which PPy is formed on the periphery of the Ti3C2Tx film and inserted into the gap between the 

Ti3C2Tx nanosheet layers, as shown in Fig. 11 (b)-(e)[216]. This special structure results in an 

effective strong binding between Ti3C2Tx and PPy. The good combination between Ti3C2Tx and 
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PPy increases the tensile strength of Ti3C2Tx/PPy film (48.2 MPa), which is much higher than that 

of the original Ti3C2Tx electrode (9.9 MPa). More importantly, due to this special structure and the 

cooperation effect of different parts, the optimal Ti3C2Tx/PPy film electrode shows a specific 

capacitance of 420.2 F g-1 at 1 A g-1, much higher than that of Ti3C2 and PPy (Fig. 11 (f&g)[216]). 

In addition, even at 20 A g-1, after 10000 cycles, the capacitance retention rate of the Ti3C2Tx/PPy 

film electrode still reached 86%, showing good electrochemical stability, indicating that 

Ti3C2Tx/PPy film can be as SCs electrode. 

Lee et al.[217] used in-situ synthesis to prepare 3D Ti3C2Tx@PPy nanocomposites. The 

multilayer MXene nanosheet structure is wound in a 3D PPy nanowire matrix to form a 

MXene/PPy composite with an ideal 3D interconnected porous structure and high conductivity, as 

shown in Fig. 11 (h)-(j)[217]. The special structure formed by the entanglement of MXene and 

PPy ensures the rapid diffusion of electrolyte ions and a short and continuous charge transfer path, 

which maximizes the utilization of active materials. In addition, the porous interconnected 3D 

network connects the MXene sheets while preventing them from self-stacking. As can be seen 

from Fig. 11 (k&l)[217], at 0.5 A g-1, 3D Ti3C2Tx@PPy displays a specific capacitance of 610 F 

g-1, while the previously reported Ti3C2Tx@PPy and pure Ti3C2Tx MXene separately exhibit 298 

F g-1 and 138 F g-1. 3D Ti3C2Tx@PPy has more than doubled the specific capacitance than the 

previously reported Ti3C2Tx@PPy. Significantly, at 4 A g-1, after 14000 cycles, 3D Ti3C2Tx@PPy 

electrode maintains almost 100% stability, better than those of other advanced MXene-based SCs.
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Fig. 11 (a) Flow chart for preparing PPy/Ti3C2Tx by electrodeposition of PPy on Ti3C2Tx thin film[216]. (b) 

Schematic illustration of electrochemical polymerization of PPy on the surface and gap of Ti3AlC2 film[216]. 

(c)-(e) TEM images of PPy/Ti3C2Tx with different scales[216]. (f) GCD curves of PPy/Ti3C2Tx electrode at 

various current densities[216]. (g) The specific capacitance of PPy/Ti3C2Tx, pure Ti3C2Tx, and PPy electrode at 

different current densities[216]. Copyright 2020 Elsevier B.V. (h) Schematic illustration of 3D Ti3C2Tx@PPy 

nanowire preparation[217]. SEM image (i) and TEM image (j) of 3D Ti3C2Tx@PPy nanowire[217]. (k) CV 

curves of different electrodes[217]. (l) The specific capacitance of PPy/Ti3C2Tx nanowire and PPy/Ti3C2Tx 

electrode at different current densities[217]. Copyright 2019 Wiley‐VCH Verlag GmbH & Co. KGaA, 
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Weinheim. 

3.2.3. MXene/PEDOT composite electrodes 

Tao et al.[218] proposed a preparation way of vacant Mo1.33C MXene. This vacant MXene 

film has a high-volume capacitance of 1153 F cm-3 and a high conductivity of 29674 S m-1. Based 

on the vacant Mo1.33C MXene, Qin et al.[219] prepared Mo1.33C MXene/PEDOT: PSS film by 

simple hydrothermal method and vacuum assisted filtration method. For further optimizing the 

electrochemical properties, the Mo1.33C MXene/PEDOT: PSS film was soaked in concentrated 

H2SO4 for 24 h to remove the non-conducting PSS (Fig. 12 (a)[219]). Comparing Fig. 12 (b)[219] 

and Fig. 12 (c)[219], it is easy to see the difference between the MXene/PEDOT: PSS film before 

and after immersion in concentrated H2SO4. The MXene/PEDOT film after soaking the non-

conductive PSS has a more obvious layered structure, which is beneficial to ion transport. 

In addition, the resistivity of the composite film is greatly reduced, and the capacitance value 

is also increased (the maximum volume capacitance reaches 1310 F cm-3) after the concentrated 

H2SO4 treatment. The conductive PEDOT intercalation expands the interlayer spacing of the 

MXene sheets, and meanwhile, the oriented PEDOT nanofibers fabricate a network structure 

between the MXene sheets, providing a fast channel for ion transmission and realizing a fast and 

reversible redox reaction.  The GCD curves of Fig. 12 (d)[219] and capacitance curves of Fig. 12 

(e)[219] results show that the Mo1.33C MXene/PEDOT: PSS film with a mass ratio of 10:1 has 

excellent specific capacitance (2 mV-1, 1310 F cm-3 or 452 F g-1) after concentrated H2SO4 

treatment, which is superior to the MXene-based electrode materials reported in previous 
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literature[102, 220, 221]. 

Inal et al.[173] prepared PEDOT: PSS: MXene films by electrochemical polymerization and 

co-doping. Compared with a thin film composed of a single dopant and PEDOT, the integration 

of PSS and MXene as a co-dopant with PEDOT can better combine the characteristics of MXene 

with PEDOT to obtain a polymer composite with higher specific capacitance and energy density. 

From CV curves of Fig. 12 (f)-(h)[173] and the cycle curve of Fig. (i)-(k)[173], it can be seen that 

under the same conditions, PEDOT: PSS: MXene film (607 ± 85.3 F cm-3, the capacity retention 

rate after 500 cycles is 78%) has a higher capacity than PEDOT: PSS (195.6 ± 1 F cm−3, 37%) and 

PEDOT: MXene (358.9 ± 16.7 F cm−3, 58%) higher volume capacitance and stability. The co-

doping method significantly improves the electrochemical performance and stability of the 

PEDOT films, and electrochemical polymerization is a simple and easy-to-operate single-step 

polymerization method[222, 223]. Both methods provide an effective way for the combination of 

high-performance materials with different characteristics. In general, the combination of MXene 

and conducting polymers can significantly improve its electrochemical performance, and 

MXene/conducting polymers has good application prospects. Table 2 summarizes the applications 

of MXene/conducting polymers composite electrodes in SCs. 
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Fig. 12 (a) Schematic diagram of the preparation of MXene/PEDOT film[219]. SEM images of (b) 

MXene/PEDOT: PSS[219] and (c) MXene/PEDOT[219]. (d) GCD curves of MXene/PEDOT: PSS after 

immersion in concentrated H2SO4 for 24 h at different current densities[219]. (e) The specific capacitance of 

Mo1.33C, MXene/PEODT: PSS, and MXene/PEDOT electrode at different scan rates[219]. Copyright 2017 

WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. CV curves of PEDOT: PSS (f)[173], PEDOT: MXene 

(g)[224], and PEDOT: PSS: MXene (h)[173] upon 500 CV cycles at 100 mV s-1. Cycling stability of PEDOT: 
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PSS (i)[173], PEDOT: MXene (j)[173], and PEDOT: PSS: MXene (k)[173]. Copyright 2020 Author(s). 

