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The discovery of MXenes has yielded several innovative approaches to manufacturing 

conductive materials for improved performance in several sectors. Among the various types 

of MXenes, Titanium carbide MXene (Ti3C2TX) is widely applied in advanced material 

design due to its desirable characteristics. Integrating Ti3C2TX MXenes with textiles promises 

to create a new generation of textile materials with enhanced properties for application in 

various devices, including wearable biomedical sensors. It has been observed that the 

application of Ti3C2TX MXenes with textiles as a base material in the health sector has not 

received significant attention, hence, there is a need for a critical review to allow for greater 

insights into the prospects of using this 2D material in the textile industry toward smart 

healthcare delivery. This review has been conducted to fill this gap by delving into the 

application of MXenes in textile manufacturing toward biomedical sensor design. Findings 

show that Ti3C2TX MXenes are promising materials in advancing wearable textile electronics, 

especially for biomedical sensor design. Future studies to explore the integration of MXenes-

based biosensors into the IoT, and methodologies that are harmless to the environment and 
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human health, are recommended to ensure seamless healthcare delivery with sensors and 

sustainable smart textile manufacturing.  

 

• Ti3C2TX MXene is widely applied in advanced material design due to its desirable 

characteristics.  

• Areas including energy storage/conservation, environmental applications, electronics 

and optoelectronics, aerospace and defense, agriculture, construction and 

infrastructure, transportation and automotive have explored the excellent properties of 

MXenes. 

• Integrating Ti3C2TX MXenes with textiles is an adventurous approach to increasing the 

capabilities of the textiles for wearable electronics for health monitoring.  

• Innovative sensors and smart textiles have been manufactured with Ti3C2TX MXenes 

for healthcare applications 

 

1. Introduction 

Electronic textiles (e-textiles) form a significant part of the larger wearable electronics group 

that has recently gained popularity in biomedical applications for enhanced healthcare 

delivery. [1-3] Electronics textiles can be produced using various methods, including the 

attachment of electronics onto or into existing textiles, the incorporation of conductive 

materials during the textile manufacturing stage, or the incorporation of advanced electronics 

into fibers or yarns.[4] One method of imbuing electronic functionality to textiles or yarns is 

through treatments and coatings. Textiles are treated in several ways, including integrating 

conductive materials to enrich and diversify their performance in wearable technology. 

Ordinary textiles (fibers, yarns, or fabrics) are reinforced with advanced materials to render 

them more conductive. Examples of advanced conductive materials include graphene, 

MXenes, molybdenum disulfide (MoS2), and polymers such as polyaniline, polypyrrole, 

poly(3,4-ethylenedioxythiophene), and polythiophene.[5-8] These materials have recently been 

employed in smart textile production due to their good conductive properties.  

After discovering graphene, a significant conductive two-dimensional (2D) material in 2004, 

[9-11] several studies have researched functional conductive materials, resulting in the 

discovery of MXenes in 2011.[12-14] MXenes are typically 2D materials with the formula 

Mn+1XnTx, where M is an early transition metal, X is nitrogen or carbon, n ranges between 1 

and 3, and T represents the functional groups including -O, -F, or –OH.[15] The composition of 

the element(s), represented by X in a given MXene, determines the characteristics and uses of 



  

3 

 

such MXenes. Figure 1 shows a periodic table indicating elements that are used for MXene 

synthesis. In MXene production, the A-layers are etched from MAX phases to reveal 

transition metal carbides, nitrite, or carbonitrides with a characteristic layered structure.[16] 

MXenes are good reinforcement materials with adjustable surface functional groups, making 

their surface design more feasible.[17] For instance, the Titanium carbide MXene (Ti3C2TX) 

type has been identified as a potential support site for adhering metal oxide semiconductors in 

low-temperature gas sensing materials manufacturing.[18] Recent advancements have been 

observed in various sectors regarding the application of MXene-reinforced materials. Areas 

including energy storage and conservation, [19-24] environmental application, [25-27] electronics 

and optoelectronics, [28-30] aerospace and defense,[31, 32] agriculture, [33, 34] construction and 

infrastructure, transportation and automotive, etc. have explored the excellent properties of 

MXenes. 

Ti3C2TX MXenes are among the most popular 2D materials receiving the attention of 

scholars. This is due to their wide usage in energy storage, their good hydrophilicity, excellent 

mechanical strength, and good electrical conductivity, in addition to them being able to 

provide a large surface area: [35, 36] This makes them good potential resources for electrodes in 

supercapacitors.[37] Ti3C2TX MXenes also possess desirable optical properties for many 

applications, with these properties including light-induced heating, good transparency, 

excellent plasmonic effect, and a wavelength ranging between 300-500 nm, which renders 

them more capable of absorbing ultraviolet-visible light.[38, 39] As 2D materials that were 

scientifically synthesized in 2011, Ti3C2TX MXenes originated from Ti3AlC2 MAX through 

the etching of Al layers with hydrofluoric acid.[40, 41] Ti3C2TX happened to be the first MXenes 

group invented among other numerous types discovered such as Niobium-based (Nb2CTx), 

Molybdenum-based (Mo2CTx), Vanadium-based (V2CTx), and Ti2CTx MXenes. The qualities 

of Ti3C2TX MXenes make them applicable in wearable devices for healthcare applications, 

and therefore, Ti3C2TX MXenes are the focus of this review. Over the past few years, the 

potential for electronic textiles in the health sector has caught the attention of researchers who 

are delving into the materials involved in their production and their mode of application. 

