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Abstract: Energy-harvesting modules play an increasingly important role in the development of 

autonomous self-powered microelectronic devices. MXenes (i.e., two-dimensional transition metal 

carbide/nitride) have recently emerged as promising candidates for energy applications due to their 

excellent electronic conductivity, large specific surface area, and tunable properties. In this review, we 

present a perspective on using MXenes to harvest energy from various sources in the environment. First, 

we systematically introduce the characteristics of MXenes that facilitate energy capturing and summarize 

the preparation strategies of MXenes and their derived nanostructures tailored towards such applications. 

Subsequently, we discuss the harvesting mechanism of different energy sources (e.g., solar energy, 
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thermoelectric energy, triboelectric energy, piezoelectric energy, salinity gradient energy, electrokinetic 

energy, ultrasound energy, and humidity energy). Then we introduce the recent progress of MXene-based 

nanostructures in energy harvesting, as well as their applications. Finally, we present our opinions on the 

existing challenges and future directions of MXene-based nanostructure for energy harvesting. 

 

1. Introduction 

Microelectronic devices, such as micro-electro-mechanical systems (MEMS) and healthcare 

monitoring devices, and sensor networks are playing crucial roles in building sustainable and “smart 

living” represented by the Internet of Things (IoT).[1] In it, a vast communication network will be 

established by numerous autonomous microelectronic devices and sensors that are distributed from 

inside of the human body to everywhere on earth. This highlights the urgent need of equipping such 

microelectronic devices with safe and reliable micro-sized power supplies.[2] Great attention has thus 

been paid to developing micro-sized energy storage devices, including micro-batteries and micro-

supercapacitors. However, powering these widely-distributed microelectronic devices with only 

conventional energy storage devices is unrealistic, given their limited energy density and the difficulty 

in changing batteries when deployed in remote areas.[3] Furthermore, with the advancement of 

integrated circuit technology, many functional microelectronic devices can operate at a very low 

volumetric power density (i.e., approximately 1 mW cm-3 or lower), allowing them to conveniently 

work on even limited supply of electricity.[4] In addition, many sensors are expected to work in stand-

by mode consuming negligible power, and only intermittently awaken to make and transmit 

measurements. Therefore, developing miniature energy harvesting modules to establish a self-

powered system can be a promising strategy to realize low-cost, durable, and eco-friendly 

microelectronic devices. 

To develop high-performance miniature energy harvesting modules, tremendous efforts are being 

made to investigate suitable materials to efficiently capture various ambient energy sources. Two-

dimensional (2D) materials have attracted widespread attention as strong candidates to potentially 

prolong Moore’s Law within the field of micro-sized energy harvesting.[5] As a new member of the 

2D material family, MXenes (i.e., two-dimensional transition metal carbide, nitride, or carbonitride) 

are highly promising in this area due to numerous advantages that are beneficial to harvest various 

types of ambient energy sources: (1) MXenes generally possess metallic electronic conductivity,[6] 

thus, their captured energy’s loss in the process of current flow is low when converted into electrical 
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energy; (2) The 2D nature of MXenes equips them with high specific surface area and high aspect 

ratio,[7] which would allow the nanostructure based on them to possess a large effective area within a 

small size; (3) MXenes own relatively better mechanical stabilities compared to other solution-

processed 2D materials,[8] enabling high durability and reliability while used for energy capturing; (4) 

Abundant functional groups endow MXenes with high hydrophilicity and unique surface charge 

distribution,[9] which facilitates the generation of electric current in aqueous environments; (5) The 

highly customizable properties of MXenes through the design of different elemental composition and 

functional groups can be utilized to target various energy capture scenarios.[10]  

Based on the above advantages, since its invention in 2011, various MXene-based nanostructures 

have been applied to capture ambient energy with encouraging results.[11] Till now, a variety of energy 

sources (including solar energy, thermoelectric energy, triboelectric energy, piezoelectric energy, 

salinity gradient energy, electrokinetic energy, ultrasound energy, and humidity energy) can be 

captured based on MXene structures, each with their unique energy harvesting mechanism. These 

MXene-based energy harvesting modules can be applied as micropower sources to charge micro 

energy storage devices (e.g., supercapacitors,[12] capacitors[13]) or to power micro-electronics (e.g., 

watches[14]). Moreover, they can serve as self-power sensors to directly output processable signals to 

monitor environmental change or body motion.[15] The huge potential and superiority of MXenes in 

energy harvesting is also reflected by the extensive number of recent high-profile publications. In the 

recent two years, there has been an exponential growth of published works in this emerging field. 

Thus, we aim to provide a timely review to summarize the advances of MXenes for energy harvesting 

and promote the further development of this exciting field. 

In this article, we methodically introduce the preparation strategies of MXenes and their derived 

nanostructures, as well as their characteristics that are beneficial for energy harvesting. Next, we 

discuss the harvesting mechanism of different types of energy sources (solar, thermoelectric, 

triboelectric, piezoelectric, salinity gradient, electrokinetic, ultrasound, and humidity) and the progress 

of MXene-based nanostructures in harvesting them (Figure 1). Furthermore, we summarize the 

applications of such MXene-based energy harvesting modules, including micropower sources and 

self-powered sensors. Finally, we outline the existing challenges of MXene-based nanostructure in 

energy harvesting and present perspectives for future development. 
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Figure 1. Overview of different energy sources that can be harvested by MXene-based energy 

harvesting devices. 

 

2. Fundamentals of MXene 

2.1. Brief introduction of MXene 

MXene was first synthesized via etching the A layer in the MAX phase (where M represents an early 

transition metal, A stands for group IIIA or IVA element, X refers to carbon and/or nitrogen, as shown 

in Figure 2a).[6] After etching of the A layer, the MAX phase’s morphology transforms into layered 

two-dimensional materials that are similar to graphene, which inspires the name “MXene”. They have 

the general formula of Mn+1XnTx (n = 1-4), where T corresponds to the abundant functional groups 

(e.g., –F, –OH, and –O) that are introduced on the surface of MXene during the etching process. 

Currently, more than 30 types of MXenes have been experimentally synthesized.[7] The synthesis of 

MXene usually follows a top-down approach by chemically exfoliating their parental MAX phase. 

Hydrofluoric acid (HF) solution (including HF and in-situ formed HF, e.g., HCl+LiF) etching 

followed by an intercalant (e.g., metal or organic cations)-assisted delamination is the most commonly 

used method for the preparation of MXenes (Figure 2b and S1).[16] With the application of this 
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method, MXenes with abundant –F groups on the surface can be efficiently prepared under mild 

temperature. It must be emphasized that since MAX phases possess different elemental compositions 

and crystal structures, controlling the etching condition (e.g., HF concentration, temperature, time) is 

essential to the preparation process. For example, as reported by Naguib et al., the HF (50%) at room 

temperature was kept constant, however, exceptionally different etching products were attained from 

specific MAX phase powder precursors. The etching process for Al layer in Ti3AlC2 required much 

shorter time than that in Ta4AlC3 or (V0.5Cr0.5)3AlC2.[17] The etching strategies for MXene preparation 

will not be covered in detail herein since other recent reviews have systematically introduced them.[18, 

19]  

Although HF etching is the most frequently used and is an efficient method to prepare MXenes,[20] the 

high safety hazards and limitations (e.g., mostly used to etch MAX phases with Al as A element, and 

resulting in MXene nanosheets with –F termination groups) of HF reflects on the necessity to develop 

other methods of MXene synthesis. In this regard, many HF-free etching methods have been reported 

in recent years, mainly including hydrothermal etching, electrochemical etching, and molten salt 

etching.[21] Li et al. reported a Lewis acid etching method to synthesize –Cl terminated MXenes in 

molten CuCl2.[22] Since the A element in MAX phases and the Lewis acid molten salt cation could 

form direct redox coupling, this method was extended to further etch various MAX phases with Al, 

Zn, Si, and Ga as the A elements. 
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Figure 2. (a) The Element periodic table that highlights in “M,” “A,” and “X” elements of the known 

MAX phases. (b) Schematics of the synthesis process of MXene from MAX phases. Here M3AX2 

MAX phase and M3X2Tx MXenes are shown as examples. 

 

2.2 Characteristics of MXenes 

Structural characteristics. The special atomic structure of MXenes is very important to fully 

comprehend their features. MAX materials show hexagonal close-packed structures and possess three 

types of unit cell. All found MAX phases possess a layered structure with P63/mmc symmetry, where 

“Mn+1Xn” layers alternate with “A” layers along with the c direction. As previously stated, MXenes 

are mainly obtained via etching the A layer in the MAX phases, thus resulting in the exchange of M 

with X and an inherited hexagonal close-packed structure. In addition, there are also many MXenes 

obtained via etching quasi-MAX materials. For example, Mo2CTx is synthesized via etching non-
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MAX-phase Mo2Ga2C.[23] According to the “M”, MXenes can be divided into ordered phases 

(Mn+1XnTx) and solid-solution phases ((M’M’’)n+1XnTx). Furthermore, based on the arrangement of M’ 

and M’’, the MXenes can be classified into in-plane ordered (M’ and M’’ are arranged alternately in 

the M layer, e.g., Mo1.33Y0.67CTx
[24]) and out-of-plane ordered (M’ and M’’ occupy separate M layers, 

e.g., Mo2TiC2, Mo2Ti2C3
[25]). The exceptional diversity within the MXene family is yet to be 

extensively explored, allowing it to be an area of immense appeal. 

Electronic characteristics. The pristine MXene without any functional groups Is considered a 

metallic material based on theoretical calculations.[26, 27] With different M, X atoms and T surface 

termination groups, MXenes can also exhibit various properties such as antiferromagnetic, 

ferromagnetic, and topological insulator.[28] Although all the reported MXenes are metallic/semi-

metallic, a few MXene systems are predicted to be semiconducting. At the simulation level, it has 

been reported that Sc2CT2(T= F, OH, and O), Ti2CO2, Zr2CO2, and Hf2CO2 are semiconductors with 

band gaps between 0.24 eV to 1.8 eV.[26] At present, the Ti3C2Tx film produced by etching modified 

Ti3AlC2 MAX Phase precursor exhibited the highest conductivity of up to 20 000 S/cm.[29] The post-

annealing process in vacuum can effectively remove water, intercalant and even surface functional 

groups, thus leading to the enhanced electrical conductivity.[30] The partial loss of surface functional 

groups can improve the conductivity, which aligns with the previous predictions bare MXenes being 

metallic. As mentioned previously, the surface groups of MXenes play significant roles in their 

electronic properties. This is due to the fact that the surface of a MXene sheet is mainly defined 

during the MAX phase etching, different synthesis approaches (e.g., electrochemical,[31] 

hydrothermal,[32] iodine assisted etching,[33] and molten salts-etching methods[21, 34]) can render them 

with specific surface terminations. Significantly, Nb2C with –Cl2, –S2, –Se, –NH terminations have 

been observed to undergo superconducting transitions at low temperatures (< 10 K).[21] Meanwhile, 

the work function of 2D MXenes can be tuned by the variation of surface functionalization.[35] For 

instance, vacuum annealing can remove the surface groups of MXene, which results in the variation 

of work function from 4.1 eV to 4.8 eV via annealing at different temperatures.[36] Additionally, 

chemical treatment such as grafting diazonium surface groups,[37] and treating via ammonium 

hydroxide[38] can also modulate the work function of MXenes. 