4. Supercapacitors 

In order to perform better calculations related to SCs, taking sandwich type face-to-face SCs 

as an example, the commonly used calculation formulas are listed[46, 225]. 

Gravimetric capacitance is calculated by using CV curves: 

Cg= 
S

m × ν × Δu
                                                            (4) 

where Cg (F g-1) stands for gravimetric capacitance, S (cm2) is the area of the CV curve, m (g) 

denotes to the mass of the active substance loaded by the electrode, ν (mV s-1) represents the scan 

rate, and Δu (V) refers to the voltage window of the test. 

Gravimetric capacitance calculated by using GCD curves: 

Cg= 
I × Δt

m × Δu
                           					     																	            (5) 

where Cg (F g-1) stands for gravimetric capacitance, I (A) is the current of the GCD test, Δt (s) 

represents the discharge time of a charge-discharge test, m (g) represents the mass of the active 

substance loaded by the electrodes, and Δu (V) refers to the voltage window of the test. 

CA= 
m

A
 ×Cg                         							   	                             (6) 

CV= 
m
V

 ×Cg                                  						                         (7) 

Here, CA (F cm-2) and CV (F cm-3) represent area specific capacitance and volume specific 

capacitance, respectively, m (g) represents the mass of the active substance loaded by the electrode, 

A (cm2) represents the electrode area, V (cm3) stands for the electrode volume, and Cg (F g-1) is 

the mass specific capacitance. 
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Energy density and power density of SCs are calculated based on the specific capacitance: 

E = 
1
2

 × Cg × (Δu)2                        							                       (8) 

P = 
E
Δt

 × 3600                          													                       (9) 

where, E (Wh kg-1) stands for energy density, P (W kg-1) represents power density, Cg (F g-1) is 

the above-mentioned gravimetric capacitance, and Δu (V) and Δt (s) separately denote to the 

voltage window and the discharge time of the charge-discharge test. 

It is worth noting that energy matching needs to be considered for better device performance 

when assembling asymmetric supercapacitors, with the following equation: 

C+ × Δu+ × m+ = C- × Δu- × m-                    													                  (10) 

where C+ (F g-1) and C- (F g-1) represent the gravimetric capacitance of the positive and the negative 

electrodes, respectively, Δu+ (V) and Δu- (V) stand for the voltage windows of the positive and the 

negative electrodes, respectively, m+ (g) and m- (g) represent the mass of the active material of the 

positive and the negative electrodes, respectively. Here, the areas of positive and negative 

electrodes are the same. 

Furthermore, the formula for calculating the pseudocapacitance percentage from the CV 

curve is as follows: 

icap= k1 × ν                 															     			                               (11) 

idiff = k2 × ν0.5             																		                                    (12) 

i	= icap	+ idiff             													 			       		                            (13) 
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i
ν0.5

	= k1 × ν0.5+ k2             																                              (14) 

where, icap (A), idiff (A) and i (A) denote to the current in the capacitive part corresponding to the 

surface control (pseudocapacitance), the current in the capacitive part corresponding to the 

diffusion control and the total current obtained from the calculation, k1 and k2 are the constant 

coefficients in the calculation process, respectively, and ν (mV s-1) represents the range of the 

voltage window. 

4.1. Symmetric supercapacitors 

4.1.1. MXene for symmetric supercapacitors 

MXene has attracted much attention since its inception. With high specific surface area and 

good conductivity of metal-like materials, it has been widely used in research in the fields of 

batteries and SCs[86, 87, 226-228]. As shown in Fig. 13 (a&b)[229], Xia et al.[229] used the very 

representative Ti3C2Tx MXene material to prepare Ti3C2Tx//Ti3C2Tx SSCs with an unconventional 

electrolyte (simulating seawater electrolyte). At 0.25 A g-1, the SSC device exhibits a volumetric 

capacitance of 27.4 F cm-3. In the case of 3 A g-1, the device still exhibits a high-volume 

capacitance of 12.6 F cm-3 (Fig. 13 (c&d)[229]). The device separately provides volume energy 

densities of 1.74×10-3 Wh cm-3 and 0.68×10-3 Wh cm-3 at power densities of 0.15 W cm-3 and 1.53 

W cm-3. Moreover, the cycle stability of Ti3C2Tx electrode was tested at 10 A g-1, and the 

capacitance retention rate of 96.6% was achieved after 5000 charge-discharge cycles, which is 

better than those of previously reported similar systems. 

Yang et al.[230] fabricated a flexible, independent, as well as ultra-dense delamination 
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Ti3C2Tx film by mechanically pressing the conventional Ti3C2Tx film, directly as a binderless 

electrode to assemble SCs. The mechanical high pressure increases the density (Fig. 13 (e)[230]), 

electrical conductivity (Fig. 13 (f)[230]) and wettability of the Ti3C2Tx film. At the same time, the 

interconnected and enriched mesoporous channels promote the insertion/deintercalation of cations 

during charging-discharging. Experiments show that with the increase of mechanical pressure, the 

volume performance of SCs assembled from Ti3C2Tx films increases. However, this increase is 

not endless, and the thin-film electrode prepared under the condition of 40 MPa has the best 

electrochemical performance. From Fig. 13 (g&h)[230], we can see that a typical SSC stemming 

from the Ti3C2Tx film under 40 MPa in 1 M Li2SO4 offered a volumetric capacitance of 633 F 

cm−3 at 2 mV s−1, volumetric energy density of 22 Wh L−1, and capacitance retention of 95.3% 

after 10000 cycles. It is worth noting that when 1 M Li2SO4 is replaced by 1 M EMIMBF4/AN, 

the voltage window provided by the supercapacitor device is up to 2.2 V. Moreover, it exhibits an 

ultra-high volumetric energy density of 41 Wh L-1. This is the highest value currently available in 

organic electrolytes for SCs based on MXene materials. 
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Fig. 13 (a) Schematic diagram of the Ti3C2Tx//Ti3C2Tx SSC presenting process[229]. (b) Schematic diagram of 