Examples include recent studies that present Carbon Nanotubes (CNTs), graphene-based, 

Transition Metal Dichalcogenides (TMDs), and MXene-based conductive materials that are 

reported to be suitable for integrating into wearable devices meant for healthcare 

applications.[42-47]  
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Figure 1: Periodic table showing elements that are used for mxene synthesis. All colored 

elements are suitable for manufacturing mxenes, with four structures of mxenes presented 

beneath the table. Reprinted from Gogotsi and Huang [48] with permission: © 2021 American 

Chemical Society. 

 

Integrating Ti3C2TX MXenes with textiles is an adventurous approach to increasing the 

capabilities of the textiles for wearable electronics for health monitoring. It is observed that 

textiles are the best supporting media for the production of devices that are used in personal 

thermal tracking, and a recent study into this area has shown a device for this application that 

relied greatly on MXene nanosheets.[44] In healthcare delivery, Ti3C2TX MXene-integrated 

textiles find applications in sensor manufacturing for monitoring human physiological vitals 

such as temperature, pressure, strain, heart pulse, glucose, and lactate through the utilization 

of their conductive features. In advanced textile production for biomedical purposes, sensors 

play a key role as they have become more versatile and sophisticated due to the materials 

employed recently in the manufacturing of advanced technological equipment.[49] In the same 

vein, conductive materials are key in smart textile designing for sensing various parameters 

requiring electron flow for responsive actions. They are therefore desired mostly in smart 

textiles for electrical connections between components or devices. [50] This gives prospects for 

using MXene-integrated textiles in the medical sector.  

Despite the many desirable features of Ti3C2TX MXenes, their integration with textiles for 

applications in the health sector has not received much attention. Therefore, rigorous 

discussion is needed for an in-depth understanding of the progress made with this 2D material 

(specifically Ti3C2TX MXene), especially in the health sector, where sensors play a key role in 
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most devices employed for practice. Subsequently, this review has been conducted to provide 

knowledge on the improvements made in the health sector through the use of MXenes 

integrated with textiles. It deliberates on recent advancements in conductive materials, 

especially Ti3C2TX Mxene-based textiles, and their prospects in wearable sensors for 

monitoring health parameters. The review also discusses the synthesis of Ti3C2TX MXenes, 

sensors integrated with Ti3C2TX Mxene, and Ti3C2TX MXene-based textile materials in 

wearable electronics, and a discussion on research directions. Figure 2 shows various 

biomedical sensors produced with textiles enhanced with  Ti3C2TX MXene.

 

Figure 2: Illustration of Ti3C2TX MXene-integrated conductive textiles for Biomedical 

Sensors.  

 

2. Biomedical Sensors in Healthcare Delivery 

In the era of technological advancements, where the Internet of Things (IoT) is the topic of 

the day, biomedical sensors are crucial for remote patient monitoring.[51] Also, enzymatic 

detection technology has increased the application of sensors in the health sector.[52] In the 

quest to obtain reliable and robust sensors, scholars have conducted extensive research with 

diverse materials and technologies. Textile sensors, for instance, have been researched 

intensively due to their lightweight, comfort, flexibility, ability to resist deformation, and easy 

integration into smart clothing.[2, 53-55] Research shows that smart textile manufacturing is an 

innovative and feasible approach to promoting remote healthcare, especially for monitoring 

heart rate (a significant health parameter), and other factors such as strain and pressure. [56] A 

pressure sensor empowered by a highly sensitive capacitive ionotronic in wearable textile 

electronic systems toward biomedical applications is shown in Figure 3a. [53] It is reported 
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that a highly sensitive pressure sensor of up to 308 nF kPa−1 was obtained with the help of 

high-k ion-gel film. A textile-based wireless pressure sensor developed for remote tactile 

sensing has been reported in a previous study to demonstrate the capabilities of textile-based 

sensors in healthcare applications. [57] 

Moreover, various designs of biomedical sensors, especially textile-based, have been reported 

with evidence of their feasibility in healthcare delivery and the specific health parameters they 

are designed to measure. For instance, a wound bandage with an incorporated fibrous optical 

sensor for wound healing and peroxide monitoring is shown in Figure 3b.[58] Again, a recent 

study presents a sensor based on surface-enhanced Raman scattering technology for sweat 

glucose detection and lactate analysis, [59] shown in Figure 3c. Liu et al. [60] also report on a 

textile-based pressure sensor for integrating into a garment for smart health monitoring: The 

sensor’s design is such that the top is an elastic piezoresistive sensing fabric. At the same 

time, the bottom comes with durable textile-based interdigital electrodes, presented in Figure 

3d. The pressure sensor is said to possess desirable and functional characteristics such as a 

high sensitivity of 3.42 kPa−1, a fast response and recovery time of 32 ms/4 ms, good stability 

after 10,000 loading and unloading cycles, and excellent mechanical strength, functioning 

after 10,000 bending cycles. Another textile-based respiratory sensor has been designed and 

validated for medical monitoring in neonatal intensive care units. [61] A recent study also 

presented biomedical sensors capable of detecting reproductive hormones to demonstrate how 

gold metasurfaces and graphene could be employed in highly sensitive sensor manufacturing. 