Mechanical characteristics. The theoretical calculations have shown that all the factors such as 

structures, thicknesses, and surface functional groups influence the mechanical characteristics of 

MXene.[39, 40] For example, it has been predicted that MXenes with M2X structures are stiffer and 
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more robust than MXenes with M3X2 and M4X3 structures.[41] The locations where the first crack 

appears under high strain is also different for MXenes with unlike structures.[41] For a particular 

MXene, its mechanical properties will deteriorate with the thickness, as evidenced by the decrease of 

their Young’s modulus.[41] Moreover, the mechanical properties of MXene is also related to the 

surface groups. For example, O-terminated MXenes possess stronger strain abilities than others,[39] 

while OH-terminated MXenes offer higher normal-to-the-plane elastic modulus.[40] Experimentally, 

the effective Young’s modulus of monolayer Ti3C2Tx and Nb4C3Tx have been found to be 0.33 TPa [42] 

and 0.39 TPa,[43] respectively, which are higher than most of the solution-processed 2D materials. 

Moreover, by adding ionic and/or hydrogen bonding agents such as dopamine,[44] Ca2+ and sodium 

alginate,[45] and polyvinyl alcohol,[46] the Young’s modulus of MXenes films can be further enhanced 

effectively. 

 

2.3 Stability and Storage of MXenes 

As MXenes are thermodynamically unstable in terms of their composition, the stability of MXenes is a 

matter of great concern.[19] Generally, oxygen and water molecules are two essential factors that cause 

and aggravate the oxidative degradation process.[47] Among the various forms of MXene, including 

solutions, films, and composites, MXene colloidal dispersions are the most unstable due to the larger 

specific surface area. In order to restrict the oxidation kinetics of MXene colloidal dispersions, inert gas 

protection (e.g., Ar[48]), ultra-low temperature storage (e.g., -80 and -20 oC[49]), reductive capping 

protection (sodium L-ascorbate[50]), non-aqueous polar solvents storage (e.g., DMF[51]) and saturated 

salt aqueous solution storage (e.g., NaCl, LiCl, and CaCl2
[52]) have been applied.  Among them, only 

ultra-low temperature storage and saturated salt aqueous solution storage methods can prolong the 

storage life of Ti3C2Tx MXene to up to hundreds of days. Apparently, optimizing the storage conditions 

is a promising way to enhance the antioxidant capacity of MXenes. Nevertheless, ultra-low temperature 

storage requires special equipment and much energy, while special solvent storage introduces more 

complicated steps in storage and utilization, neither of which promises the best strategy in large-scale 

MXene applications. Recently, Mathis et al. found that excess aluminum during synthesis could 

improve crystallinity and carbon stoichiometry of the Ti3AlC2 MAX phase precursor effectively.[29] The 

MXene nanosheets produced from the modified Al-rich Ti3AlC2 exhibited ultrahigh conductivity of up 

to 20 000 S cm-1, and excellent antioxidation ability in an aqueous solution in terms of shelf life of over 
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ten months. Even in aqueous solutions at room temperature without specialized equipment, deep 

refrigeration, or stabilizing additives, the stability of the fabricated Ti3C2Tx MXene is better than most 

reported results. The Ti3C2Tx MXene prepared by this method not only retains pristine properties 

without introducing new impurities, but also possesses enhanced environmental stability, ensuring its 

stability in various application scenarios. Furthermore, for energy harvesting applications, devices 

applying MXene films could be substantially more stable compared to other materials. For example, 

Ti3C2Tx MXene nanosheets is reported to possess much higher interlayer interaction than graphene 

oxide or vermiculite for certain layered distances,[53] which enable the Ti3C2Tx membrane to show 

excellent stability in water-related energy harvesting application.[54] 

MXenes possess a series of advantages compared to other 2D materials (such as graphene), which 

make it promising for applications in the field of energy harvesting. As a typical 2D material prepared 

by solution method, the solution-based preparation of MXene has the merits of low cost, easy 

processing, and scalability, especially compared to some high-requirement 2D material preparation 

techniques such as chemical vapor deposition. MXene possesses hydrophilicity and shows excellent 

dispersion quality in aqueous solution. In sharp contrast, graphene usually needs to be prepared into 

graphene oxide to have good dispersibility in the aqueous solution. However, the process of oxidizing 

graphite introduces massive lattice defects to graphene, which degrades the structural stability or 

conductivity of reduced graphene oxide. The electrical conductivity of Ti3C2Tx MXene could reach 

~20000 S cm-1,[29] while the highest conductivity value reported by reduced graphene oxide is only 

~6300 S cm-1.[55] In an energy harvesting system, the excellent electrical conductivity of MXene 

reduces internal resistance-induced current losses significantly. Moreover, MXenes also exhibited 

better mechanical stability compared to most solution-processed 2D materials,[43] which makes the 

energy harvesting module more durable and stable during operation. Furthermore, MXene is a big 

family of materials with many diverse members, each possessing a variety of unique physical and 

chemical properties. For example, most MXenes are metallic; some MXenes exhibited 

superconductivity (e.g., Nb2CS2, Nb2CSe, Nb2C(NH)[21]), while other MXenes have been shown to 

have semiconductor-like behavior (e.g., Mo2CTx
[23]). Such rich diversity allows MXenes to have 

immense potential in energy harvesting applications. In next section, we summarize the progress of 

MXene in different types of energy harvesting applications.  
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3. Applications of MXene in energy harvesting  

3.1 Solar energy 

Among all the energy sources, solar has been regarded as a promising candidate to meet our energy 

demands in the future owing to its unparalleled merits, including but not limited to being 

environmentally friendly, infinite, safe. Therefore, devices that directly convert solar into electrical 

energy have attracted immense attention.[56] The role of MXene in solar cells can be divided into three 

categories: electrode materials, electron/hole transport layer (ETL/HTL) materials, and additives in the 

active or charge transport layers (Figure 3a), which are elaborated on the following part. 

MXenes as electrode materials. Ti3C2Tx, as a representative member of the rising group of MXenes, 

has demonstrated enormous potential as solar cells electrodes due to its unique physicochemical 

properties such as excellent electrical conductivity, high transmittance, and adequate flexibility. This 

section outlines the application of Ti3C2Tx electrodes in the sequence of the silicon, perovskite, organic, 

and dye-sensitized solar cells. 

In 2017, Kang et al. first reported the Ti3C2Tx-silicon heterostructure for high-speed self-powered 

photodetectors, which initiated the exploration of MXenes’ application in optoelectronics.[57] The 

Ti3C2Tx transparent electrode in this particular article was used to collect charge and form a Schottky 

junction to promote the photogenerated charge carrier separation and transportation, engendering the 

first self-powered Ti3C2Tx-based optoelectronic devices. Similarly, Yu et al. reported a Ti3C2Tx/n-Si 

heterojunction solar cell by transferring the Ti3C2Tx electrodes from the mixed cellulose membrane 

(MCE) filter onto the Si substrates.[58] The Ti3C2Tx electrodes were also used to transport charges and 

form the built-in electric field and thus allowed the separation of electron-hole pairs. Moreover, the 

Ti3C2Tx/SiO2/n-Si junctions could be achieved in the vacuum oven during the transfer process. The SiO2 

native oxide layer could repress charge recombination and enhance the junction quality. As a result, the 

power conversion efficiency (PCE) of the as-prepared device is about 4.2%, while the PCE of the 

Ti3C2Tx/n-Si solar cells was only 0.58%. (Note: all PCEs in this part were measured under AM 1.5G 

illumination) To further improve charge collection and light utilization, a two-step chemical treatment 

(2% HCl and AuCl3) and an antireflection layer was employed, and consequently a PCE of near 11% 

was accomplished in Ti3C2Tx/SiO2/n-Si junction solar cells. In 2019, Fu et al. fabricated Ti3C2Tx 

contacted Si solar cells via drop-casting the Ti3C2Tx solution on heavily doped n+ surface of n+np+-Si 

solar cell, as shown in Figure 3b.[59] The ohmic contact formed between Ti3C2Tx and n+-Si not only 
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reduces the contact resistance but also efficiently accelerates the electron transfer from n+np+-Si and 

inhibits charge carrier recombination (Figure 3c), contributing to superior open-circuit voltage (Voc) 

and short-circuit current density (Jsc). It was also demonstrated that the rapid thermal annealing (RTA) 

process could further enhance the electrical conductivity of Ti3C2Tx and ameliorate physical adhesion 

and the electrical contact between Ti3C2Tx and n+-Si. This results in a high fill factor (FF) of ~58% and 

a prominent PCE of ~11.5%. This work truly reflects on the potential of solution processable MXene 

as electrode materials for high-performance optoelectronic devices. 

Moreover, the 2D nature of MXene is also favored by flexible organic solar cells (OSCs).[12] Tang et al. 

fabricated transparent, conductive, and bendable Ti3C2Tx/silver nanowire (AgNW) hybrid transparent 

electrodes for PTB7-Th:PC71BM, PBDB-T:ITIC and PBDB-T:ITIC:PC71BM flexible OSCs (PTB7-

Th, PC71BM, PBDB-T, and ITIC are common abbreviations of material in organic photovoltaic 

applications).[60] This hybrid electrode, which was achieved via a scalable and straightforward solution-

processed method, the device shows high electrical conductivity, good transmittance, low roughness, 

work function matching, and robust mechanical performance. Generally, there is a trade-off effect 

between electronic and optical conductivity. However, in the case of Ti3C2Tx nanosheets with AgNW 

networks, the electronic and optical conductivity ratio of the hybrid electrode reached 162.49. The 

fabricated OSCs achieved a PCE of 8.3% and displayed robust mechanical performance, i.e., 84.6% 

and 91% retention of the original PCE after 1000 bending and unbending cycles under 5 mm and 40 

mm bending radii, respectively. 

The Ti3C2Tx-based composites have also been utilized as the counter electrode (CE) for quantum dot-

sensitized solar cells (QDSCs). Chen et al. employed Ti3C2Tx as the conductive skeleton for CuSe 

nanoparticles via in situ growth of CuSe nanoparticles on Ti3C2Tx as high-performance CEs of 

QDSCs.[61] Compared to the pristine Ti3C2Tx and CuSe, fabricated Ti3C2Tx/CuSe composite 

demonstrated higher electrical conductivity for electron transport and a larger specific surface area, 

giving rise to more active sites for polysulfide electrolyte reduction. As a result, the Ti3C2Tx/CuSe 

composite-based device exhibited a high PCE of 5.12%, almost 2.5 times and 1.5 times higher than that 

of the pristine Ti3C2Tx- and CuSe-based devices, respectively. Similar work was also carried out by 

using Ti3C2Tx as the conductive skeleton and CuS as the active material.[62] Since MXene provided 

enhanced electron transfer to active CuS nanoparticles, the QDSCs using Ti3C2Tx/CuS composite as CE 

showed a high PCE of 5.11%, while the PCE of the pristine CuS-based QDSCs was only 3.26%. 

MXenes as ETL/HTL materials. Benefiting from the adjustable work functions (WFs), MXenes can 
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directly be utilized as ETL or HTL materials in solar cells.[63, 64] In 2019, Yang et al. applied Ti3C2Tx 

nanosheets as a novel ETL for CH3NH3PbI3-based PSCs.[63] The WF of the Ti3C2Tx film could be tuned 

from 5.52 eV to 5.62 eV under UV-ozone treatment. Meanwhile, oxide-like Ti-O bonds are generated 

on the surface of Ti3C2Tx film, promoting the electron transfer and inhibiting the charge recombination 

at the Ti3C2Tx/CH3NH3PbI3 interface. A PCE of 17.17% was obtained after treatment, while the PCE of 

the control parameter (without UV-ozone treatment) was only 5.0%. Ouyang et al. employed UV-ozone 

treatment and N2H4 treatment to tune the WF of Ti3C2Tx. [64] The results showed the WF of Ti3C2Tx 

could be increased by UV-ozone treatment and decreased by N2H4 treatment, leading to a wide range 

from ~4.0 eV to ~5.0 eV. Hence, the Ti3C2Tx layer with different WF could play distinct roles in OSCs. 

U-MXene (UV-ozone-treated Ti3C2Tx) with higher WF was used for hole collection in the normal OSC 

while UH-MXene (UV-ozone-then-N2H4 treated Ti3C2Tx) with lower WF was utilized for electron 

collection in the inverted OSC, showing PCEs of 9.02% and 9.06% respectively. 