Ti3C2Tx//Ti3C2Tx SSC simulation[229]. GCD curves (c) and specific capacitance (d) at different current 

density[229]. Copyright Royal Society of Chemistry. Mass density (e) and electrical conductivity (f) of Ti3C2Tx 

films under different pressures[230]. (g) CV curves of Ti3C2Tx films prepared under 40 MPa at different scan 

rates[230]. (h) Cyclic performance of Ti3C2Tx films prepared under 40 MPa at 2 A g-1. (Inset of the GCD curves 

at the beginning and end at 1 A g-1)[230]. Copyright 2018 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

Zhang et al.[231] proposed an in-situ ice template method to prepare independent and flexible 

3D porous Ti3C2Tx/CNTs SC film (3D-PMCF) electrodes, as shown in Fig. 14 (a)[231]. Unlike 

Ti3C2Tx MXene prepared by traditional vacuum drying method, the in-situ ice template method 
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does not cause stacking of MXene materials. By freeze-drying the Ti3C2Tx/CNTs water film, the 

water molecules between the MXene layers are converted into the form of small particles of ice. 

Then the small particles of ice serve as a template to sacrifice themselves, preserving the 3D porous 

structure. In comparison with Fig. 14 (b&c)[231], it can be seen that MXene films are stacked in 

layers, while 3D-PMCF has many interactive channels. The 3D-PMCF has a large number of 

active sites, which realizes the rapid transmission of ions, thus exhibiting excellent electrochemical 

performance. As shown in Fig. 14 (d)[231], in 3 M H2SO4, the flexible 3D-PMCF provides a 

specific capacitance of 375 F g-1 at 5 mV s-1. Even in the situation of 10000 mV s-1, 3D-PMCF 

still displays a specific capacitance of 92.0 F g-1 (Fig. 14 (e)[231]). What’s more, at 10 A g-1, after 

10000 cycles, the 3D-PMCF electrode capacitance retention rate reached 95.9%. After further 

assembling the 3D-PMCF into an SSC, the device provides an energy density of 9.2 Wh kg-1. 

Zhu et al.[232] prepared a Ti2CTx//Ti2CTx SSC with excellent energy and power density. 

Experiments have proved that when the mass ratio of Ti2AlC: HF is 1:2, the etched Ti2CTx has the 

best performance. From Fig. 14 (f&g)[232], one can see that in 1 M KOH, the sample 1:2 provides 

517 F cm−3 and 307 F cm−3 volume specific capacitance at 2 mV s−1 and 100 mV s−1, respectively. 

This is similar to the performance of Ti3C2Tx/PVA electrode (2 mV s−1, 528 F cm-3 and 100 mV 

s−1, 306 F cm-3) in 1 M KOH reported by Ling et al.[233]. It is worth noting that the Ti2CTx//Ti2CTx 

SSC has a capacitance retention rate of 100% after 3000 charge-discharge cycles at 20 A g−1, 

showing the excellent cycle stability of the device. 
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Fig. 14 (a) Schematic illustration presenting the preparation of 3D-PMCF film[231]. SEM images of MXene 

films (b) and 3D-PMCF (c)[231]. CV curves of 3D-PMCF at various scan rates: (d) 10-500 mV s-1; (e) 1000-

10000 mV s−1[231]. Copyright 2020 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. CV curves (f) and 

specific capacitance (g) at different scan rates[232]. Copyright 2018 Science Press and Dalian Institute of 

Chemical Physics, Chinese Academy of Sciences. Published by Elsevier B.V. and Science Press. 

Wu et al.[234] reconstructed Ti3C2Tx microgels and Ti3C2Tx monolayer nanosheets to 

construct independent flexible reassembled MXene (RAMX) film electrodes with tunable porous 

structure, as shown in Fig. 15 (a)[234]. It is still the morphology of the film on the macro scale. 

However, on the micro scale, the stacked Ti3C2Tx MXene sheets became a 3D network structure 
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with dense mesopores (Fig. 15 (b)[234]). From Fig. 15 (c)[234], we can see that the Ti3C2Tx 

microgels and the Ti3C2Tx monolayer nanosheets reassembled with different mass ratios maximize 

the space utilization. When the mass ratio of the microgels reaches 50%, the rate capability of the 

MXene film is maximized. The MXene film provides a specific capacitance of 978 F cm-3 at 10 

mV s-1 in 3 M H2SO4, and even at 2000 mV s-1, it still provides a specific capacitance of 736 F cm-

3 (Fig. 15 (d)[234] and Fig. 15 (e)[234]). The thin-film electrode assembly Ti3C2Tx//Ti3C2Tx SSC 

delivered a high energy density of 40 Wh L−1 at a power density of 0.83 kW L−1. Even in the case 

of 41.5 kW L−1, it still shows 21 Wh L−1. Besides, at 1000 mV s-1, the SSC still keeps a capacitance 

value of 91.14% after 20000 charge-discharge cycles (Fig. 15 (f)[234]), which is the highest value 

of SSCs in an aqueous electrolyte. 
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Fig. 15 (a) Schematic diagram for the preparation of RAMX film[234]. (b) SEM image of RAMX film[234]. (c) 

The RAMX film density and specific surface area versus Ti3C2Tx microgel content[234]. CV curves of RAMX 

electrodes with different contents at different scanning rates: (d) 20 mV s-1 and (e) 2000 mV s-1 [234]. (f) Cycling 

performance after 20000 cycles at 1000 mV s−1. (Inset of the CV curves of the 1st and 20000th cycle)[234]. 

Copyright 2021 Wiley‐VCH GmbH. 

4.1.2. MXene/conducting polymers for symmetric supercapacitors 

MXene has a graphene-like 2D sheet structure and metal-like high conductivity, and has huge 

application potential in electrochemical energy storage[235-237]. Conducting polymers are 

shining in the study of SCs because of their ultra-high stability, high conductivity in the doped 
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state, and fast redox reaction performance[200, 238]. For further improving the performance of 

electrode materials, researchers continue to explore composite materials with high performance. 

Combining the excellent properties of MXene and conducting polymers materials with their own 

characteristics, MXene/conducting polymers composites are extensively applied as electrode 

materials in SCs[239-242]. 

Boota et al.[160] prepared MXene/PPy composites by in-situ polymerization of pyrrole 

between Ti3C2Tx MXene nanosheets. MXene/PPy composites electrode has a capacitance value of 

nearly 1000 F cm-3 and capacitance remaining 92% after 25000 cycles. Jian et al.[164] used a one-

step co-electrodeposition way to prepare MXene/PPy composite films. In Fig. 16 (a)[164], in 1 M 

H2SO4, MXene/PPy composite film provides a mass capacitance of 416 F g-1 at 0.5 A g-1. 