[62]  

The fact that novel technologies are required for real-time sensing to monitor human health in 

advanced healthcare has increased the design and application of biomedical sensors and 

related devices.[63] In addition to the previously stated concepts regarding biomedical sensors, 

evidence of their design and application in smart healthcare is seen in several other studies 

such as antenna-based plasmonic biomedical sensor, [64] a biomedical sensor designed for 

tuberculosis detection, with an improved quality factor of 10731, a detection limit of 5.87 × 

10-6, and excellent sensitivity of 1738.7 nm/RIU,[65] a photonic-based biomedical sensor for 

detecting brain tumors,[66] and a stretchable wearable sensor designed with optical microfiber 

presented in Figure 3e, [67] which has been used to monitor the pulse wave. Moreover, Figure 

3f shows a highly transformable electrocardiograph for sensing heart diseases, measuring 

electrocardiogram (ECG) signals.[68] It is worth noting that health monitoring with biomedical 

sensors encompasses detecting numerous physiological parameters, which collectively prove 

the indispensability of biosensors in healthcare applications. Vital signs monitoring sensors 
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for detecting heart electrical activity (ECG sensors), heart rate or blood oxygen saturation 

(Photoplethysmography -PPG sensors), blood oxygen levels (oximetry sensors), and 

breathing rhythm (respiration sensors) play a key role in wearable electronics in health 

monitoring. Moreover, one could mention other biomedical sensor types for exclusive 

applications like biochemical and metabolic monitoring (pH, hormone, sweat analysis, and 

hydration sensors), neuromuscular/neural activity monitoring (Electroencephalography-EEG, 

Electromyography-EMG, Ballistocardiography-BCG), motion and activity sensing 

(accelerometers, pressure sensors). These sensors cannot be overlooked in the quest to adopt 

smart healthcare in the medical field.  

Developed in the 1930s, PPG sensors have advanced in design and application, later changing 

to pulse oximeters, leading to their usage in heart rate monitoring in newly born babies, for 

obtaining heart rate and oxygen saturation from patients, and detecting respiratory diseases, 

making them significant sensors during the COVID-19-19 era. [69-74] Through pulse oximetry, 

oxygen saturation of haemoglobin in arterial blood is invasively and continuously monitored 

for smart healthcare.[75] From research, concerns have been raised about the accuracy of pulse 

oximetry from a racial perspective, arguing that patients with dark skin do not fully benefit 

from pulse oximetry technology.[76-78] Notwithstanding, studies have shown the significant 

role of PPG sensors in the biomedical field, where they help detect oxygen saturation in 

patients using diverse approaches. For instance, Han et al. [79] improved PPG and oxygen 

saturation (SpO2) sensing by employing ambient light oximeters. Apart from improving 

biomedical sensing, this technology also helps reduce the size of PPG and SpO2 sensors, as 

light-emitting diodes (LEDs), which require additional attachments for effective performance, 

are avoided. Also, Zavaleta et al. [80] introduced the Pressure Pro, a health monitoring 

prototype with blood pressure and SpO2 sensors coupled with wireless connectivity that can 

be used in rural areas for effective healthcare. With these approaches, PPG sensors perform 

incredibly in the biomedical field for smart healthcare.  

In addition, biomedical activities such as hormone, pH, and sweat analysis are also performed 

easily with electrochemical sensors in healthcare delivery.[81, 82] In wound healing, 

electrochemical sensors are embedded in wearable devices to effectively monitor pH, predict 

infections, and assess healing status in chronic wound treatment among patients.[83] Also, 

detecting sweat metabolites with electrochemical sensors has led to improved healthcare by 

providing patients’ health information via biomarkers in the sweat for medical practitioners to 

act proactively.[84] Following this, Hua et al. [85] manufactured an electrochemical sensor for 

monitoring ammonium ions (NH4
+) in sweat with a composite of metal-organic frameworks 
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(MOFs) and reduced graphene oxide (rGO). Results indicate improved performance with a 

Nernstian response of 59.2 ± 1.5 mV/log [NH4
+], detection limit of 10−6.37 M, and a linearity 

range of 10−6 to 10−1 M. Moreover, biosensors for detecting neuromuscular/neural activities, 

such as EMG, EEG, etc., have advanced healthcare delivery. For instance, Nyni et al. [86] 

developed a wireless monitoring system for detecting ECG, EEG, and EMG with integrated 

biosensors that can sense changes in patients’ hearts, detect neuronal activity of the brain, and 

monitor body muscles. From the various sensor inventions observed in previous studies, it 

could be said that the health sector has been one major area targeted by researchers in 

advanced sensor development for smart applications. Figure 4 shows a scheme of detectable 

bio-signals on the human body and their wearable detections. It is classified according to 

anatomical locations and associated physiological systems. It highlights activity signals, 

including ECG, EMG, and EEG. 
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Figure 3: Various designs of biomedical sensors for smart healthcare delivery for the 

literature. (a) The manufacturing process for a textile-based capacitive ionotronic pressure 

sensor. Reprinted from Keum et al. [53] with permission: © 2021 Elsevier. (b) A wound 

bandage integrated with optical fiber samples (textile-based sensor) for reactive oxygen 

species detection. Reprinted from Safaee et al. [58] with permission: © 2021 Wiley-VCH. (c) 

Photographs of a textile-based biomedical sensor for sweat glucose detection and lactate 

analysis. The appearance and flexibility of the sensor at (i) normal, (ii) bent, (iii) folded states. 