MXenes as additives. In addition to being used as bulk materials for electrodes or ETL/HTL, MXenes 

can also act as additives in solar cell components (e.g., active layer, ETL/HTL) in order to adjust their 

physicochemical characteristics. In 2018, Guo et al. was the first to initiate the addition of Ti3C2Tx 

nanosheets into a perovskite precursor to modify the perovskite layer.[65] The results showed that the 

addition of Ti3C2Tx could decelerate the nucleation process of CH3NH3PbI3, thus increasing the crystal 

size. Furthermore, since Ti3C2Tx possesses high electrical conductivity and mobility, and can promote 

the electron transfer through the grain boundary, the largest PCE was enhanced from 15.54% to 17.41%, 

and the average PCE was increased from 15.18% to 16.80% (under AM1.5G illumination) with the 

addition of Ti3C2Tx. This work paves the way for MXenes to be used in PSCs applications, particularly 

for perovskite layer modification. Inspired by this work, Jin et al. employed Ti3C2Tx nanosheets as nano-

dopants to prepare 2D Ruddlesden-Popper perovskite films in 2021.[66] Results show that the Ti3C2Tx 

additive was highly beneficial in improving the crystallinity, vertically oriented growth, and 

homogeneous phase distribution in the perovskite films, which resulted in the higher humidity stability 

and better charge transport. Hence, the PCE of the optimized PSCs increased from 13.69% to 15.71%.  

Besides the perovskite active layer, the ETL is also an important factor in determining the performance 

of PSCs. It has also been reported that the Ti3C2Tx can be embedded in ETLs of PSCs to improve 

performance.[67] In order to obtain high-performance CH3NH3PbI3-based PSCs, Yang et al. has modified 

SnO2 ETL via adding Ti3C2Tx nanosheets.[68] This resulted in a better charge transfer paths and improved 

electron extraction, contributing to a superior PCE of 18.34%, while that of the pristine Ti3C2Tx- and 
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SnO2- based PSCs was limited to 5.28% and 17.23%, respectively. In 2019, Agresti et al. found that 

incorporating Ti3C2Tx into the perovskite absorber and the TiO2 ETL could tune their work function 

(WF) and would engineer their contact interface.[69] Both calculated and experimental results showed 

that the addition of Ti3C2Tx to CH3NH3PbI3 and TiO2 layers could tune the materials’ WFs (Figure 3d), 

i.e., from 4.72 eV to 4.37 eV and from 3.91eV to 3.85 eV respectively, without affecting other electronic 

properties. As shown in Figure 3e, an excellent hysteresis-free PSC with a PCE of 20.14% was obtained 

(type C). This is attributed to the dual addition of MXene in the perovskite and ETL, better interface 

band alignment, reduced barrier height, and enhanced charge transfer had been achieved. Moreover, the 

researchers further employed density functional theory (DFT) calculations to explore how the 

terminations of Ti3C2Tx affected the WF and the Ti3C2Tx/CH3NH3PbI3 interface, providing a thorough 

understanding of energy-level alignment in the fabrication of high-performance devices.[70] 

Similarly, Li et al. synthesized a multifunctional ETL by slowly dropping monolayer of Ti3C2Tx 

nanosheets into the precursor during the deposition of the TiO2 for the inorganic lead-free Cs2AgBiBr6-

based PSCs.[71] Due to the addition of Ti3C2Tx nanosheets, the TiO2 ETL possessed higher electrical 

conductivity and electron extraction rate. Meanwhile, the improved surface wettability of the ETL was 

beneficial to the growth of crystals and restrained the generation of pinholes in perovskite film. The 

resulting PSCs delivered an enhanced PCE of 2.81%, and better performance stability. In 2020, Zhang 

et al. reported the utilization of Mo1.33CTx-doped poly(3,4-ethylene 

dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as an efficient HTL for high-performance 

OSCs.[72] The results indicated that the charge transport, extraction properties of the HTL, and the 

morphology of the active layer enhanced greatly after the addition of Mo1.33CTx. The obtained devices 

possessed an average PCE of up to 9.2%, ~13% higher than the controlling device. 
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Figure 3. MXenes for solar energy harvesting. (a) Schematic illustration showing the working 

mechanism of solar energy harvesting and the roles of MXenes within it. (b) Schematic representation 

for the device architecture of Ti3C2Tx/n+np+-Si solar cell. (c) Energy band diagram of Ti3C2Tx/n+np+-

Si solar cell. Φ is a work function, Eg is energy bandgap of Si, and Ec and Ev are the conduction band 

and valence band. Reproduced with permission.[59] Copyright 2019, Wiley-VCH. (d) Energy scheme 

for undoped and Ti3C2Tx-doped perovskite with respect to the EFermi. IE, ionization energy. EVAC, 

vacuum level. (e) PCE of PSCs with different device structures. (Ref: 

Glass/FTO/cTiO2/mTiO2/perovskite/spiro-OMeTAD/Au, Type A: Glass/FTO/cTiO2 

/mTiO2/perovskite + Ti3C2Tx/spiro-OMeTAD/Au, Type B: Glass/FTO/cTiO2 +  

Ti3C2Tx/mTiO2 +Ti3C2Tx/perovskite + Ti3C2Tx/spiro-OMeTAD/Au, Type C: Glass/ 

FTO/cTiO2 + Ti3C2Tx/mTiO2 + Ti3C2Tx/Ti3C2Tx/perovskite + Ti3C2Tx/spiro-OMeTAD/ Au). 

Reproduced with permission.[69] Copyright 2019, Springer Nature. 
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3.2 Thermoelectric energy 

Thermoelectric energy harvesting can be defined as the direct transformation of heat into electricity, 

making it an effective and reliable energy technology for microelectronics.[73] MXenes show great 

potential as both bulk materials and additives in thermoelectric energy harvesting (Figure 4a), this has 

been reflected by research conducted to predict the thermoelectric properties of MXenes. In 2012, 

Khazaei et al. predicted that Ti2CO2, Hf2CO2, Zr2CO2, Sc2CF, Sc2C(OH)2, and Sc2CO2 are 

semiconducting materials with non-zero band gaps.[26] The calculations also demonstrated that 

semiconducting MXenes possessed superior Seebeck coefficients at low temperatures of around 100 K, 

i.e., 1140 μV/K for Ti2CO2 and ~2000 μV/K for Sc2C(OH)2 at 100K. In 2014, the researchers worked 

on Mo-based MXenes to highlight their superior thermoelectric properties, particularly Mo2CF2, which 

was the most promising one.[74] Ding et al. utilized the SCAN-rVV10 method and spin-polarized density 

functional theory calculations to investigate the thermoelectric properties of MXenes.[75] The results 

revealed that the figure of merit (ZT, defined as ZT = (S2σ/κ)T, where S, σ, κ, and T are the Seebeck 

coefficient, electrical conductivity, total thermal conductivity, and the temperature in Kelvin, 

respectively) of p-type Cr2TiC2(OH)2, could reach 3.0 at 600 K with an excellent thermoelectric 

conversion efficiency of 20%. However, experimental studies of the thermoelectric properties of 

MXenes have rarely reported. 

In 2017, Kim et al. achieved exceptional results working on the temperature-dependent thermoelectric 

properties of Mo-based MXenes (Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx).[76] These MXenes fabricated 

by a simple vacuum filtrated method are in the form of freestanding papers. The results exhibited that 

Mo2TiC2Tx, and Mo2Ti2C3Tx showed n-type behavior, as shown in Figure 4b, while the Mo2CTx sample 

showed a transition from p-type to n-type upon thermal annealing, which may be caused by a reduced 

energy barrier at the edges of Mo2CTx flakes during the first heating cycle. The Mo2TiC2Tx sample 

demonstrated superior performance in terms of the relatively large Seebeck coefficient (-47.3 μV/K at 

803 K) and high thermoelectric power factor (PF = S2σ) (3.09 × 10-4 W/m/K2 at 803 K), which not only 

surpassed the performance of their parent MAX phases but also was comparable to conventional 

thermoelectric materials (Figure 4c). 

In addition, MXenes are often employed to improve the performance of other thermoelectric materials. 

In 2020, to obtain high-performance (Bi,Sb)2Te3 (BST) compounds, Wang et al. modified BST materials 

via a self-assembly protocol to deliver a homogeneous dispersion of Ti3C2Tx nanosheets in matrix.[73] 

Figure 4d shows the relationship between the oxygen content and the WF of Ti3C2Tx, and the 
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equilibrium band alignment at the interface of BST and oxygen-terminated Ti3C2Tx. It is evident that 

the Ti3C2Tx with appropriate WF (>4.65 eV) could cause the hole injection from Ti3C2Tx to BST, which 

is beneficial in increasing the electrical conductivity, and the existing energy barrier scattering would 

retain the Seebeck coefficient. Meanwhile, due to the alignment of Ti3C2Tx with the layered structure, 

the phonon transport could be inhibited effectively, giving rise to higher interfacial thermal resistance. 

Consequently, a decent PF of ~25 × 10-4 W/m/K2 was obtained at 300 K for the 1 vol% Ti3C2Tx/BST 

composite, as shown in Figure 4e. Furthermore, a peak ZT of 1.3 at 400 K and a record-high 

thermoelectric conversion efficiency of 7.8% under a temperature gradient of 237 K was achieved. 

Similarly, Guan et al. found that incorporating Ti3C2Tx into the p-type PEDOT:PSS could effectively 

improve the Seebeck coefficient from 23 to 57.3 μV/K and the PF from 441 to 1550× 10-4 W/m/K2, 

which could be ascribed to the energy filtering of charge carriers by the internal electric field formed 

between Ti3C2Tx and PEDOT:PSS.[77] 

Moreover, layered composite films and heterostructures are also expected to possess high 

thermoelectric performance. In 2020, based on MXene and single-walled carbon nanotube (SWCNT), 

Xu et al. constructed three types of layered composite films, i.e., Ti3C2Tx-SWCNT film (MS), sandwich 

Ti3C2Tx-SWCNTs-Ti3C2Tx film (MSM) and SWCNTs-Ti3C2Tx-SWCNTs film (SMS) with sandwich 

structures in the vertical direction via a wet chemical assembly strategy.[78] Due to the constructed 

sandwich structure (similar to ternary heterojunction), MSM and SMS possess distinctive energy band 

structures from SM. The strong scattering due to double energy barriers caused a high-efficiency energy 

filtering effect, which resulted in higher Seebeck coefficients of MSM and SMS than MS. Hence, MSM 

with adequate concentration of SWCNTs (50 wt%) exhibited a Seebeck coefficient of -32.2 μV/K and 

a PF of 779 × 10-4 W/m/K2, much better than those of other MXene/SWCNT configurations. 
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Figure 4. MXenes for thermoelectric energy harvesting. (a) Schematic illustration showing the 

working mechanism of thermoelectric energy harvesting and the functions of MXenes in it. (b) Seebeck 

coefficient of Mo-based MXenes, inset: the demonstration of the flexibility of freestanding Mo2Ti2C3Tx 

paper in pristine state. (c) Thermoelectric power factor of Mo-based MXenes. Reproduced with 

permission.[76] Copyright 2017, American Chemical Society. (d) The WF of Ti3C2Tx as a function of O 

content, the dash line indicates the WF of BST and the violet area above x = 1 refers to the range that 

the WF of Ti3C2Tx is larger than that of BST, inset: the equilibrium band alignment at the interface of 

BST and oxygen-terminated Ti3C2Tx with WF falling in the violet area. (e) Temperature dependence of 

power factor for Ti3C2Tx/BST composites with various loading. Reproduced with permission.[73] 

Copyright 2019, Wiley-VCH. 