Furthermore, SSC assembled with ITO-glasses electrodes covered with MXene/PPy films show 

high specific capacitance of 184 F g-1 at 10 mV s-1, as well as good capacitance retention rate of 

about 86.4% after 5000 cycles at 5 A g-1 (Fig. 16 (b)[164]). Tong et al.[216] assembled the 

400PPy175/Ti3C2Tx composite electrode into an all-solid-state flexible SSC and provided a mass 

specific capacitance of 258.3 F g-1 in 1 M H2SO4 at 0.5 A g-1. In 400PPy175, 400 and 175 denote 

400 μL of pyrrole monomer and electrochemical polymerization time of 175 s. In addition, 

400PPy175/Ti3C2Tx//400PPy175/Ti3C2Tx devices exhibit energy densities of 10.82 μWh mg-1 and 

3.99 μWh mg-1 at power densities of 0.11 mW mg-1 and 1.89 mW mg-1, respectively. 

Wu et al.[243] reported a method for preparing a composite film with high cycle stability, 

that is, a suspended PDT/Ti3C2Tx composite film is formed by combining a dispersed conjugated 
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polymer (PDT) and layered Ti3C2Tx MXene, as shown in Fig. 16 (c)[243]. There is a stable 

chemical bond between the PDT dispersed chain and the Ti3C2Tx nanosheet (Fig. 16 (d)[243]), 

which effectively solves the performance problems caused by the volume expansion and 

contraction changes of the polymer chain.  

In the meantime, the mechanical performances of the material are improved, and a high-speed 

path is provided for ion/charge transfer. In 0.5 M H2SO4, the PDT/Ti3C2Tx composite electrode 

shows a surface capacitance of 284 mF cm-2 at 0.5 mA cm-2 (Fig. 16 (e)[243]), and nearly 100% 

capacitance retention after 10000 charge-discharge cycles (Fig. 16 (f)[243]). In addition, the all-

solid SSC assembled based on PDT/Ti3C2Tx film has excellent flexibility (0-90° static bending 

10000 times, Fig. 16 (g)[243]) and a surface capacitance of up to 52.4 mF cm-2 at 0.1 mA cm-2. 
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Fig. 16 (a) GCD curves of MXene/PPy electrodes at different current densities[164]. (b) The cycle stability 

curve of MXene/PPy//MXene/PPy SSC. (Inset is the GCD curves of the first five laps and the last five 

laps)[164]. Copyright 2019 Elsevier Ltd. (c) Schematic diagram for the fabrication of PDT/Ti3C2Tx composite 

film[243]. (d) Atomic-scale schematic diagram of Ti3C2Tx MXene and PDT chains binding[243]. (e) GCD 

curves of the PDT/Ti3C2Tx electrodes at various current densities[243]. (f) Cyclic stability of PDT-FTO and 

PDT/Ti3C2Tx-FTO electrodes[243]. (g) Cycling performance of the all-solid SSC assembled based on 

PDT/Ti3C2Tx film for 10000 cycles under different static bending angles[243]. Copyright 2019 Elsevier B.V. 
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Wu et al.[244] constructed Ti3C2/PANI nanotubes (Ti3C2/PANI-NTs) composites with a clear 

hierarchical structure (Fig. 17 (a)[244]) through one-pot in-situ polymerization, as shown in Fig. 

17 (b)[244]. The Ti3C2 MXene nanosheets can ensure the mechanical stability and high 

conductivity of the composite material, and PANI-NTs serve as a one-dimensional high-speed 

transmission channel to further provide more active sites. The introduction of PANI-NTs 

effectively inhibited the self-stacking phenomenon of Ti3C2 nanosheets, and enlarged the spacing 

of MXene layers and the accessible surface area of ions. The electrochemical test of the three-

electrode system indicates that under 1 M H2SO4 electrolyte, the Ti3C2/PANI-NTs composite 

electrode displays a specific capacitance of 596.6 F g-1 at 0.1 A g-1 (Fig. 17 (c)[244]), and the 

specific capacitance retention rate has 94.7% after 5000 cycles (Fig. 17 (d)[244]). More 

importantly, compared with the previously reported Ti3C2 MXene SSCs, the SSC assembled by 

Ti3C2/PANI-NTs exhibits an energy density of 25.6 Wh kg-1 at a power density of 153.2 W kg-1 in 

1 M H2SO4. Even at 1610.8 W kg-1, it still exhibits an energy density of 13.2 Wh kg-1. In addition, 

as shown in Fig. 17 (e)[244], the Ti3C2/PANI-NTs//Ti3C2/PANI-NTs SSC device has a capacitance 

retention of 81.1% after 4000 cycles at 1 A g-1. 

Qin et al.[219] fabricated Mo1.33C MXene/PEDOT: PSS composites electrode by self-

assembly method, which has super high conductivity because of the synergistic effect of acidified 

PEDOT: PSS and MXene. Under 1 M H2SO4 electrolyte, Mo1.33C MXene/PEDOT: PSS assembled 

flexible device provides a volume capacitance of 568 F cm-3 at 0.5 A g-1 (Fig. 17 (f)[219]), an 

energy density of 33.2 mWh cm-3 at an ultra-high-power density of 19470 mW cm-3. 
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Fig. 17 (a) SEM image of Ti3C2/PANI-NTs[244]. (b) Schematic illustration for the preparation of Ti3C2/PANI-

NTs composites[244]. (c) GCD curves of the electrodes at 0.1 A g-1[244]. Cycle performance of the Ti3C2/PANI-

NTs electrode (d) and the Ti3C2/PANI-NTs//Ti3C2/PANI-NTs SSC device (e)[244]. (Inset is GCD curves of the 

last five laps)[244]. Copyright 2020 Elsevier Inc. (f) GCD curves of the Mo1.33C MXene/PEDOT: PSS flexible 

device[219]. Copyright 2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

Zhou et al.[245] first prepared i-PANI@Ti3C2Tx composites by in-situ non-oxidative 

polymerization, and then prepared Lig@Ti3C2Tx and Lig@Ti3C2Tx/i-PANI@Ti3C2Tx films 

through vacuum assisted filtration, as shown in Fig. 18 (a)[245]. SEM of Fig. 18 (b)[245] and 
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TEM of Fig. 18 (c)[245] manifest that the film presents a dense film with a regular hierarchical 

arrangement. The insertion of electroactive polymers (p-phenylenediamine as the initiator to 

prepare the PANI) i-PANI and (Lignosulfonate) Lig not only expands the spacing of Ti3C2Tx 

layers to prevent self-stacking problems, but also provides considerable pseudo-capacitance, and 

at the same time promotes the rapid and effective transfer of ions/charges. Therefore, as shown in 