The scale bar represents 10mm. Reprinted from Yu et al. [59] with permission: © 2024 

Elsevier. (d) Photograph of a textile-based pressure sensor for integration into a garment for 

smart health monitoring. Reprinted from Liu et al. [60] with permission: © 2023 Elsevier. (e) 

Schematic illustration and photograph of a stretchable optical sensor stuck on a wrist. 
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Reprinted from Zhu et al. [67] with permission: © 2021 Wiley-VCH. (f) Schematic illustration 

of a transformable electrocardiogram device. (i) Summary of the device structure. (ii-iv) 

Electrode position with respective electrocardiograms. Reprinted from Takaya et al. [68] with 

permission: © 2021 American Chemical Society. 

 

 

Figure 4: Schematic illustration of detectable bio-signals on the human body and their wearable 

detections. Reprinted from Lu et al. [87] 

 

2.1. Biocompatibility Considerations for Biomedical Sensors 

 

With an increased integration of biosensors in smart healthcare devices, biocompatibility has 

become a requisite feature to improve patient comfort, safety, device accuracy, and 

sustainable performance for easy adoption in healthcare. Biocompatibility is a feature that 

allows biomedical devices to perform effectively without causing harm to the body. The 

human body can react to external materials, like biosensors, to cause undesirable side effects 

such as skin irritation, discomfort, and allergic reactions. The body must be free and receptive 

to biomedical devices, which are mostly implanted or attached to the skin. Sensors and 

implantable devices that lack biocompatibility features require surgeries and critical 

interventions to be removed from the body, resulting in the risk of infection and the escalation 
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of health complications. [88] Hence, there is a need for biocompatible and biodegradable 

devices. The ability of various biomedical sensors to conform mechanically to the human skin 

and tissue is a significant determinant of biocompatibility and accurate sensing abilities. [89] 

Recent research shows how innovative materials could be adopted in sensor design to ensure 

biocompatibility in sensors for healthcare. It is observed that stretchable/conductive hydrogels 

and ionogels with ionic liquids are candidates for pressure and strain sensor manufacturing, 

although they have shortcomings of instability (hydrogel), toxicity, and non-biocompatibility 

(ionogel).[90] Combating these challenges, Wang et al.[90] created eutectogels consisting of 

deep eutectic solvents, waterborne polyurethane, and Tannic acid with desirable properties 

such as self-adhesive, stretchable, nonvolatile, and biocompatible to manufacture biopotential 

electrodes, pressure, and strain sensors. The eutectogels have elongation at break of 178%, 

ionic conductivity of 0.22 mS/cm, and adhesion force of 12.5 N/m to skin. These remarkable 

properties make them suitable for designing biocompatible wearable devices for healthcare 

delivery.  

Also, biocompatible hydrogels are crucial in sensor design to ensure safety when adopting 

wearable devices for healthcare applications. Apart from providing safety for skin contact 

when adopted for sensor design, they ensure performance in biosensors for healthcare 

purposes. In considering biocompatibility, He et al.[91] manufactured a biocompatible 

pressure/strain sensor with a conductive hydrogel consisting of silk fibroin, polyacrylamide, 

graphene oxide, and poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate). The resulting 

biocompatible sensors exhibited a wide sensing range (strain, 2%–600%; pressure, 0.5–119.4 

kPa) and good stability. This indicates a promising future for biosensors. It could be said that, 

as biomedical sensors are required to possess biocompatibility properties, conductive 

hydrogels are a good resource to consider in sensor manufacturing for safe and continuous 

monitoring of health parameters in smart healthcare.  

 

2.2. Data Transmission in Smart Healthcare  

Data obtained from patients is crucial for understanding their health condition upon analysis, 

especially with advanced technologies such as Artificial Intelligence (AI), IoT systems, and 

Machine Learning. [92] In biomedicine, wearable devices transmit a huge amount of data to 

IoT devices using sensors. [93] Unfortunately, data on the IoT is exposed to threats and attacks. 

[94-97] Hence, data gathered with smart wearable devices requires ethical handling and 

transmission for subsequent analysis and intervention in healthcare delivery. Also, aiming at 

going smart in healthcare recently, wireless data transmissions have been adopted, requiring 
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strict encryption for effective and continuous management of data ethically, confidentially, 

and professionally. It is observed that transmitting data wirelessly is considered safer than the 

traditional wired approach. Wireless transmission ensures flexible data handling, 

convenience, and secure protocols, especially when encryption is considered. With data 

security as a priority in the IoT era, measures have been proposed to ensure safe wireless data 

transfer. In this vein, Refaee et al.[93] presents a secure and scalable framework for healthcare 

data transmission under the IoT system. This was developed by incorporating various 

techniques, including data processing, feature extraction, and secure routing protocols. The 

framework allows data collection from IoT sensors and wearable devices, processing the 

collected raw data through data cleaning and reduction, then extracting features using fuzzy 

dynamic trust-based RPL routing combined with the Butter Ant Optimization algorithm. A 

secure routing protocol (FDT-RPL) ensures data encryption and transmission security for 

improved healthcare delivery using wearable devices and IoT systems. The methodology, as 

part of the wireless approach to data transfer from sensors and devices, helps protect sensitive 

data that needs to be kept confidential by healthcare providers. Figure 5 shows the proposed 

framework for the safe transfer of data from wearable biomedical devices to healthcare 

providers.  
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Figure 5: Schematic illustration of a proposed framework for the safe transfer of data from 

wearable biomedical devices to healthcare providers. Reprinted from Refaee et al. [93] 