3.3 Triboelectric energy 

The mechanism of harvesting triboelectric energy can be started from the triboelectric effect. This is a 
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common phenomenon in our daily life, which is due to electrostatic charges being induced once two 

different materials come in contact. Van de Graaff discovered the generation of electricity via applying 

friction in 1929.[79] The generator Van de Graaff invented could induce a very high voltage, and can be 

applied in a series of high-voltage-required scenarios such as X-ray generation.[80] More recently, in 

2012, by coupling the triboelectric effect and electrostatic induction, Wang’s group proposed a 

triboelectric generator to harvest ambient mechanical energy, including body motions, mechanical 

vibrations, and ocean waves.[81] Since then, harvesting friction energy to generate electricity has 

attracted tremendous attention. The difference in the electronegativity of two different materials induces 

static polarized charges on the material surfaces, and thus electricity current can be generated in the 

external circuit. As the distance between them increases, the polarization charge gradually disappears, 

and an inverse current is generated (Figure 5a).[82] The generators can continuously convert mechanical 

friction energy into electricity via intermittent contact of two electrodes. This brings us to the role of 

MXenes in such generators. They possess high electrical conductivity and electronegativity, their 

application in triboelectric generator can range from active materials to current collectors. 

Traditionally, triboelectric negative materials (e.g., polytetrafluorethylene (PTFE), fluorinated ethylene 

propylene (FEP)) have very poor electrical conductivity, whereas, MXene produces both large potential 

differences and high output current. Dong et al. first investigated the potential of MXenes as active 

materials for triboelectric nanogenerators, in which they used PET-ITO as one electrode of the 

nanogenerator and compared the voltage output when coupling MXene or PTFE.[83] The test results 

showed that under the intermittent vertical compressive force of ~15 N and 2 Hz, both nanogenerators 

(MXene-based and PTFE-based) could deliver similar peak voltage output of ~500 mV. Interestingly, 

when MXene was coupled with PTFE to test triboelectric energy harvesting, no voltage output signal 

was detected under the same conditions, which indicates similarity in their electronegativities (Figure 

5b). Next, upon application of MXene on a flexible substrate, indium tin oxide-polyethylene 

terephthalate (ITO-PET), a good triboelectric energy harvesting performance was achieved, and the 

generated electricity lit up more than 60 light-emitting diodes (LEDs), indicating its potential for 

practical applications (Figure 5c).  

In addition, MXene can be used as the additive to couple with other triboelectrically negative materials 

(e.g., polyvinylidene fluoride (PVDF),[14] silicone rubber[15]) to modulate the physical characteristic of 

the electrode. Bhatta et al. added MXenes in PVDF and used electrospinning technique to prepare 

nanofiber films for triboelectric nanogenerators.[14] The addition of MXenes in PVDF effectively 
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enhanced the dielectric property and surface charge density of the as-spun film. The MXene-PVDF 

nanofibers were coupled with a Nylon 6/6 nanofiber positive electrode to test the energy harvesting 

performance. With the right amount of MXenes (10 wt%), the peak voltage output of the nanogenerator 

was increased 1.8 times compared to pure PVDF (Figure 5d). The voltage and power output of such 

nanogenerator with different external loading resistance are shown in Figure 5e. With the addition of 

10 wt% MXene, the as-developed nanogenerator delivered a peak power output of 4.6 mW with 2 MΩ 

loading resistance, much higher than that without MXene. 

Due to the excellent conductivity of MXenes, they can be used to replace metals as the electrode current 

collector materials for triboelectric generators to transfer the generated electricity. Jiang et al. coated 

polydimethylsiloxane (PDMS) on MXene-Ag nanoparticles-wrapped yarn and used it as the electrode 

for triboelectric energy harvesting.[84] With the MXene coating, while maintaining the good original 

mechanical properties, the conductivity of the fiber was greatly enhanced. As a result, the as-fabricated 

fiber-shape nanogenerator with a diameter of ~400 μm exhibited good mechanical strength and 

stretchability, and delivered a maximum output voltage of 7.7 V with a working length of 3 cm. 
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Figure 5. MXenes for thermoelectric energy harvesting. (a) Schematic illustration showing the 

working mechanism of friction energy harvesting and the functions of MXenes in it. (b) Voltage output 

profiles of the triboelectric nanogenerator based on a MXene/glass:PTFE couple. (c) Power output 

profiles of the triboelectric nanogenerator based on a MXene/PET-ITO:PET-ITO couple under different 

external loading resistance. Inset is the LED patterns lighten by such nanogenerator. Reproduced with 

permission.[83] Copyright 2017, Elsevier. (d) Voltage output profiles of the triboelectric nanogenerator 

using PVDF with different mixing amounts of MXenes. (e) Voltage and power output profiles of the 

nanogenerator with pristine PVDF and 10 wt% MXenes mixed PVDF under different external loading 

resistance. Reproduced with permission.[14] Copyright 2020, Elsevier. 
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3.4 Piezoelectric energy 

Piezoelectric energy harvesting is another common approach to transform mechanical energy into 

electricity. The flexible configuration and easy manufacturing characteristics make piezoelectric energy 

a perfect candidate as a power source for miniatured devices. Many materials exhibit the piezoelectric 

effect, including polymers, semiconductors, and ceramics.[85] Typically, a piezoelectric energy 

harvesting module includes three parts: one piezoelectric material layer in the middle and two current 

collectors above and below. External force compressed on the generator will shorten the dipole moment 

of the piezoelectric material and change the charge density of the two poles, leading to a charge 

imbalance on two current collectors. With the existence of an external circuit, the charge will be 

balanced by the external-circuit transfer of electrons, which is the piezoelectricity generated current 

output (Figure 6a). While the applied external force is withdrawn, the deformed structure of 

piezoelectric material recovers and a reverse current signal can be generated. Some MXenes with 

specific element components were reported to own piezoelectric properties via theoretical calculations. 

Tan et al. applied density functional theory calculation to investigate the piezoelectricity performances 

of MXenes.[86] They proposed that some oxygen-terminated MXenes with specific element components 

(e.g., Sc2CO2, Y2CO2, La2CO2) could exhibit considerable intrinsic piezoelectricity. The piezoelectricity 

could be ascribed to two reasons: one is the broken inversion symmetry of MXene caused by the 

noncentrosymmetric adsorption of surface oxygen atoms; the other one is the semiconducting nature of 

these oxygen-terminated MXenes since a bandgap would be induced via the hybridization between d 

orbitals of the metal atom and p orbitals of the oxygen atom. The calculations showed that, for Sc2CO2, 

the piezoelectric strain coefficients d31 reached a high value of 0.78 pm/V, which is the largest out-of-

plane piezoelectricity among all two-dimensional materials, indicating its high potential for 

construction of miniatured piezoelectric energy harvesting devices. However,using MXene as the bulk 

material for piezoelectric energy harvesting is still at the theoretical stage, and there are no practical 

experimental results reporting on it. 

Due to the abundant surface groups and excellent conductivity, MXenes were reported to be used as 

additives in traditional piezoelectric materials (e.g., poly(vinylidene fluoride–co–trifluoroethylene) 

(PVDF-TrFE),[87] ZnO[88]) to improve the piezoelectric energy harvesting performance. Shepelin et al. 

blended MXenes with PVDF-TrFE for piezoelectric energy harvesting.[87] In traditional cases of PVDF-

TrFE, the alignment of the dipoles is a prerequisite for it to own the piezoelectricity energy harvesting 

ability. Generally, a strong external electric field is applied to fulfill the dipole alignment. However, this 
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procedure is energy-intensive, and the generated aligned polymer molecules would be relaxed to the 

remnant polarization. With the mediation of MXene, strong electrostatic interactions can be formed 

between PVDF-TrFE molecules and MXene nanosheets, which could maintain the spontaneous 

polarization with no relaxation (Figure 6b). MD simulations showed clear interactions between the 

PVDF-TrFE polymer chains and Ti3C2Tx nanosheets. By using bare PVDF-TrFE or MXene-blended 

PVDF-TrFE to prepare printable inks, its viscosity was effectively improved with the addition of 

MXene, and the Young’s modulus of the as-printed film was also enhanced as the MXene fraction 

increased (Figure 6c). As a result, with 0.5 wt% addition of MXenes in PVDF-TrFE, the piezoelectric 

energy harvester delivered a high d33 value of −52.0 pC N−1 (nearly twice as high as bare PVDF-TrFE, 

Figure 6d), and a stable charge output for 10000 compression cycles.  
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Figure 6. MXenes for piezoelectric energy harvesting. (a) Schematic illustration showing the 

electricity generation process of the piezoelectric generator and the role of MXenes in it. (b) Schematics 

shows the effect of MXenes blended in PVDF-TrFE. (c) Tensile strain-stress curves of the printed 

Ti3C2Tx/PVDF-TrFE films with different MXene content (shaded region refers to the error bar). (d) The 

surface charge generated by different piezoelectric energy harvesters at 2 Hz for 60 compression cycles. 

Reproduced with permission.[87] Copyright 2021, Springer Nature. 

3.5 Salinity gradient energy 

Salinity gradient energy is the potential energy source which is formed due to the salinity difference 

between freshwater and high-salt-concentration water, e.g., seawater, brine lake, sweat. Inspired by the 
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ion-selective channels in biological organisms, such energy sources can be readily transformed into 

electricity via locating an ionic selective-permeation membrane between high and low salt-

concentration water.[89] Due to the extremely strong electronegativity on the surface, MXenes can be 

used as stacked membranes that will possess strong electrostatic-potential-induced ionic selectivity, and 

such membranes are suitable for highly efficient salinity gradient energy harvesting. 

As shown in Figure 7a, due to the electrostatic repulsion effect of the MXene membrane, cations (Na+) 

in the high-concentration side (seawater, with a NaCl concentration of ~0.5 M) could simultaneously 

diffuse across the membrane to the low-concentration side (river water, with a NaCl concentration of 

~0.01 M), meanwhile the diffusion of anions (Cl-) would be inhibited. The asymmetric ion diffusion 

would cause the solution on either side of the film to have a charge imbalance, this would allow the 

passing of electrons through the external circuit from high concentration to low concentration. Hong et 

al. reported all-Ti3C2Tx MXene-based membranes for salinity gradient energy harvesting and 

investigated the output power performances at various conditions (including different membrane 

thickness, working temperature, pH values, concentration differences).[90] The conductance 

measurement (in 10 mM KCl, at pH 6.3) revealed that the surface charge density of MXenes (~100 

mC·m-2) was much higher than other reported two-dimensional nanomaterials (e.g., graphene oxide, 

MoS2). Under 1000-fold concentration difference of KCl solution and highly alkaline condition (pH 

11.53), a 2.7μm MXene membrane reached a high cation transference number (t+) of ~0.95, a high 

output power density of 20.85 W·m-2, and a high energy conversion efficiency of 40.6% (Figure 7b). 

At an elevated temperature (331 K), the output power density of such MXene membrane-based module 

could reach a value of 54 W·m-2 (Figure 7c). 

To improve the power generation performance, an efficient method is to introduce other functional 

materials (e.g., boron nitride nanosheets,[91] aramid nanofibers[92]) to the MXene membrane. Zhang et 

al. reported MXene/aramid nanofiber composites membrane for salinity gradient energy harvesting 

(Figure 7d),[92] since aramid (also known as Kevlar) is one of the strongest synthetic polymer materials 

and could form strong hydrogen bond with MXenes due to its rich acylamino groups. Exfoliating aramid 

into nanofibers and mixing it with MXene largely improved the mechanical stability and durability of 

the as-prepared membrane. A composite membrane with 11 wt% aramid nanofibers has the ability to 

deliver extremely high strength (~101 MPa) and toughness (~2.64 MJ m-3), which is comparable to 

natural nacre (~130 MPa and ~1.9 MJ m-3, respectively). Moreover, the added aramid nanofibers could 

provide space charge inside the nanochannels of the composite membrane. Combined with the surface 
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charge provided by MXene nanosheets, the membrane yielded an enhanced overall ionic selectivity and 

an improved power generation performance. As a result, by applying artificial seawater (0.5 M NaCl) 

versus river water (0.01 M NaCl) salinity gradient system, the membrane reached a maximum output 

power density value of ~3.7 W m-2 at 27 kΩ loading resistance. With natural water resources 

(Mediterranean Sea (~0.6 M NaCl) and Elbe River (~0.004 M NaCl)), it exhibited an even higher output 

power density of ~4.1 W m-2 (Figure 7e), as well as, a very stable powering process with a minimal 

decay of 2.3% after the first six hours. 