Fig. 18 (d)-(f)[245], in the PVA/H2SO4 electrolyte, the flexible SSCs assembled by i-

PANI@Ti3C2Tx, Lig@Ti3C2Tx and Lig@Ti3C2Tx/i-PANI@Ti3C2Tx separately provides 310 F g−1 

(∼1001 F cm−3), 271 F g−1 (∼881 F cm−3) and 295 F g−1 (∼959 F cm−3) at 1 A g-1. Besides, i-

PANI@Ti3C2Tx//i-PANI@Ti3C2Tx, Lig@Ti3C2Tx//Lig@Ti3C2Tx and Lig@Ti3C2Tx/i-

PANI@Ti3C2Tx//Lig@Ti3C2Tx/i-PANI@Ti3C2Tx SSC devices separately show energy densities 

of 34.8 Wh L−1, 30.6 Wh L−1 and 33.3 Wh L−1 at a power density of 1625 W L−1. Interestingly, the 

SSC device assembled by Lig@Ti3C2Tx/i-PANI@Ti3C2Tx displays superior mechanical durability, 

and after 2000 0-90° static bending experiments, it still exhibits a capacitance retention rate as 

high as 99.17%, as shown in Fig. 18 (g)[245]. This shows that the extremely flexible 

Lig@Ti3C2Tx/i-PANI@Ti3C2Tx composite film is an electrode material that is practically used to 

flexible/wearable devices. 
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Fig. 18 (a) Schematic diagram for the preparation of i-PANI@Ti3C2Tx, Lig@Ti3C2Tx, and Lig@Ti3C2Tx/i-

PANI@Ti3C2Tx composite films[245]. SEM image (b) and TEM image (c) of Lig@Ti3C2Tx/i-PANI@Ti3C2Tx 
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film. (d) CV curves of different electrodes at 5 mV s-1 [245]. (e) GCD curves of different electrodes at 1 A g-1 

[245]. (f) Specific gravimetric and volumetric capacitance at various current densities[245]. (g) Cycle 

performance after 2000 times of 90° bends measured at 10 mV s-1. (Inset is CV curves at various 90° bending 

cycles.)[245] Copyright Royal Society of Chemistry. 

4.2. Asymmetric supercapacitors 

4.2.1. MXene for asymmetric supercapacitors 

Compared with MXene-based SSCs, MXene is used as the negative electrode and combined 

with the positive electrode material to design ASCs device, which can broaden the voltage window 

of the device and further increase the energy density of the capacitor[246-249]. Nonetheless, ideal 

flexible cathodes that match the original MXene membrane electrodes are rare. Therefore, 

researchers have carried out a series of studies on the ideal flexible positive electrode that can be 

matched with it. Xia et al.[250] adopted a hydrothermal route to fabricate Ti3C2Tx MXene 

nanocomposites decorated with NiO (Ni-dMXNC), as shown in Fig. 19 (a)[250]. In the Fig. 19 

(b)[250], the NiO nanosheets are successfully attached to the surface of the MXene sheets. 

Compared to Ti3C2Tx MXene prepared by traditional methods, TiO2/C-Ti3C2Tx-MXene containing 

carbon-supported TiO2 obtained by high temperature annealing has higher conductivity and higher 

specific surface area. The high specific surface area of the Ni-dMXNC special structure, the high 

surface activity of the NiO layer and the synergistic effect of the traditional Ti3C2Tx MXene 

negative electrode enhance the capacitance performance of the device. Therefore, the ASC is 

assembled with Ni-dMXNC as the positive electrode and Ti3C2Tx MXene as the negative electrode 
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(Fig. 19 (c)[250]). Compared with the previously reported pure Ti3C2Tx MXene SSCs, the ASCs 

exhibit a high energy density of 1.04×10-2 Wh cm-3 at 0.22 W cm-3. In addition, as shown in Fig. 

19 (d&e)[250], the cycle performance of the device in the range of 0-1.8 V was observed at 1 A g-

1, and the capacitance retention rate was 72.1% after 5000 charge-discharge cycles. 

 

Fig. 19 (a) Illustration of the preparation of the Ni-dMXNC by hydrothermal method[250]. (b) SEM image of 

the Ni-dMXNC[250]. (c) Illustration of the Ni-dMXNC//Ti3C2Tx ASC[250]. (d) GCD curves of the Ni-

dMXNC//Ti3C2Tx ASC at various densities[250]. (e) Cycle property of the Ni-dMXNC//Ti3C2Tx ASC at 1 A g−1 

[250]. Copyright Royal Society of Chemistry. 

Zhao et al.[251] designed and prepared independent Ti3C2/FeOOH quantum dots (QDs) 

hybrid films through electrostatic self-assembly technology (Fig. 20 (a)[251]). Amorphous 

FeOOH QDs not only act as interlayer pillars to prevent self-stacking of Ti3C2 nanosheets, but also 

are active materials with high theoretical capacitance values[252]. In TEM of Fig. 20 (b)[251], 

FeOOH QDs are uniformly distributed on the periphery of the MXene nanosheets[253]. 
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Combining Fig. 20 (c)[251] and Fig. 20 (d)[251], it is not difficult to see that the Ti3C2/Fe-15% 

hybrid film prepared when FeOOH QDs doping level is 15% has excellent electrochemical 

performance. It is worth noting that in 1 M Li2SO4, Ti3C2/Fe-15% electrode provides a surface 

capacitance of 485 mF cm-2 at 2 mV s-1, 2.3 times than that of pure Ti3C2 thin film electrode (213 

mF cm-2), as displayed in Fig. 20 (d)[251]. Meanwhile, the capacitance of the Ti3C2/Fe-15% 

electrode remains 94.8% after 5000 cycles (Fig. 20 (e)[251]. In addition, a flexible Ti3C2/Fe-

15%//MnO2/CC ASC was assembled with Ti3C2/Fe-15% hybrid film as the negative electrode and 

MnO2 grown on carbon cloth as the positive electrode. The ASC device has a wide voltage window 

of 1.6V (Fig. 20 (f)[251]), providing an energy density of 40 mWh cm-2 and a power density of 

8.2 mW cm-2, and keeps a capacitance value of 82% after 3000 cycles. 
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Fig. 20 (a) Schematic diagram for preparing Ti3C2/FeOOH hybrid films[251]. (b) TEM image of Ti3C2/FeOOH 

hybrid films[251]. (c) Nyquist plots of the different electrodes[251]. (d) CV curves of Ti3C2 and Ti3C2/FeOOH 

hybrid different electrodes at 2 mV s−1 in 1 M Li2SO4 electrolyte[251]. (e) Cycling performance of Ti3C2/Fe-15% 

electrode at 4 mA cm−2 (Inset is GCD curves before and after 5000 cycles)[251]. (f) CV curves of Ti3C2/Fe-15% 

and MnO2/CC electrodes at 10 mV s−1 [251]. Copyright 2019 Elsevier Ltd. 