 

3. Synthesis and characterization of Ti3C2TX MXene 

The preparation of Ti3C2TX MXene is generally done through two methods including; the top-

down and bottom-up approaches.[98-101] As largely applied methods in chemistry to produce 

materials, the top-down approach involves the removal of a phase from a compound material 

with special chemicals, while the bottom-up approach involves the production of a material 

with different elements as a building block. [102] Again, contrary to the bottom-up approach, a 

larger number of precursor materials are required in the top-down synthesis of MXenes, and 
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fewer organic/inorganic molecules/atoms are needed to manufacture the MXene 

structures.[100] These broad approaches come with various laboratory techniques uniquely 

employed to obtain a thin sheet or 2D material (such as Ti3C2TX MXene) with highly 

conductive properties for wearable devices. For instance, it is established that the conductivity 

and stability of Ti3C2TX MXene could strategically be improved during its synthesis out of 

Ti3AlC2 MAX phases by adding more moles of titanium and aluminum during sintering.[103] 

The top-down approach offers several advantages such as enabling total control over the 

process to determine the structure and composition of the MXene under synthesis, better 

potential for industrial scale-production, since the method can be adopted for mass-

production, and is cost-effectiveness as complex procedures are minimized: This makes the 

top-down the preferred approach over the bottom-up approach.[101] The bottom-up approach, 

however comes with its advantages such as the ability to yield high-quality thin 2D films. [98] 

having control over the morphology of the resulting MXene, easy functionalization, and 

proper and efficient utilization of atoms. [104] 

As part of the synthesis of Ti3C2TX MXenes, scholars have underlined step-by-step guidelines 

for the processing and acquisition of quality MXenes for a variety of applications, making 

good use of either the top-down approach or bottom-up approach, and sometimes both 

approaches. Thakur et al.[105] give an account of the synthesis of Ti3C2TX MXene using both 

hydrofluoric (HF) and hydrochloric (HCl) acids for the etching of the MAX phase, and 

delamination with lithium chloride (LiCl). Similarly, Liu et al. [106] studied the exfoliation of 

MXene nanosheets in a study and discovered a one-step method known as ECO-ME, which is 

reported to be more efficient compared to conventional exfoliation methods. Again, Pattnayak 

et al. [107] present the diazonium salt-based approach to the synthesis of MXenes by exploring 

agents such as 4-carboxy benzene diazonium tetrafluoroborate and 4-carboxy benzene 

diazonium ion for delamination and exfoliation respectively. The study also reports on the 

situation where the 4-carboxy benzene diazonium ion also serves the purpose of intercalation 

coupled with the exfoliation abilities of the chemical agent simultaneously. Pazniak et al. [108] 

also report a cost-effective approach to synthesizing Ti3C2TX MXene from a precursor 

(Ti3AlC2), where grinding is combined with self-propagation high-temperature synthesis. The 

synthesis of Titanium-based MXenes with top-down and bottom-up approaches is therefore 

prevalent in the literature. Ti3C2TX MXene production is such that both approaches could be 

employed in its synthesis at different stages for varied applications.  
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3.1. Top-down Approach 

The top-down approach of MXene synthesis involves the use of various methods such as 

using hydrofluoric acid for etching, hydrochloric acid or lithium fluoride etching, fluoride-

based salts, mechanical milling, and halogen etching.[109] In this process, the A-layers, 

including Aluminum (Al), Gallium (Ga), Silicon (Si), and Sn (Tin) in the precursor (MAX 

phase), are removed. [110-112] In the top-down approach, the A-layers are easily removed from 

the MAX phase as a weaker bond exists between M-A and a stronger covalent or ionic bond 

exists between M-X. [113] It is worth noting that MXene synthesis with the top-down approach 

becomes problematic when there is a strong bond between M-A and a weaker bond between 

M-X, or a strong one between both M-A and M-X. Again, synthesis becomes difficult when a 

weak bond exists in both M-A and M-X. [114] Regarding the top-down method of Ti3C2TX 

MXene synthesis, a common approach is Hydrofluoric acid (HF) etching involving the use of 

an aqueous solution of HF to etch off the Al from the bulk Ti3AlC2 material to obtain MXene 

with an improved surface.[101] This type of etching has received several critiques due to the 

harmful nature of HF, as it is both highly corrosive and a poison that can be absorbed through 

direct skin contact. Subsequently, scholars such as Ghidiu et al. [115] have investigated the use 

of lithium fluoride (LiF) and hydrochloric acid (HCl) solutions in the synthesis of MXenes, 

which significantly do away with intercalation to delaminate MXenes etched with HF, as the 

in situ formation of HF simplifies the process. According to Naguib et al. [13], using LiF-HCl 

as an alternative solution boosted the production of MXenes in regions where HF is not 

allowed in laboratories due to its harmful nature.  