In addition, considering the ion diffusion path in traditional stacked MXene membrane is long and 

tedious, transforming the MXene alignment from horizontal to vertical could reduce the diffusion path, 

enhance the diffusion efficiency, and thus reduce the energy loss during ion migration. Ding et al. 

reported membranes based on pristine MXenes and polycation-treated MXenes, constructing their 

salinity harvesting devices.[93] The pristine MXenes-based membrane would repulse anions whilst the 

latter would repulse cations. Under the salinity gradient between artificial seawater (0.5m NaCl) and 

river water (0.01m NaCl), such a unique design delivered a maximum power density of 4.6 W m-2 with 

5 kΩ loading resistance. 

Furthermore, Liu et al. reported a novel chemical reaction-assisted energy harvesting system based on 

Ti3C2Tx MXene membrane.[54] They found that placing the MXene membrane between acid (HCl) and 

base (KOH) solutions with the same concentration also delivered current output. Regarding the 

mechanism, they suggested that although H+ and K+ could both diffuse across the cation-selective 

membrane, the higher ion mobility of H+ rendered the net cation transport from the acid side to the base 

side. Meanwhile, the protons could be consumed by neutralization reaction once they transported, which 

led to the continuous H+ migration and current generation. As a result, the MXene-based energy 

harvesting system delivered peak power density outputs at 0.08, 1.14, 7.89 W m-2 in HCl/KOH couple 

with concentrations of 0.01, 0.1, and 1 M, respectively. 
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Figure 7. MXenes for salinity gradient energy harvesting. (a) Schematic illustration showing the 

mechanism of salinity energy harvesting and the functions of MXenes in it. (b) The output power 

density and the corresponding energy conversion efficiency of the MXene membrane at pH 11.53 under 

different concentration differences. (c) Maximum output power density of the MXene-based salinity 

energy harvesting module at different temperatures under 100-fold KCl concentration difference at pH 

5.7. Inset is the corresponding I-V curves of the modules at different temperatures. Reproduced with 

permission.[90] Copyright 2019, American Chemical Society. (d) Schematic showing the structure of the 

MXene/aramid nanofiber composite membrane. (e) Output current-time curve of such composite 

membrane working in a natural water system with no electrolyte replenishing. Reproduced with 

permission.[92] Copyright 2019, Springer Nature. 

3.6 Electrokinetic energy  



 

  

 

This article is protected by copyright. All rights reserved. 

27 

 

The harvesting of electrokinetic energy is very similar to that of salinity gradient energy, in which both 

of them require a membrane with ion-selective permeability and the induction of potential difference is 

due to the selective passage of ions on either side of the membrane. However, for salinity gradient 

energy, the aqueous solution on the two sides of the membrane needs to be highly different in 

concentration, and the driving force of ion motion is the salinity gradient; while for electrokinetic energy, 

the solution concentrations at two side are the same, and the external mechanical force (such as gas 

pressure)-generated micro/nano fluidic water transport is the driving force for the ion motion (Figure 

8a). Since the solution used for electrokinetic energy generation does not require a concentration 

gradient, such strategy would deliver a more widespread application scenarios and higher potential to 

be designed as miniaturized energy sources. 

MXenes applied in electrokinetic energy is based on their highly electronegative surfaces to build ion 

permselective membranes. Yang et al. reported the application of Ti3C2Tx MXene-laminated membrane 

for electrokinetic energy harvesting.[94] While locating the membrane with ~19.6 mm2 working area 

among two 0.01 M NaCl aqueous solution reservoirs and ventilating nitrogen with 5 kPa pressure on 

one side, the current output could reach a peak value of 26 nA, and such generated current was highly 

dependent on the input pressure (Figure 8b). Connecting this energy harvesting module in series with 

a loading resistance, such a module delivered a maximum power output of 5.6 pW with a 26 kΩ loading 

resistance (Figure 8c). Furthermore, Qu et al. prepared MXene membranes with different alignments, 

and investigated their ion diffusion behaviors and electrokinetic energy harvesting performances 

(Figure 8d).[95] The ionic conductance test at various salt concentrations show that, despite a lower 

effective area, the vertically aligned MXene membrane could still exhibit 2-order-magnitude higher 

ionic conductance than those horizontal (Figure 8e). Theoretical calculations further proved the 

difference in ion diffusion behavior for different MXene alignments. The average velocity of ions in 

vertical MXene alignment with a pressure of 50 kPa was 3.12 × 10-4 m s-1, much higher than that in 

horizontal one (0.53 × 10-4 m s-1). As a result, the vertical MXene membrane delivered a maximum 

output power density of 25.0 mW m-2 with 0.3 M KCl solution and 50 kPa nitrogen pressure. 
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Figure 8. MXenes for electrokinetic energy harvesting. (a) Schematic illustration showing the 

working mechanism of electrokinetic energy harvesting and the functions of MXene in it. (b) The 

electrokinetic energy generated current with and without the input pressure. (c) The output voltage and 

power of the MXene-based electrokinetic energy harvesting device with different series-wound external 

resistance. Reproduced with permission.[94] Copyright 2020, Elsevier. (d) Schematic showing the 

different ion diffusion path in vertically aligned MXene nanochannels and horizontally aligned MXene 

nanochannels. (e) Ionic conductance of MXene membrane with different alignment at various salt 

concentrations. The effective working area for horizontal and vertical MXene membranes are 600 × 

600 μm and 5210 × 8.3 μm, respectively. In (d) and (e), VMM refers to vertically oriented MXene 

membranes, and HMM refers to horizontally stacked MXene membranes. Reproduced with 

permission.[95] Copyright 2020, American Chemical Society. 
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3.7 Ultrasound energy 

The ultrasound wave is an energy source with easy accessibility and it suffers from minimal attenuation 

when transporting across human tissues. These properties make ultrasound the perfect energy source 

for implantable medical devices.[9] However, devices that can harvest ultrasound energy and transform 

it into electricity often rely on highly specific materials and complicated fabrication procedures. 

Recently, it has been demonstrated that MXene hydrogels can readily harvest ultrasound energy while 

only requiring a simple device configuration and a facile fabrication process (Figure 9a).[13] Figure 9b 

shows the ultrasound energy harvesting mechanism of MXene hydrogel. When no external field was 

applied, an electric double layer (EDL) could form on the surfaces of the MXene nanosheets due to its 

high electronegativity nature. Based on a streaming current/voltage theory, when ultrasound wave 

comes to the hydrogel, a pressure-driven flow would be generated and the extra counter ions would be 

pushed in the EDL towards MXene. This would induce a potential difference between MXene 

nanosheets and cation-accumulated flow, and thus the resulted extra electrons would move toward the 

external ground to achieve electrostatic balance. The progress of the ultrasound waves led to the 

relaxation of the compressed cation layer, and thus a reverse electron movement could be detected from 

the ground to the MXene hydrogel. The generated oscillating current/voltage signals matched the 

waveform of the accepted ultrasound well. A small amount of H2SO4 was added into the MXene 

hydrogel to increase the total ion amount. By increasing the H2SO4 amount (0.1-0.5 wt%), the output 

voltage increased correspondingly, proving the ultrasound energy harvesting process was highly related 

to the ionic state within the hydrogel. 

By applying such a mechanism, ultrasound energy can be harvested via a simple sandwich-like device 

configuration of ecoflex cover-MXene hydrogel-ecoflex cover. With 20 kHz incoming ultrasound wave 

and 10 MΩ load resistance, such a device outputted ∼2 V voltage and varied in accordance with the 

ultrasound waveform (Figure 9c and 9d). Interestingly, using a similar hydrogel without MXene could 

only delivered a very limited voltage response, indicating the importance of MXene in capturing the 

ultrasound energy. 
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Figure 9. MXenes for ultrasound energy harvesting. (a) Schematic illustration of a ultrasound energy 

harvesting module and the roles of MXenes in it. (b) Schematics showing the proposed ultrasound 

energy harvesting mechanism based on MXene hydrogel. PVA refers to polyvinyl alcohol. (c) Voltage-

time curves of the MXene-hydrogel-based ultrasound energy harvesting module a 20 kHz incoming 

ultrasound and 10 MΩ load resistance. (d) The generated voltage waveform by the MXene hydrogel at 

microsecond scale. Reproduced with permission.[13] Copyright 2020, American Chemical Society.  

3.8 Humidity energy 

Since atmospheric moisture is ubiquitous, harvesting energy from the ambient humidity is free from 

environmental and regional restrictions and thus has drawn broad interest.[96] Generally, to harvest 
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humidity energy, it is needed to construct a nanostructure with abundant functional groups that are 

highly electronegative and/or can ionize to release protons. While encountering a water source-induced 

vapor, micro/nano fluidic water transport could be generated inside the micro/nano channels of the 

nanostructure, which would lead to the charge transport and consequent electricity output.[97] Moreover, 

while these functional groups are designed with a vertical-gradient distribution, the humidity could 

generate gradient ionized mobile charge (e.g., protons).[98] The abundant functional groups (–F, –OH, 

etc.) on the surface of MXene provide high electronegativity, indicating the high potential of MXenes 

as active materials for humidity energy harvesting (Figure 10a). Wang et al. prepared a MXene-

polyacrylamide (PAM) composite hydrogel and investigated its application in humidity energy 

harvesting (Figure 10b).[99] With continuous moisture (95 RH%) exhaling, such a humidity 

nanogenerator delivered a stable voltage output of about 13 mV (Figure 10c). 

 

Figure 10. MXenes for humidity energy harvesting. (d) Schematic illustration of a humidity energy 

harvesting module based on MXene hydrogel. (e) Voltage-time curve of the MXene-based energy 

harvester under a continuous humid air with 95% relative humidity. Reproduced with permission.[99] 

Copyright 2020, Elsevier. 
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4. Applications of MXene-based energy harvesting modules 

4.1 Micropower sources 

Combining the various advantages of MXenes, these nanogenerators based on them can be fabricated 

into light-weight, miniaturized devices. Such versatility enables perfect micropower sources to charge 

energy storage devices and/or power electronic devices. From Bhatta et al.’s work, MXene-PVDF 

composite nanofibers were used to assemble triboelectric nanogenerator in a rectifier circuit for 

practical display application (Figure 11a).[14] The obtained nanogenerator was used to light more than 

120 commercial red LEDs. Also, a 10 µF capacitor could be charged by this nanogenerator to a voltage 

of 2.25 V within 31s, and the electricity stored by the capacitor was successfully used to power a sports 

watch for seconds (Figure 11b). 

Ding et al. used vertical-aligned MXene-based film and polycation (polydiallyl dimethyl ammonium 

chloride) (PDDA))-modified MXene-based film to assemble a tandem stack of salinity energy 

harvesting devices (Figure 11c).[93] The MXene-based film can block the passage of anions, while the 

polycation-modified MXene-based film hinders the cation diffusion. Regarding one positive-charged 

MXene film and one negative-charged film as one power unit, each unit reached a voltage output of 

~0.2 V using the seawater-river water couple, and the voltage output increased linearly as the number 

of tandem units increased (Figure 11d). As a result, this energy harvesting module was used to directly 

power a calculator, which needed a working voltage of 1.5 V (Figure 11d, inset). Lee et al. loaded their 

MXene hydrogel-based ultrasonic energy generator into the circuit, as shown in Figure 11e.[99] The 

ultrasonic energy harvester can easily charge the 100 μF capacitor within 1 minute (Figure 11f), and 

the electric energy generated can support the normal operation of a hygrometer (Figure 11f, inset), 

indicating the potential of MXene-based nanogenerator towards practical application in 

microelectronics. 
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Figure 11. MXene-based energy harvesting devices as micropower sources. (a) The working circuit 

of the MXene-based triboelectric nanogenerator (upper panel) and the LED array lighted by it (lower 

panel). (b) Voltage profiles of charging a capacitor by the nanogenerator and powering sport watch 

subsequently. Inset is the working sports watch powered by the MXene-based energy harvesting module. 