4.2.2. MXene/conducting polymers for asymmetric supercapacitors 

Researchers are not completely satisfied with the performance provided by 

MXene/conducting polymers SSCs, so they set their sights on MXene/conducting polymers ASCs 

with a higher operability[246, 254-256]. For example, Fu et al.[257] prepared a graphene 
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encapsulated Ti2CTx MXene@PANI (GMP) structure, as shown in Fig. 21 (a)[257]. From the 

SEM image of Fig. 21 (b)-(d)[257], it can be seen that the chemically inert graphene strengthens 

the MXene framework, and the embedding of conducting PANI provides more active sites. 

Affected by the hierarchical nanostructure and complementary synergistic effects, the GMP 

electrode shows excellent electrochemical property. In the presence of 1 M H2SO4, the GMP 

electrode provides a mass specific capacitance of 635 F g-1 (~1143 F cm-3) at 1 A g-1, and the 

capacitance remains 97.54% after 10000 cycles, as shown in Fig. 21 (e)-(g)[257]. In addition, an 

ASC is assembled with GMP and graphene serving as positive electrode and negative electrode, 

respectively. The ASC device provides an energy density of 42.3 Wh kg-1 at a power density of 

950 W kg-1, as well as still shows a cycle stability of 94.25% after 10000 cycles at 10 A g-1. 
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Fig. 21 (a) Schematic diagram for the preparation GMP composite electrode[257]. SEM images of MXene (b), 

MP (c), and GMP (d) [257]. (e) CV curves of GMP electrode at 5 mV s-1 in 1 M H2SO4[257]. (f) GCD curves 

of GMP electrode at 1 A g-1 in 1 M H2SO4[257]. (g) Cycle performance of the GMP electrode after 10000 charge-

discharge at 10 A g-1 [257]. Copyright 2018 American Chemical Society. 

Boota et al.[258] prepared CP@rGO composite electrodes by depositing PANI, PPy, and 

PEDOT on reduced graphene oxide (rGO). Using CP@rGO and Ti3C2Tx MXene separately as the 

positive electrode and the negative electrode, a full pseudo-capacitance ASC was assembled (Fig. 

22 (a)[258]). Among them, Ti3C2Tx//PANI@rGO has the most excellent performance. In 3 M 



 

62 

H2SO4, the voltage window of the Ti3C2Tx//PANI@rGO device reached 1.45 V, and the 

capacitance retention rate was 88.42% after 20000 charge-discharge cycles (Fig. 22 (b)[258]). 

Moreover, the voltage windows of Ti3C2Tx//PPy@rGO and Ti3C2Tx//PEDOT@rGO have also 

reached 1.4 V. 

Li et al.[259] fabricated a PANI@ 3D macroporous Ti3C2Tx (M-Ti3C2Tx) composites with 

ultra-high rate capability by depositing PANI on 3D Ti3C2Tx MXene. Under 3 M H2SO4 electrolyte, 

the electrode provides a volume capacitance of 1632 F cm-3 at 10 mV s-1, even at 5000 mV s-1, it 

still provides up to 827 F cm-3, as shown in Fig. 22 (c)[259]. According to energy matching, the 

MXene//PANI@M-Ti3C2Tx ASC was prepared with PANI@M-Ti3C2Tx and MXene as the 

positive electrode and the negative electrode. The device provides volumetric energy densities of 

50.6 Wh L-1 and 24.4 Wh L-1 at energy densities of 1.7 kW L-1 and 127 kW L-1. 

Li et al.[208] used rGO/CNT/PANI and the wave-shaped Ti3C2Tx MXene as the positive 

electrode and the negative electrode, respectively, and designed an all pseudo-capacitance 

Ti3C2Tx//rGO/CNT/PANI ASC, as shown in Fig. 22(d)[208]. From Fig. 22 (e)[208], one can 

observe that CNTs are uniformly dispersed between rGO/PANI layers as spacer materials. From 

the Fig. 22 (f)[208] that the wave Ti3C2Tx film is densely packed with many folds, which provides 

many fast channels for ion transmission. Since the positive and negative electrodes are both highly 

dense structures and pseudo-capacitor energy storage mechanism, they can provide a sufficiently 

high-volume capacitance for asymmetric devices. In 3 M H2SO4, Ti3C2Tx//rGO/CNT/PANI ASC 

devices provide energy densities of 70 Wh L-1 and 34.8 Wh L-1 at power densities of 1.4 kW L-1 
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and 111 kW L-1, respectively. In addition, Li et al.[212] assembled ASC devices with 

MXene/PANI as the positive electrode and activated carbon (AC) as the negative electrode. This 

device provides an energy density of 22.67 Wh kg-1 at a power density of 217 W kg-1. 

 

Fig. 22 (a) Illustration for electrodeposition preparation of CP@rGO composite electrodes and assembly of 

ASC[258]. (b) Cycle performance of Ti3C2Tx//CP@rGO ASC. (Inset is CV cuvres of different electrodes under 

different charge-discharge cycles.)[258] Copyright 2018 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
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(c) CV curves of the Ti3C2Tx//CP@rGO ASC at different scan rates[259]. Copyright 2019 WILEY‐VCH Verlag 

GmbH & Co. KGaA, Weinheim. (d) Illustration for preparation of all pseudo-capacitor 

Ti3C2Tx//rGO/CNT/PANI ASC[208]. SEM images of the wave Ti3C2Tx film (e) and the rGO/CNT/PANI film 

(f)[208]. Copyright 2020 Elsevier Ltd. 

Wang et al.[246] successfully prepared PANI/MXene inks into independent self-supporting 

PANI/MXene films by scraper coating technology, as shown in Fig. 23 (a). The insertion of 

nanoscale PANI particles facilitates a full contact with the MXene substrate, exposing more ion-

accessible active sites to obtain an ideal pseudo-capacitance (Fig. 23 (b)[246]). From the Fig. 23 

(c)[246] that the optimal performance of PANI/MXene composite film in 1 M H2SO4 was observed 

with a volume capacitance of 1167 F cm-3 at 5 mV s-1. It is worth noting that the presence of a 

large number of PANI particles makes operating voltage window of the composite electrode 

extended to 0.8 V (Fig. 23 (d)[246]). In addition, a fully pseudocapacitive ASC device was 

prepared with MXene and PANI/MXene as the negative electrode and the positive electrode in 

Fig. 23 (e)[246]. This ASC device provides an energy density of 65.6 Wh L-1 at a power density 

of 1687.3 W L-1. 