The top-down approach with LiF-HCl has been explored by Sarycheva and Gogotsi [116] to 

synthesize Ti3C2TX MXene, which was subsequently analyzed with Raman spectroscopy, as 

presented in Figure 6. In their exploration, the authors report the initial mixing of LiF and 

HCl, followed by the etching of the MAX phase with varied concentrations (5%, 10%, 20%, 

and 30%) of the aqueous HF formed in situ, as shown in Figure 6a. The synthesized Ti3C2TX 

MXene was then analyzed with Raman spectroscopy, with the spectrum being segmented into 

flake, Tx, and carbon regions as seen in Figure 6b: The characteristics of the spectra are 

shown in Figure 6(c-f). Figure 6c indicates the clay and multilayer spectra treated with LiF-

HCl and HF-HCl respectively which showed varied peaks and vibrational modes of 201 cm-1 

(A1g), 369 cm-1 (Eg), 518 cm-1, and 724 cm-1 for the LiF-HCl clay, and 202 cm-1, 289 cm-1 

(Eg), 711 cm-1, and 722 cm-1 for HF-HCl multilayer. Symmetric stretching and in-plane 

atomic movements coupled with bond stretching and higher frequency lattice interactions can 

be deduced from these outputs. Figure 6d also shows the HF concentration and peak 
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variations of HF5 (738 cm-1), HF10 (737 cm-1), and HF30 (367 cm-1, 730 cm-1), indicating a 

slight shift in vibrational spectra as the HF concentration increased. In Figure 6e, various 

filtering (HF-HCl, LiF-HCl, and HF) were presented with only HF-HCl etching showing a 

peak shift of 289 cm-1. Finally, Figure 6f shows filtered films of Ti3C2TX flakes obtained 

through HF-HCl etching.  

 

 
 

Figure 6: Schematic illustration of Ti3C2TX Mxene synthesis and Raman spectroscopy 

analysis of the synthesized MXene from the literature. (a) Synthesis procedures of Ti3C2TX 

MXene including etching, intercalation, and delamination. (b) Raman spectrum obtained from 

the synthesized Ti3C2TX showcasing the flake, Tx, and carbon regions. (c) Raman spectra of 

clay and multilayer MXenes. (d) The effect of varied HF concentration on Raman spectra of 

the synthesized mxene (Ti3C2TX). (e) The impact of HF-HCl, LiF-HCl, and HF on 

delaminated filtered films. (f) Raman spectrum of filtered film of Ti3C2TX flakes obtained 

through HF-HCl etching. Reprinted from Sarycheva and Gogotsi [116] with permission: © 

2020 American Chemical Society. 

 

3.2. Bottom-up Approach 

The bottom-up approach to synthesizing MXenes often starts with organic or inorganic 

molecules/atoms built gradually to form layers of 2D materials.[117, 118] MXenes synthesized 

with the bottom-up approach are known for their crystalline quality, more controlled 

structure, and size. [119-121] These 2D materials are difficult to etch through the top-down 

synthesis method, hence, the bottom-down approach is an alternative. Regarding Ti3C2TX 

MXene synthesis with the bottom-up approach, Zhang et al.[122] prepared a composite material 
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comprising of Ti3C2TX MXene, cobalt, and 1,4-benzenedicarboxylate to form a MXene-

metal-organic framework. In this experiment, Ti3C2TX MXene was coupled with the metal-

organic framework to obtain the Ti3C2TX – CoBDC composite for an improved separator in 

lithium-sulfur batteries. Various techniques explored by scholars under the bottom-up 

approach include chemical vapor disposition (CVD), physical vapor deposition (PVD), sol-

gel synthesis, plasma-enhanced pulsed laser deposition, and the template method. [98, 123-125] 

Zhang et al.[126] explored CVD in preparing MXene-MoS2 nanocomposites and obtained a 

well-structured composite material with metallic properties and an excellent electrochemical 

performance of ∼ 69 mV at a current density of 10 mA·cm−2. The CVD method was also 

explored by Wang et al. [127] to manufacture carbide and nitride MXenes directly without 

MAX phases. In the experiment, as posited by the authors, the MXenes were developed at 

950°C on a titanium surface with a mixture of Methane (CH4) and Titanium tetrachloride 

(TiCl4) gas diluted in Argon (Ar). This was followed by exposure of the synthesized product 

(CVD-Ti2CCl2) for 15 minutes. The resulting MXenes are reported to have excellent features 

for energy storage in Li-ion intercalation. Again, scholars such as Joshi et al. [128] used the 

CVD approach to effectively manufacture molybdenum nitride by synthesizing the precursor 

material (MoO3) for insertion electrodes in Li+ batteries. Gogotsi [124] also reports a successful 

synthesis of thin Mo2C crystals in a study to expand the scope of 2D materials with innovative 

methods. 

Besides the CVD method of MXene synthesis using the bottom-up approach, a recent study 

explored the template method to effectively produce Ti3C2TX MXene with a remarkable 

electrical conductivity of up to 11,000 S cm-1 and an excellent breakdown current density of 

1.2 × 108 A cm−2.[129] Another approach to the bottom-up synthesis of MXenes is the use of 

the PVD technique, which is reported to perform between 700°C and 1000°C. [130, 131] 

Pyrolysis and molten salt synthesis are other approaches that have also gained attention using 

the bottom-up method.[100] With the pyrolysis approach, Wang et al. [132] designed Mo2C/C 

composites with Mo-substituted ZIF-8 (Mo/ZIF-8) for high-performance microwave 

absorption. The composite material exhibited excellent microwave absorption over a 

frequency range of 2.0-18.0 GHz. Also, Chen et al.[133] successfully used the molten salt 

approach to synthesize several MXene types such as Ti3C2Tx, Ti2CTx, Ti3CNTx, and Ti4N3Tx. 