Reproduced with permission.[14] Copyright 2020, Elsevier. (c) Schematic illustration showing the 

tandem stack of the MXene-based salinity energy harvesting modules. In the figure, SE refers to 

seawater, RW refers to river water, N-MXM refers to the negative charged-MXene membrane, P-MXM 

refers to the positive charged-MXene membrane, and RED refers to reverse electrodialysis. (d) Output 

voltage versus tandem unit number of the energy harvesting device. Inset is a calculator (working 

voltage: 1.5 V) driven by this energy harvester. Reproduced with permission.[93] Copyright 2019, Wiley-

VCH. (e) Circuit diagram of the MXene hydrogel ultrasound energy generator (M-gel generator) for 

practical applications. (f) Voltage files of the M-gel generator charging a capacitor (100 uF) in the circuit. 

Inset is the M-gel generator powering a hygrometer. Reproduced with permission.[99] Copyright 2020, 
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American Chemical Society.  

4.2 Self-powered sensors 

Since MXene-based energy harvesting modules can transform ambient energy sources into current 

signals without additional transducers, these energy harvesting modules can be directly applied as self-

powered sensors for monitoring various environmental parameters. Compared to traditional electronic 

sensors, such self-powered modules possess the advantages of low maintenance cost, prolonged 

operation lifespan, and simple circuit design. These advantages become more pronounced when 

considering the increasing demand and popularity of the IoTs in today’s society. Currently, most 

reported MXene-based self-powered sensors are based on triboelectric mechanism. Cao et al. employed 

a MXene-based nanogenerator to monitor human body motions such as neck movement.[100] With the 

head raising or lowering, the nanogenerator derived diametrically opposed voltage signals (Figure 12a). 

In addition to monitoring the direction of the action, the MXene-based nanogenerator can also monitor 

the frequency of the actions. Figure 12b shows the nanogenerator-harvested voltage profiles with 

different speeds of arm bending, and the faster arm movement can result in an apparent higher-

frequency electric signal. Jiang et al. reported a human writing sensor by combining MXene-based 

nanogenerator and laser-induced graphene (LIG) electrode array (Figure 12c).[101] While using the 

writing sensor, the nib-induced triboelectric energy can be transformed into readable voltage signals via 

the MXene-based nanogenerator, and the written letter can be detected according to the position and 

time order of the electric signal in the array (Figure 12d). Salauddin et al. combined the MXene-based 

nanogenerator with a carpet and connected the nanogenerator with a buzzer alarm, which turns the 

carpet into a smart device to monitor people entering the room (Figure 12e).[15] When people step on 

the carpet, the triboelectric energy would be transformed into electricity and lead to the alarms. Also, 

they used the MXene-based nanogenerator to monitor the human sleep motion with the same 

mechanism to avoid any dangerous gestures during sleeping (Figure 12f). All the discussed cases above 

are only a beginning to exploring the immense potential of using MXene-based energy harvesters as 

self-powered sensors. 
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Figure 12. MXene-based energy harvesting devices for self-powered sensors. (a) Voltage signals of 

MXene-based nanogenerator monitoring neck movements. (b) Voltage profiles of the MXene-based 

nanogenerator monitoring arm bending at different speeds. Reproduced with permission.[100] Copyright 

2020, Wiley-VCH. (c) Schematic illustration of a MXene-based human writing sensor and the 

underneath LIG electrode array. (d) Voltage profiles and the corresponding pictures of writing a letter 

“J” in the MXene-based human writing sensor. Reproduced with permission.[101] Copyright 2019, 

Elsevier. (e) Photos of a wireless smart sensing carpet enabled by MXene-based self-powered sensors. 
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(f) Photos of MXene-based self-powered sensors for sleep mode monitoring. Reproduced with 

permission.[15] Copyright 2020, Wiley-VCH. 

 

5. Summary and Outlook 

In conclusion, we have reviewed the recent progress on using MXenes for harvesting various ambient 

energy sources, including solar energy, thermoelectric energy, triboelectric energy, piezoelectric energy, 

salinity gradient energy, electrokinetic energy, ultrasound energy, and humidity energy. The potential 

innovative applications of MXene energy harvesting have been systematically elucidated in this review. 

MXenes can significantly improve the performances of various energy-harvesting devices in terms of 

performance optimization, device configuration design, and realizing new applications, as summarized 

in Table S1. Although significant progress has been achieved in developing MXene-based energy 

harvesting, this field is still in its infancy. Great efforts are needed to overcome multiple challenges and 

to improve the performance of MXene-based energy harvesters in numerous ways. The future research 

on MXene-based energy harvesting can be divided into three directions: MXenes synthesis, energy 

sources, and energy harvester development, as depicted in Figure 13. 

MXene Synthesis (Figure 13a). (1) MXenes with new transition metals and surface terminations. (e.g., 

-Se, -O) should be developed. Many MXenes with novel metal elements and/or surface terminations 

have only been theoretically calculated to have interesting characteristics (e.g., first-principles 

calculation predicted Ti2CO2 is semiconductor[26]). However, to date, there is no experimental work to 

verify these predictions. Moreover, the precise control of the composition and ratio of the surface groups 

of MXene is very important for studying the properties of MXene. Regarding this, molten salt etching 

and subsequent functional group substitution may be a powerful synthesis strategy to achieve the goal.[21] 

If MXene synthesis technology continues to develop and achieve the results of these calculations, this 

will undoubtedly greatly promote the development of MXene in the field of energy harvesting. 

Quantitative research on the physical and chemical properties of MXene with different surface groups 

can better promote the application of MXene in energy harvesting and other emerging fields.  

(2) The preparation procedures of MXenes need to be optimized. For now, the preparation of MXenes 

in most reported literature is still at the laboratory stage, and a large amount of HF (or in-situ formed 

HF, e.g., via mixing LiF and HCl) is used in the preparation process. Furthermore, the yield efficiency 

of etching MAX phases to prepare MXenes is very low, since only the supernatant after centrifugation 

for multiple times is retained but the sediment and lower turbid liquid (which account for the vast 
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majority) of each centrifugation is washed away. This restricts the preparation of MXenes, as it not only 

has a limited efficiency but is also hazardous and costly. Preparation methods with higher safety such 

as electrochemical etching require more research efforts. Scalability is also an important direction of 

developing MXene synthesis. At present, the MXene preparation using 50 g MAX phase precursor 

(Ti3C2Tx) in a single batch has been successfully reported.[102] Research on further improving the 

scalable synthesis of MXenes needs to be conducted safely and economically in the future. 

Energy sources (Figure 13b). (1) At present, there have been reports of multiple energy sources that 

MXene-based nanostructures can successfully harvest, but developing MXene-based energy harvesting 

from newer energy sources is important. For example, considering that MXenes possess great potential 

for micro antennas,[103] developing MXene-based radio frequency energy harvesting devices is a 

promising direction. In addition, extreme environments (e.g., hurricanes, volcanic eruptions) often 

contain huge amounts of ambient energy. This will be of great significance if an MXene-based energy 

harvester can be developed to harvest these energy sources. Meanwhile, it is important to combine 

theoretical techniques such as multi-physics simulations or density functional theory calculations, with 

experimental  data  on MXenes for more reliable prediction of the physical/chemical propertes that 

MXene must have for energy harvesting applications.  

(2) For several energy sources (e.g., solar energy, triboelectric energy), there is already a relatively 

mature research activity. While for other kinds of energy sources (e.g., ultrasound energy, humidity 

energy), currently MXenes are only reported to be able to capture them, but quantitative research and 

performance optimization based on these sources is not sufficient. However, for all energy sources, 

improving the MXene-based energy harvesting technology is important to meet potential application 

opportunities in the future, e.g., improving the output energy to meet the needs of high energy density 

applications, strengthening the harvesting efficiency to realize applications in extreme environments, 

and enhancing the output voltage to meet the needs of high-voltage applications.   

Energy harvesters (Figure 13c). (1) Usually the ambient energy sources (e.g., sunshine) are 

intermittent, leading to the unstable output of the MXene-harvested energies. In order for the energy 

captured to be better applied to microdevices, it is important to develop microscale energy storage 

devices (e.g., microbatteries, microsupercapacitors) and to test the compatibility between MXene-based 

energy harvesters and these energy storage devices. The parameters of these energy storage devices, 

including power density, energy density, and self-discharge performance, are all very important for 

realizing more applications using MXene-based energy harvesters. Considering the merits of MXene in 
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electrochemical energy storage, constructing an all-MXene microsystem, such as combining 

microbattery, energy harvester, and microcircuit all based on MXene, could be a promising direction. 

(2) At present, harvested energy based on triboelectric energy has been reported to be used in various 

applications. Still, the application of energy captured by other types of energy sources ought to be 

explored. Furthermore, considering the ambient energy source can be intermittent, developing MXene-

based devices that can harvest multiple types of energy sources is a promising direction. For example, 

combining solar energy harvesting with ultrasonic energy harvesting[104] or water-flow-related energy 

harvesting[105] are both promising research directions. In addition, it is promising to develop advanced 

self-powered sensors based on transforming harvested energy (e.g., heat, humidity) into readable 

electrical signals according to different energy sources. When exploring the applications of these 

MXene-harvested energies, fabricating them into integrated devices would be extremely beneficial to 

developing MXene-based energy harvesting devices in microelectronics. Since MXenes are very 

suitable materials for printing techniques,[106] using printing techniques such as three-dimensional 

printing or inkjet printing to prepare highly customized integrated systems based on MXene is another 

worthwhile research direction. 

The research interests in developing MXene-based energy harvesting and its applications have 

drastically accelerated in recent years. Combined with continuous advancement in nanomaterial 

synthesis and characterization technologies, it is expected that in the near future, there will be significant 

breakthroughs and rapid developments in this field. 
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Figure 13. Future perspectives for MXene-based energy harvesting systems: (a) MXenes synthesis, (b) 

Energy sources, and (c) Energy harvesters. 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 

 

Acknowledgements 

Y.W. and T.G. contributed equally to this work. The research reported in this publication is supported 

by King Abdullah University of Science & Technology (KAUST). 

 

 



 

  

 

This article is protected by copyright. All rights reserved. 

40 

 

Received: ((will be filled in by the editorial staff)) 

Revised: ((will be filled in by the editorial staff)) 

Published online: ((will be filled in by the editorial staff)) 

 

References 

[1] X. Zhang, J. Grajal, M. López-Vallejo, E. McVay, T. Palacios, Joule 2020, 4, 1148. 

[2] V. Vallem, Y. Sargolzaeiaval, M. Ozturk, Y.-C. Lai, M. D. Dickey, Adv. Mater. 2021, 33, 

2004832. 

[3] K. Najafi, T. Galchev, E. E. Aktakka, R. L. Peterson, J. McCullagh, 16th International Solid-

State Sensors, Actuators and Microsystems Conference 2011, 1845. 

[4] M. Gao, P. Wang, L. Jiang, B. Wang, Y. Yao, S. Liu, D. Chu, W. Cheng, Y. Lu, Energy Environ. 

Sci. 2021, 14, 2114. 

[5] F. R. Fan, W. Wu, Research 2019, 2019, 7367828. 