Li et al.[72] prepared Ti3C2Tx/PEDOT: PSS (Ti3C2Tx/P-100-H) composite film with 

excellent performance through simple concentrated H2SO4 treatment. In Fig. 23 (f), the three-

electrode test outcomes show that in 1 M H2SO4 electrolyte, the composite exhibits a volume 

capacitance of 1065 F cm-3 at 2 mV s-1. Furthermore, an extremely tough Ti3C2Tx/P-100-H//rGO 

ASC was fabricated with rGO film (positive electrode) and the prepared composite film (negative 
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electrode). The ASC device provides an energy density of 23 mWh cm-3 at a high-power density 

of 7659 mW cm-3. Since a single ASC can reach a voltage of 1.2V, several ASCs connected in 

series can be used to make simple light-emitting bracelets, etc., as shown in Fig. 23 (g)[72]. All 

the studies listed in this article show that MXene/conducting polymers composite films have a 

great potential as electrodes for SCs. 

 

Fig. 23 (a) Schematic diagram of independent self-supporting PANI/MXene film prepared by scraper coating 

technology[246]. (b) Schematic diagram for the transmission path of ions and electrons in the PANI/MXene 

membrane electrode[246]. (c) CV curves of PANI/MXene at various scan rates[246]. (d) Schematic diagram of 

MXene//PANI/MXene ASC[246]. (e) CV curves of MXene electrode, PANI/MXene electrode, and 
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MXene//PANI/MXene ASC at 10 mV s-1 [246]. Copyright 2020 Elsevier B.V. (f) CV curves of Ti3C2Tx/P-100-

H electrode at various scan rates[72]. (g) Optical image of a simple bracelet prepared by several Ti3C2Tx/P-100-

H//rGO ASC in series[72]. Copyright Royal Society of Chemistry. 

In general, the SCs assembled by MXene/conducting polymers composite electrodes show 

good electrochemical performance and stable cycling performance, and MXene/conducting 

polymers SCs have good application prospects. Table 3 summarizes the performance of 

MXene/conducting polymers in SCs devices. 
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Table 2. The applications of MXene/conducting polymers composite electrodes in SCs was mentioned in this review.

Method Electrode Electrolyte Capacity Condition Cycles Ref. 

Ultrasonic stripping Ti3C2 paper 1 M KOH 
450 F cm-3 2 mV s-1 

— [70] 
280 F cm-3 100 mV s-1 

Mechanical rolling Ti3C2 1 M H2SO4 
900 F cm-3 2 mV s-1 

— [71] 
730 F cm-3 100 mV s-1 

Vacuum assisted filtration Ti3C2Tx/P-100-H 1 M H2SO4 1065 F cm-3 2 mV s-1 10000, 100% [72] 

One-step co-electrodeposition MXene/PPy 1 M H2SO4 416 F g-1 0.5 A g-1 — [164] 

Electrophoretic deposition, electrochemical polymerization Ti3C2/PPy 
2 M H2SO4 109 mF cm-2 1 mA cm-2 

10000, 96%  [167] 
PVA/H2SO4 87 mF cm-2 1 mA cm-2 

Electrochemical polymerization, co-doping PEDOT: PSS: MXene 10 mM PBS 692 F cm-3 100 mV s-1 500, 78% [173] 

Mechanical compression Wavy Ti3C2 3 M H2SO4 
1277 F cm-3 10 mV s-1 

10000, 98.8% [208] 
790 F cm-3 5000 mV s-1 

Two-step electrochemical polymerization N-Ti3C2/PANI 0.5 M H2SO4 228 mF g-1 5 mV s-1 1000, 85% [211] 

Hydrothermal reaction MXene/PANI 6 M KOH 
563 F g-1 0.5 A g-1 

10000, 95.15% [212] 
477 F g-1 20 A g-1 

Chemical oxidation polymerization TDP 1 M H2SO4 452 F g-1 1 A g-1 2000, 61% [214] 

Low-temperature chemical oxidation Ti3C2Tx/PPy 1 M Na2SO4 184 F g-1 2 mV s-1 4000, 83.33% [215] 

Electrochemically depositing, vacuum assisted filtration Ti3C2Tx/PPy PVA/H2SO4 420 F g-1 1 A g-1 10000, 86% [216] 

In-situ synthesis 3D Ti3C2Tx@PPy 3 M KOH 610 F g-1 0.5 A g-1 14000, 100% [217] 

Hydrothermal reaction, vacuum assisted filtration Mo1.33C MXene/PEDOT: PSS 1 M H2SO4 1310 F cm-3 2 mV s-1 — [219] 

— Ti2CTx 1 M KOH 
517 F cm-3 2 mV s-1 

— [232] 
307 F cm-3 100 mV s-1 

— Ti3C2Tx/PVA 1 M KOH 
528 F cm-3 2 mV s-1 

— [233] 
306 F cm-3 100 mV s-1 

Vacuum assisted filtration RAMX 3 M H2SO4 
978 F cm-3 10 mV s-1 

— [234] 
736 F cm-3 2000 mV s-1 

One-pot in-situ polymerization Ti3C2Tx/PANI-NTs 1 M H2SO4 597 F g-1 0.1 A g-1 5000, 94.7% [244] 

Doctor blade coating technology PANI/MXene 1 M H2SO4 1167 F cm-3 5 mV s-1 — [246] 

Electrostatic self-assembly Ti3C2/Fe-15% 1 M Li2SO4 485 mF cm-2 2 mV s-1 5000, 94.8% [251] 

In-situ polymerization GMP 1 M H2SO4 635 F g-1 1 A g-1 10000, 97.54% [257] 

Chemical oxidation polymerization, vacuum assisted filtration PANI@MXene 3 M H2SO4 
1632 F cm-3 10 mV s-1 

20000, 85.7% [259] 
827 F cm-3 5000 mV s-1 
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Table.3 The research of MXene/conducting polymers in SCs devices mentioned in this review.
Devices Electrolyte Capacitance Energy density at power density Cycles Ref. 