The authors reported on the synthesis of the MXenes in the open air with the aforementioned 

approach in the quest to reduce environmental hazards associated with MXene production and 

to ensure a low-cost method of MXene synthesis. Moreover, Cheng et al.[134] report the use of 

the molten salt approach in developing a catalyst comprising molybdenum carbide nanodots 
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and carbon nanosheets (Mo2C/C) composite. The Mo2C/C composite material, as reported in 

the study, exhibited excellent performance with an NH3 yield rate of 11.3 µg h−1 mg−1 Mo2C 

and Faradic efficiency of 7.8% for nitrogen reduction reaction under ambient conditions. 

Figure 7 shows an illustration of the molten salt method used to manufacture the Mo2C/C 

nanosheet using the bottom-up approach to material synthesis.  

 
 

Figure 7: Bottom-up approach to material synthesis with molten salt method from the 

literature. (a) Schematic illustration of Mo2C/C composite material synthesis for catalyst 

performance. (b-d) SEM, AFM, and TEM images of the Mo2C/C composite material. (e) 

HRTEM image of the Mo2C/C material. The corresponding Fast-Fourier-transform pattern is 

embedded in the top right corner of (e). (f–h) STEM image of the Mo2C/C nanosheets and the 

corresponding EDS mapping. Reprinted from Cheng et al.[134] with permission: © 2018 

Wiley-VCH. 
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4. Estimating the Effective Conductivity of Ti3C2TX MXene-integrated Textiles  

 

There are a variety of methods for determining the conductivity of textiles manufactured with 

Ti3C2TX MXenes, which are based on techniques developed for other materials. For instance, 

textile fibers enhanced with Ti3C2TX MXenes could be subjected to the steady-state T-type 

method adopted by Chen et al.[135] to measure the thermal/electrical conductivity of Ti3C2TX 

composite samples, as shown in Figure 8. In this case, both ends of a platinum wire (a 

heating element) were connected to copper electrodes isolated with ceramic bushings fixed on 

a metal underframe to serve as a support. With the help of silver gel, one end of the sample 

was connected to the middle of the platinum wire, and the other was connected to the copper 

electrode. To reduce heat loss, the setup was placed in a vacuum chamber and maintained at a 

pressure below 10-4 Pa with the help of mechanical and molecular pumps. To measure the 

electrical and thermal conductive effectiveness of the sample, four significant components are 

needed to form the circuit: a constant voltage source, a standard resistor, a hot wire, and a test 

sample (in this case, the Ti3C2TX/textile material composite). The thermal conductivity, 

denoted by s, was then measured with equation (1) described in previous studies.[135, 136] 

From the formula, Ls represents the length of the composite material under test between two 

connecting ends, and Lh is the length of the platinum (hot wire). The cross-sectional areas of 

the platinum wire and the test sample are denoted by Ah and As, respectively. The thermal 

conductivity of the hot wire (platinum) is represented by h, qv indicates the heat generation 

rate of the platinum wire, and ΔTv represents the average temperature increase of the platinum 

wire per unit volume.  

 

𝑠 =
𝐿𝑠𝐿ℎℎ𝐴ℎ (𝐿ℎ

3 𝑞𝑣 − 12𝐿ℎℎ 𝛥𝑇𝑣 )

𝐿ℎ1𝐿ℎ2𝐴𝑠[12𝐿ℎℎ 𝛥𝑇𝑣 − 𝑞𝑣(𝐿ℎ1 
3 +  𝐿ℎ2

3 )]
                                                    (1) 
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Figure 8: Schematic illustration of the T-typed method of thermal and electric conductivity 

measurement. (i) Illustration of the sample connection. (ii) The physical model. Reprinted 

from Chen et al. [135] 

 

To test the electrical conductivity of composite materials, Taherian developed a model that 

incorporates material features such as filler aspect ratio, wettability, filler electrical 

conductivity, matrix conductivity, and filler roundness using the sigmoidal equation to capture 

the percolation threshold phenomenon.[137] The sigmoidal formula shown in equation (2) has 

f(x) as the electrical conductivity of the composite material, with 𝑥 representing the filler 

volume fraction. y0 denotes the baseline conductivity, 𝑎 represents the maximum possible of 

the relevant conductivity mechanism, b controls the steepness of the transition, c shifts the 

curve, and x0 is the percolation threshold. The final model developed for the electrical 

conductivity test is shown in equation (3). The equation has composite as a dependent variable, 

indicating the effective conductivity of the composite material, m represents the conductivity 

of the matrix without filler, 𝑎˳ denotes a scaling factor, AR stands for the aspect ratio, 

𝑓 represents the electrical conductivity of the filler, b shows the steepness of the transition, 𝑥 

indicates the volume fraction of the filler, roundness shows the shape of the filler particles, 

and 𝑐𝑜𝑠 represents the alignment of the filler particles. As a validated equation for modeling 

the effective conductivity of composite materials,[137] its adaptation in assessing the effective 

conductivity of Ti3C2TX MXenes-integrated textile will provide reliable results when 

manufacturing and testing biomedical sensors and other devices. 