[6] Y. Gogotsi, Q. Huang, ACS Nano 2021, 15, 5775. 

[7] F. Ming, H. Liang, G. Huang, Z. Bayhan, H. N. Alshareef, Adv. Mater. 2021, 33, 2004039. 

[8] K. L. Firestein, J. E. v. Treifeldt, D. G. Kvashnin, J. F. S. Fernando, C. Zhang, A. G. Kvashnin, 

E. V. Podryabinkin, A. V. Shapeev, D. P. Siriwardena, P. B. Sorokin, D. Golberg, Nano Lett. 2020, 20, 

5900. 

[9] Y.-Z. Zhang, J. K. El-Demellawi, Q. Jiang, G. Ge, H. Liang, K. Lee, X. Dong, H. N. Alshareef, 

Chem. Soc. Rev. 2020, 49, 7229. 

[10] Z. Fu, N. Wang, D. Legut, C. Si, Q. Zhang, S. Du, T. C. Germann, J. S. Francisco, R. Zhang, 

Chem. Rev. 2019, 119, 11980. 

[11] A. VahidMohammadi, J. Rosen, Y. Gogotsi, Science 2021, 372, eabf1581. 

[12] L. Qin, J. Jiang, Q. Tao, C. Wang, I. Persson, M. Fahlman, P. O. Å. Persson, L. Hou, J. Rosen, 

F. Zhang, J. Mater. Chem. A 2020, 8, 5467. 

[13] K. H. Lee, Y.-Z. Zhang, Q. Jiang, H. Kim, A. A. Alkenawi, H. N. Alshareef, ACS Nano 2020, 

14, 3199. 

[14] T. Bhatta, P. Maharjan, H. Cho, C. Park, S. H. Yoon, S. Sharma, M. Salauddin, M. T. Rahman, 

S. S. Rana, J. Y. Park, Nano Energy 2021, 81, 105670. 

[15] M. Salauddin, S. M. S. Rana, M. Sharifuzzaman, M. T. Rahman, C. Park, H. Cho, P. Maharjan, 

T. Bhatta, J. Y. Park, Adv. Energy Mater. 2021, 11, 2002832. 



 

  

 

This article is protected by copyright. All rights reserved. 

41 

 

[16] Z. Liu, H. N. Alshareef, Adv. Electron. Mater. 2021, 2100295. 

[17] M. Naguib, O. Mashtalir, J. Carle, V. Presser, J. Lu, L. Hultman, Y. Gogotsi, M. W. Barsoum, 

ACS Nano 2012, 6, 1322. 

[18] A. Zhou, Y. Liu, S. Li, X. Wang, G. Ying, Q. Xia, P. Zhang, J. Adv. Ceram. 2021, 10, 1194. 

[19] Y. Wei, P. Zhang, R. A. Soomro, Q. Zhu, B. Xu, Adv. Mater. 2021, 33, 2103148. 

[20] M. Alhabeb, K. Maleski, B. Anasori, P. Lelyukh, L. Clark, S. Sin, Y. Gogotsi, Chem. Mater. 

2017, 29, 7633. 

[21] V. Kamysbayev, A. S. Filatov, H. Hu, X. Rui, F. Lagunas, D. Wang, R. F. Klie, D. V. Talapin, 

Science 2020, 369, 979. 

[22] Y. Li, H. Shao, Z. Lin, J. Lu, L. Liu, B. Duployer, P. O. Å. Persson, P. Eklund, L. Hultman, M. 

Li, K. Chen, X.-H. Zha, S. Du, P. Rozier, Z. Chai, E. Raymundo-Piñero, P.-L. Taberna, P. Simon, Q. 

Huang, Nat. Mater. 2020, 19, 894. 

[23] J. Halim, S. Kota, M. R. Lukatskaya, M. Naguib, M. Q. Zhao, E. J. Moon, J. Pitock, J. Nanda, 

S. J. May, Y. Gogotsi, Adv. Funct. Mater. 2016, 26, 3118. 

[24] I. Persson, A. El Ghazaly, Q. Tao, J. Halim, S. Kota, V. Darakchieva, J. Palisaitis, M. W. 

Barsoum, J. Rosen, P. O. Persson, Small 2018, 14, 1703676. 

[25] B. Anasori, Y. Xie, M. Beidaghi, J. Lu, B. C. Hosler, L. Hultman, P. R. Kent, Y. Gogotsi, M. W. 

Barsoum, ACS Nano 2015, 9, 9507. 

[26] M. Khazaei, M. Arai, T. Sasaki, C. Y. Chung, N. S. Venkataramanan, M. Estili, Y. Sakka, Y. 

Kawazoe, Adv. Funct. Mater. 2013, 23, 2185. 

[27] K. Hantanasirisakul, Y. Gogotsi, Adv. Mater. 2018, 30, 1804779; J. Pang, R. G. Mendes, A. 

Bachmatiuk, L. Zhao, H. Q. Ta, T. Gemming, H. Liu, Z. Liu, M. H. Rummeli, Chem. Soc. Rev. 2019, 

48, 72. 

[28] H. Kim, H. N. Alshareef, ACS Mater. Lett. 2019, 2, 55; H. Kim, Z. Wang, H. N. Alshareef, 

Nano Energy 2019, 60, 179. 

[29] T. S. Mathis, K. Maleski, A. Goad, A. Sarycheva, M. Anayee, A. C. Foucher, K. 

Hantanasirisakul, C. E. Shuck, E. A. Stach, Y. Gogotsi, ACS Nano 2021, 15, 6420. 

[30] J. L. Hart, K. Hantanasirisakul, A. C. Lang, B. Anasori, D. Pinto, Y. Pivak, J. T. van Omme, S. 

J. May, Y. Gogotsi, M. L. Taheri, Nat. Commun. 2019, 10, 522. 

[31] S.-Y. Pang, Y.-T. Wong, S. Yuan, Y. Liu, M.-K. Tsang, Z. Yang, H. Huang, W.-T. Wong, J. Hao, 

J. Am. Chem. Soc. 2019, 141, 9610. 

[32] T. Li, L. Yao, Q. Liu, J. Gu, R. Luo, J. Li, X. Yan, W. Wang, P. Liu, B. Chen, Angew. Chem. Int. 

Ed 2018, 57, 6115. 

[33] H. Shi, P. Zhang, Z. Liu, S. Park, M. R. Lohe, Y. Wu, A. Shaygan Nia, S. Yang, X. Feng, Angew. 



 

  

 

This article is protected by copyright. All rights reserved. 

42 

 

Chem. Int. Ed 2021, 60, 8689. 

[34] M. Li, J. Lu, K. Luo, Y. Li, K. Chang, K. Chen, J. Zhou, J. Rosen, L. Hultman, P. Eklund, J. 

Am. Chem. Soc. 2019, 141, 4730. 

[35] A. Di Vito, A. Pecchia, M. Auf der Maur, A. Di Carlo, Adv. Funct. Mater. 2020, 30, 1909028. 

[36] T. Schultz, N. C. Frey, K. Hantanasirisakul, S. Park, S. J. May, V. B. Shenoy, Y. Gogotsi, N. 

Koch, Chem. Mater. 2019, 31, 6590. 

[37] H. Jing, H. Yeo, B. Lyu, J. Ryou, S. Choi, J.-H. Park, B. H. Lee, Y.-H. Kim, S. Lee, ACS Nano 

2021, 15, 1388. 

[38] B. Lyu, M. Kim, H. Jing, J. Kang, C. Qian, S. Lee, J. H. Cho, ACS Nano 2019, 13, 11392. 

[39] Z. Guo, J. Zhou, C. Si, Z. Sun, Physical Chemistry Chemical Physics 2015, 17, 15348. 

[40] J. Come, Y. Xie, M. Naguib, S. Jesse, S. V. Kalinin, Y. Gogotsi, P. R. Kent, N. Balke, Adv. 

Energy Mater. 2016, 6, 1502290. 

[41] V. N. Borysiuk, V. N. Mochalin, Y. Gogotsi, Nanotechnology 2015, 26, 265705. 

[42] A. Lipatov, H. Lu, M. Alhabeb, B. Anasori, A. Gruverman, Y. Gogotsi, A. Sinitskii, Sci. Adv. 

2018, 4, eaat0491. 

[43] A. Lipatov, M. Alhabeb, H. Lu, S. Zhao, M. J. Loes, N. S. Vorobeva, Y. Dall'Agnese, Y. Gao, 

A. Gruverman, Y. Gogotsi, Adv. Electron. Mater. 2020, 6, 1901382. 

[44] G. S. Lee, T. Yun, H. Kim, I. H. Kim, J. Choi, S. H. Lee, H. J. Lee, H. S. Hwang, J. G. Kim, D.-

w. Kim, ACS Nano 2020, 14, 11722. 

[45] S. Wan, X. Li, Y. Wang, Y. Chen, X. Xie, R. Yang, A. P. Tomsia, L. Jiang, Q. Cheng, P. Natl. 

Acad. Sci. 2020, 117, 27154. 

[46] Z. Ling, C. E. Ren, M.-Q. Zhao, J. Yang, J. M. Giammarco, J. Qiu, M. W. Barsoum, Y. Gogotsi, 

P. Natl. Acad. Sci. 2014, 111, 16676. 

[47] B. Anasori, M. R. Lukatskaya, Y. Gogotsi, Nat. Rev. Mater. 2017, 2, 16098. 

[48] C. J. Zhang, S. Pinilla, N. McEvoy, C. P. Cullen, B. Anasori, E. Long, S.-H. Park, A. Seral-

Ascaso, A. Shmeliov, D. Krishnan, C. Morant, X. Liu, G. S. Duesberg, Y. Gogotsi, V. Nicolosi, Chem. 

Mater. 2017, 29, 4848. 

[49] Y. Chae, S. J. Kim, S.-Y. Cho, J. Choi, K. Maleski, B.-J. Lee, H.-T. Jung, Y. Gogotsi, Y. Lee, C. 

W. Ahn, Nanoscale 2019, 11, 8389; J. Zhang, N. Kong, D. Hegh, K. A. S. Usman, G. Guan, S. Qin, I. 

Jurewicz, W. Yang, J. M. Razal, ACS Appl. Mater. Interfaces 2020, 12, 34032. 

[50] X. Zhao, A. Vashisth, E. Prehn, W. Sun, S. A. Shah, T. Habib, Y. Chen, Z. Tan, J. L. Lutkenhaus, 

M. Radovic, M. J. Green, Matter 2019, 1, 513. 

[51] Q. Zhang, H. Lai, R. Fan, P. Ji, X. Fu, H. Li, ACS NANO 2021, 15, 5249. 



 

  

 

This article is protected by copyright. All rights reserved. 

43 

 

[52] X. Wang, Z. Wang, J. Qiu, Angew. Chem. Int. Ed 2021, 60, 26587. 

[53] J. Lao, R. Lv, J. Gao, A. Wang, J. Wu, J. Luo, ACS Nano 2018, 12, 12464. 

[54] P. Liu, Y. Sun, C. Zhu, B. Niu, X. Huang, X.-Y. Kong, L. Jiang, L. Wen, Nano Lett. 2020, 20, 

3593. 

[55] Y. Wang, Y. Chen, S. D. Lacey, L. Xu, H. Xie, T. Li, V. A. Danner, L. Hu, Mater. Today 2018, 

21, 186. 

[56] N.-G. Park, K. Zhu, Nat. Rev. Mater. 2020, 5, 333. 

[57] Z. Kang, Y. Ma, X. Tan, M. Zhu, Z. Zheng, N. Liu, L. Li, Z. Zou, X. Jiang, T. Zhai, Y. Gao, Adv. 

Electron. Mater. 2017, 3, 1700165. 

[58] L. Yu, A. S. R. Bati, T. S. L. Grace, M. Batmunkh, J. G. Shapter, Adv. Energy Mater. 2019, 9, 

1901063. 