Ti3C2Tx/P-100-H//rGO 1 M H2SO4 117 F cm-3, 1.5 mA cm-2 23 mWh cm-3 at 7659 mW cm-3 — [72] 

MXene/PPy//MXene/PPy 1 M H2SO4 184 F g-1, 10 mV s-1 — 5000, 86.4% [164] 

Ti3C2Tx//rGO/CNT/PANI 3 M H2SO4 
117 F g-1, 10 mV s-1 70 Wh L-1 at 1.4 kW L-1 

10000, 80% [208] 
85 F g-1, 1000 mV s-1 34.8 Wh L-1 at 1.1 kW L-1 

AC//MXene/PANI 7 M KOH 262 F g-1, 0.5 A g-1 22.67 Wh kg-1 at 217 W kg-1 10000, 90.82% [212] 

400PPy175/Ti3C2Tx//400PPy175/Ti3C2Tx 1 M H2SO4 258 F g-1, 0.5 A g-1 
10.82 μWh mg-1 at 0.11 mW mg-1 

5000, 85.6% [216] 
3.99 μWh mg-1 at 1.89 mW mg-1 

Mo1.33C MXene/PEDOT: PSS//Mo1.33C MXene/PEDOT: PSS 1 M H2SO4 568 F g-1, 0.5 A g-1 33.3 mWh cm-3 at 19470 mW cm-3 10000, 90% [219] 

Ti3C2Tx//Ti3C2Tx Sea water 
27 F cm-3, 0.25 A g-1 1.74×10-3 Wh cm-3 at 0.15 W cm-3 

5000, 96.6% [229] 
13 F cm-3, 3 A g-1 0.68×10-3 Wh cm-3 at 1.53 W cm-3 

Ti3C2Tx//Ti3C2Tx 1 M Li2SO4 633 F cm-3, 2 mV s-1 22 Wh L-1 10000, 95.3% [230] 

3D-PMCF//3D-PMCF 3 M H2SO4 
375 F g-1, 5 mV s-1 

9.2 Wh kg-1 10000, 95.9% [231] 
92 F g-1, 10000 mV s-1 

Ti2CTx//Ti2CTx 1 M KOH  
452 F cm-3, 2 mV s-1 35 mWh cm-3 at 0.49 W cm-3 

3000, 100% [232] 
209 F cm-3, 100 mV s-1 17 mWh cm-3 at 191 W cm-3 

RAMX//RAMX 3 M H2SO4 — 
40 Wh L-1 at 0.83 kW L-1 

21 Wh L-1 at 41.5 kW L-1 
20000, 91.14% [234] 

PDT/Ti3C2Tx//PDT/Ti3C2Tx 0.5 M H2SO4 284 mF cm-2, 0.5mA cm-2 24 mWh cm-3 at 502 W cm-3 10000, 100%  [243] 

Ti3C2/PANI-NTs//Ti3C2/PANI-NTs 1 M H2SO4 586 F g-1, 0.1 A g-1 
25.6 Wh kg-1 at 153.2 W kg-1 

4000, 81.1% [244] 
13.2 Wh kg-1 at 1610.8 W kg-1 

MXene//PANI/MXene 1 M H2SO4 231 F cm-3, 10 mV s-1 
65.6 Wh L-1 at 1687.3 W L-1 

5000, 87.5% [246] 
40.3 Wh L-1 at 10354 W L-1 

Ni-dMXNC//Ti3C3Tx 1 M KOH — 1.04×10-3 Wh cm-3 at 0.22 W cm-3 5000, 72.1% [250] 

Ti3C2Tx/Fe-15%//MnO2/CC 1 M Li2SO4 115 mF cm-2, 2 mA cm-2 40 mWh cm-2 at 8.2 mW cm-2 3000, 82% [251] 

GMP//graphene 1 M H2SO4 68 F g-1, 10 A g-1 
42.3 Wh kg-1 at 950 W kg-1 

10000, 94.25% [257] 
25 Wh kg-1 at 18000 W kg-1 

MXene//PANI@MXene 3 M H2SO4 87 F g-1, 10 mV s-1 
50.6 Wh L-1 at 1.7 kW L-1 

— [259] 
24.4 Wh L-1 at 127 kW L-1 



 

69 

5. Conclusion and outlook 

Conducting polymers have been widely used in supercapacitors due to their high theoretical 

capacity, easy availability of raw materials, low preparation cost, and simple synthesis methods, 

etc. MXene, with its large graphene-like accessible ion surface area and excellent metal-like 

conductivity, has been rapidly gaining popularity among researchers in just a decade. This paper 

reviews the recent research progress of MXene/conducting polymer composites in the field of 

supercapacitors, including composite material preparation, electrode materials, SSCs and ASCs. 

Despite the extensive research on MXene and conducting polymers, there are still some challenges 

that hinder their practical applications. 

From a material preparation perspective, conductive polymers have different morphologies 

and are prone to agglomeration, thus requiring rational design of preparation schemes and precise 

control of polymerization time. Etching of MXene materials involves corrosive and strong acids 

such as HF and concentrated HCl. From the reports mentioned previously in the paper, it is easy 

to see that the surface functional groups, size and morphology of MXene obtained by different 

etching methods are different. For the bulk preparation of MXene, it is necessary to explore gentler 

and more convenient etching methods. In addition, the utilization rate of the MAX phase of MXene 

precursor is relatively low, and it is also necessary to consider how to improve the utilization rate 

of the MAX phase when exploring a more gentle and convenient etching method. 

From a material storage perspective, although low temperature can mitigate the oxidation of 

MXene, which does not prevent the oxidation of MXene to TiO2 by oxygen and water molecules. 

To solve the problem of better utilization of MXene material, the researchers reduced the contact 
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of functional groups on the MXene surface with oxygen and water molecules by means of end-

group protection. For example, Wu et al.[260] performed end-group protection of MXene using 

sodium citrate, and the results showed that the end-base protection had a significant improvement 

on the storage time of MXene. Nevertheless, the storage method of MXene is still a difficult 

problem that hinders its application.  

From an electrode material application perspective, MXene is prone to self-stacking due to 

the lack of support material as the transition metal is etched away. Conducting polymers suffer 

from swelling during charging and discharging, which affects the electrochemical performance. 

The effective combination of MXene/conducting polymers not only solves the problem of self-

accumulation of MXene and the expansion of the conducting polymers during charging and 

discharging, but also gives the electrode material practical characteristics such as higher stability 

and more relaxed use conditions (e.g. temperature, pH value). 

Furthermore, since its introduction, MXene has been gradually applied in many fields such 

as SCs, batteries, sensors, electromagnetic shielding and adsorption. However, MXenes are diverse, 

with different constituent elements and surface functional groups. Conducting polymers also vary 

in structure, composition and morphology. The properties of MXene have not been fully exploited 

and many aspects remain unknown. In the future, it is possible to combine theoretical simulation 

calculations with experiments, in addition to the need to address the unresolved issues mentioned 

above. An effective computing system can not only improve research efficiency and reduce 

unnecessary exploration time, but also is expected to design composite materials with different 

structures according to different application scenarios. With the development of MXene research, 
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MXene is also expected to be applied in more different research fields due to its unique and 

excellent properties. 
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