[59] H. C. Fu, V. Ramalingam, H. Kim, C. H. Lin, X. Fang, H. N. Alshareef, J. H. He, Adv. Energy 

Mater. 2019, 9, 1900180. 

[60] H. Tang, H. Feng, H. Wang, X. Wan, J. Liang, Y. Chen, ACS Appl. Mater. Interfaces 2019, 11, 

25330. 

[61] Y. Chen, D. Wang, Y. Lin, X. Zou, T. Xie, Electrochim. Acta 2019, 316, 248. 

[62] Z. Tian, Z. Qi, Y. Yang, H. Yan, Q. Chen, Q. Zhong, Inorg. Chem. Front. 2020, 7, 3727. 

[63] L. Yang, C. Dall'Agnese, Y. Dall'Agnese, G. Chen, Y. Gao, Y. Sanehira, A. K. Jena, X.-F. Wang, 

Y. Gogotsi, T. Miyasaka, Adv. Funct. Mater. 2019, 29, 1905694. 

[64] Z. Yu, W. Feng, W. Lu, B. Li, H. Yao, K. Zeng, J. Ouyang, J. Mater. Chem. A 2019, 7, 11160. 

[65] Z. Guo, L. Gao, Z. Xu, S. Teo, C. Zhang, Y. Kamata, S. Hayase, T. Ma, Small 2018, 14, 1802738. 

[66] X. Jin, L. Yang, X.-F. Wang, Nano-Micro Letters 2021, 13, 68. 

[67] L. Huang, X. Zhou, R. Xue, P. Xu, S. Wang, C. Xu, W. Zeng, Y. Xiong, H. Sang, D. Liang, 

Nano-Micro Letters 2020, 12, 44. 

[68] L. Yang, Y. Dall'Agnese, K. Hantanasirisakul, C. E. Shuck, K. Maleski, M. Alhabeb, G. Chen, 

Y. Gao, Y. Sanehira, A. K. Jena, L. Shen, C. Dall'Agnese, X.-F. Wang, Y. Gogotsi, T. Miyasaka, J. Mater. 

Chem. A 2019, 7, 5635. 

[69] A. Agresti, A. Pazniak, S. Pescetelli, A. D. Vito, D. Rossi, A. Pecchia, M. A. d. Maur, A. Liedl, 

R. Larciprete, D. V. Kuznetsov, D. Saranin, A. D. Carlo, Nat. Mater. 2019, 18, 1228. 

[70] A. D. Vito, A. Pecchia, M. A. d. Maur, A. D. Carlo, Adv. Funct. Mater. 2020, 30, 1909028. 

[71] Z. Li, P. Wang, C. Ma, F. Igbari, Y. Kang, K.-L. Wang, W. Song, C. Dong, Y. Li, J. Yao, D. 

Meng, Z.-K. Wang, Y. Yang, J. Am. Chem. Soc. 2021, 143, 2593. 

[72] Y. Liu, Q. Tao, Y. Jin, X. Liu, H. Sun, A. E. Ghazaly, S. Fabiano, Z. Li, J. Luo, J. Rosen, F. 



 

  

 

This article is protected by copyright. All rights reserved. 

44 

 

Zhang, ACS Appl. Electron. Mater 2020, 2, 163. 

[73] X. Lu, Q. Zhang, J. Liao, H. Chen, Y. Fan, J. Xing, S. Gu, J. Huang, J. Ma, J. Wang, L. Wang, 

W. Jiang, Adv. Energy Mater. 2020, 10, 1902986. 

[74] M. Khazaei, M. Arai, T. Sasaki, M. Estili, Y. Sakka, Phys. Chem. Chem. Phys. 2014, 16, 7841. 

[75] Z. Jing, H. Wang, X. Feng, B. Xiao, Y. Ding, K. Wu, Y. Cheng, J. Phys. Chem. Lett. 2019, 10, 

5721. 

[76] H. Kim, B. Anasori, Y. Gogotsi, H. N. Alshareef, Chem. Mater. 2017, 29, 6472. 

[77] X. Guan, W. Feng, X. Wang, R. Venkatesh, J. Ouyang, ACS Appl. Mater. Interfaces 2020, 12, 

13013. 

[78] W. Ding, P. Liu, Z. Bai, Y. Wang, G. Liu, Q. Jiang, F. Jiang, P. Liu, C. Liu, J. Xu, Adv. Mater. 

Interfaces 2020, 7, 2001340. 

[79] R. J. V. d. Graaff, K. T. Compton, L. C. V. Atta, Phys. Rev. 1933, 43, 149. 

[80] F. A. Furfari, IEEE Ind. Appl. Mag. 2005, 11, 10. 

[81] F.-R. Fan, Z.-Q. Tian, Z. L. Wang, Nano Energy 2012, 1, 328. 

[82] H. Lin, Y. Liu, S. Chen, Q. Xu, S. Wang, T. Hua, P. Pan, Y. Wang, Y. Zhang, N. Li, Y. Li, Y. Ma, 

Y. Xie, L. Wang, Nano Energy 2019, 65, 103944. 

[83] Y. Dong, S. S. K. Mallinenia, K. Maleski, H. Behlow, V. N. Mochalin, A. M. Rao, Y. Gogotsi, 

R. Podila, Nano Energy 2018, 44, 103. 

[84] C. Jiang, X. Li, Y. Ying, J. Ping, Nano Energy 2020, 74, 104863. 

[85] N. Sezer, M. Koç, Nano Energy 2021, 80, 105567. 

[86] J. Tana, Y. Wang, Z. Wang, X. He, Y. Liu, B. Wang, M. I. Katsnelsone, S. Yuan, Nano Energy 

2019, 65, 104058. 

[87] N. A. Shepelin, P. C. Sherrell, E. N. Skountzos, E. Goudeli, J. Zhang, V. C. Lussini, B. Imtiaz, 

K. A. S. Usman, G. W. Dicinoski, J. G. Shapter, J. M. Razal, A. V. Ellis, Nat. Commun. 2021, 12, 3171. 

[88] D. Zhang, Q. Mi, D. Wang, T. Li, Sensor Actuat. B-Chem. 2021, 339, 129923. 

[89] K. Xiao, L. Jiang, M. Antonietti, Joule 2019, 3, 2364. 

[90] S. Hong, F. Ming, Y. Shi, R. Li, I. S. Kim, C. Y. Tang, H. N. Alshareef, P. Wang, ACS Nano 

2019, 13, 8917. 

[91] G. Yang, D. Liu, C. Chen, Y. Qian, Y. Su, S. Qin, L. Zhang, X. Wang, L. Sun, W. Lei, ACS Nano 

2021, 15, 6594. 

[92] Z. Zhang, S. Yang, P. Zhang, J. Zhang, G. Chen, X. Feng, Nat. Commun. 2019, 10, 2920. 

[93] L. Ding, D. Xiao, Z. Lu, J. Deng, Y. Wei, J. Caro, H. Wang, Angew. Chem. Int. Ed 2020, 59, 

8720. 



 

  

 

This article is protected by copyright. All rights reserved. 

45 

 

[94] G. Yang, W. Lei, C. Chen, S. Qin, L. Zhang, Y. Su, J. Wang, Z. Chen, L. Sun, X. Wang, D. Liu, 

Nano Energy 2020, 75, 104954. 

[95] R. Qu, X. Zeng, L. Lin, G. Zhang, F. Liu, C. Wang, S. Ma, C. Liu, H. Miao, L. Cao, ACS Nano 

2020, 14, 16654. 

[96] X. Liu, H. Gao, J. E. Ward, X. Liu, B. Yin, T. Fu, J. Chen, D. R. Lovley, J. Yao, Nature 2020, 

578, 550. 

[97] G. Xue, Y. Xu, T. Ding, J. Li, J. Yin, W. Fei, Y. Cao, J. Yu, L. Yuan, L. Gong, J. Chen, S. Deng, 

J. Zhou, W. Guo, Nat. Nanotech. 2017, 12, 317. 

[98] H. Wang, Y. Sun, T. He, Y. Huang, H. Cheng, C. Li, D. Xie, P. Yang, Y. Zhang, L. Qu, Nat. 

Nanotech. 2021, 10.1038/s41565. 

[99] Q. Wang, X. Pan, X. Wang, H. Gao, Y. Chen, L. Chen, Y. Ni, S. Cao, X. Ma, Compos. Part B-

Eng. 2020, 197, 108187. 

[100] W.-T. Cao, H. Ouyang, W. Xin, S. Chao, C. Ma, Z. Li, F. Chen, M.-G. Ma, Adv. Funct. Mater. 

2020, 30, 2004181. 

[101] C. Jiang, X. Li, Y. Yao, L. Lan, Y. Shao, F. Zhao, Y. Ying, J. Ping, Nano Energy 2019, 66, 

104121. 

[102] C. E. Shuck, A. Sarycheva, M. Anayee, A. Levitt, Y. Zhu, S. Uzun, V. Balitskiy, V. Zahorodna, 

O. Gogotsi, Y. Gogotsi, Adv. Eng. Mater. 2020, 22, 1901241. 

[103] M. Han, Y. Liu, R. Rakhmanov, C. Israel, M. A. S. Tajin, G. Friedman, V. Volman, A. Hoorfar, 

K. R. Dandekar, Y. Gogotsi, Adv. Mater. 2021, 23, 2003225. 

[104] C. Xu, Z. L. Wang, Adv. Mater. 2011, 23, 873. 

[105] H. Zhong, Z. Wu, X. Li, W. Xu, S. Xu, S. Zhang, Z. Xu, H. Chen, S. Lin, Carbon 2016, 105, 

199. 

[106] Y.-Z. Zhang, Y. Wang, Q. Jiang, J. K. El-Demellawi, H. Kim, H. N. Alshareef, Adv. Mater. 2020, 

32, 1908486. 

 

 

 



 

  

 

This article is protected by copyright. All rights reserved. 

46 

 

((For Reviews and Perspectives, please insert author biographies and photographs here for those 

authors who should be highlighted, max. 100 words each)) 

Yizhou Wang received his Bachelor’s and Master’s degrees from Nanjing 

University of Post & Telecommunications. He is currently a PhD student at 

KAUST under the supervision of Prof. Husam N. Alshareef. His research interests 

focus on low-cost energy storage devices and novel energy harvesting 

technologies. 

 

 

Tianchao Guo received his Master’s degree in Physics in 2020 from China 

University of Petroleum (UPC). He is currently a PhD student in Material Science 

and Engineering at KAUST under the supervision of Prof. Husam N. Alshareef. His 

research interests mainly focus on low dimensional material synthesis and the 

applications of MXene in various types of electronic devices. 

 

 

Yi-Zhou Zhang is a professor of Materials Science and Engineering at Nanjing 

University of Information Science and Technology (NUIST). He received his 

Bachelor’s degree from Nanjing University, after which he obtained a PhD from 

Nanjing University of Posts & Telecommunications under the supervision of Prof. 

Wei Huang. He was a postdoctoral fellow in Prof. Husam N. Alshareef’s group at 

KAUST before joining NUIST. Prof. Zhang mainly works on functional materials 

for printed and flexible energy storage and electronics. 

 



 

  

 

This article is protected by copyright. All rights reserved. 

47 

 

 

Husam N. Alshareef is a Professor of Materials Science & Engineering at 

KAUST. After nearly ten years in the semiconductor industry, he joined KAUST in 

2009 where he initiated an active research group working on semiconductor 

nanomaterial development for energy storage and electronics. 

 

  



 

  

 

This article is protected by copyright. All rights reserved. 

48 

 

The progress in employing MXenes in energy harvesting applications is summarized in this review. 

Different energy sources, including solar, ultrasound, electrokinetic, salinity gradient, piezoelectric, 

triboelectric, thermoelectric, and humidity energy, are discussed separately. The future challenges and 

promising directions of MXene research for energy harvesting are presented. 
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