 

𝑓(𝑥) = 𝑦0 +
𝑎

𝑐 + exp(
−(𝑥 − 𝑥0 )

𝑏
)

                                                                         (2) 
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𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝑚 +
𝑎˳ . (𝐴𝑅)(𝑓)

1 + b. exp [−
(𝑥 − 𝑟𝑜𝑢𝑛𝑑𝑛𝑒𝑠𝑠)

𝑐𝑜𝑠 ]
                                                             (3) 

 

 

5. Ti3C2TX MXene-integrated Textiles  

Embedding 2D materials, including MXenes, in smart textiles has caused significant 

advancement in the textile industry. MXenes are known for their accurate sensing and energy 

storage abilities, especially when embedded in textiles for biomedical applications.[138-140] 

Fibers, yarns, textiles, and composites could be enhanced with MXenes to add functionality. It 

is established that Ti3C2TX MXene can bond well with polymer-based textiles that are polar-

structured and maintain the electrical conductivity property of such textiles.[141] The qualities 

of Ti3C2TX MXene-based textiles include surface-enhanced, highly conductive, and 

stretchable properties that could be obtained even through a wet-spinning process for sensor 

manufacturing.[142] With excellent mechanical properties, high sensitivity, quick sensor 

response times, flexibility, good conformity, and stability properties of MXene-based sensors, 

other nanomaterials such as CNTs, graphene, and other metal nanostructures are gradually 

being replaced in smart textiles in many cases due to their drawbacks such as uncontrolled 

cracks, low electrical conductivity, and high cost of manufacturing.[143, 144] Recently, a highly 

robust electromagnetic interference shield was designed using a composite of Ti3C2TX 

MXene, a carbon-based fabric, and thermoplastic polyurethane.[145] The composite material is 

reported to have an improved tensile strength of 170.2 MPa, an increased MXene fraction, 

shielding effectiveness of 40.4dB, excellent flexibility, and resistance stability. While the 

developed textile was created for electromagnetic interference shielding applications, 

however, the processes could be applied to create other MXene-based E-textiles. The 

procedures followed to manufacture the fabric, the electrohydrodynamic atomization 

deposition, and the chemical reactions on the surface of the fabric are presented in Figure 9a- 

Figure 9c. In Figure 9a, the Carbon-fiber fabric was treated by immersing it in acetone reflux 

for 24 hours, followed by washing in deionized water and drying. This was followed by layer-

by-layer stacking and hot pressing for 25 minutes under 180°C to obtain the composite textile 

material. In Figure 9b, the Ti3C2TX MXene was atomized on both sides of the fabric, and the 

chemical reactions on the fabric’s surface are illustrated in Figure 9c. 

Mxene-based fabric for flexible sensors in smart textiles ensures remarkable progress in 

wearable electronics for health monitoring. A superhydrophobic smart fabric decorated with 

Mxene is reported to be a potential candidate for smart wearable electronics for medical 
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applications. [146] The MXene-integrated textile was manufactured from nylon fabric using 

MXene as the main conducting material, modified with polydopamine, and sprayed with 

Silicon dioxide (SiO2) and FOTS as hydrophobic materials. Findings indicate that the 

superhydrophobic and highly conductive smart fabric can monitor breathing, block 

electromagnetic waves, and generate heat due to the MXene component integrated. An 

improved sensing performance is also observed with 0.2% strain detection, a fast response 

time of 60 ms, a quick recovery time of 90 ms, and a stability of 5000 stretching cycles. Also, 

a highly stable and sensitive smart glove is manufactured using MXene-based textile sensors 

for adaptive gesture recognition.[147] With the Mxene content, the smart glove showed higher 

sensitivity, stronger and more stable mechanical-electrical performance, and better signal 

consistency. It is reported that the glove showed high accuracy of up to 99.5% for gesture 

recognition and maintained excellent performance of 98.1% upon being expanded to more 

gestures.[147] In addition, He et al.[148] manufactured highly conductive and photothermal 

cotton yarns by coating with Ti3C2TX MXene nanosheet and poly (3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) composite, forming a core-

shell structure. The MXene-based yarn showed excellent electrical conductivity of 21.8 Ω 

cm−1, quick electrothermal response, and excellent photothermal conversion. The composite 

yarn was further knitted to produce sensors capable of monitoring human movements and 

health signals with improved performance in sensitivity and durability. Moreover, in a study 

investigating appropriate methodologies and factors that help MXenes bond firmly to fabric 

surfaces in smart textiles for biomedical applications, Liu et al.[149] produced a MXene-

integrated cotton fabric that could withstand washing and be used as a smart wearable for 

pressure sensing. The textile pressure sensor exhibited excellent properties, including a high 

gauge factor of 7.67 kPa-1, a quick response/relaxation speed of <35 ms, and incredible 

stability over >2000 loading and unloading cycles. Zhao et al.[150] reported the production of a 

Ti3C2TX MXene-integrated multifunctional fabric created from a nonwoven fabric made from 

cellulose, which was used to create a wearable respiration monitor. Here, the MXene textile 

acted as a moisture sensor, where the dynamic changes in moisture levels due to breathing 

could be tracked.  

Yu et al.[151] have reported wearable piezoelectric pressure sensors obtained from Ti3C2TX 

MXene-integrated nonwoven fabric. The Ti3C2TX MXene-integrated nonwoven fabric 

exhibited excellent durability to cyclic bending (500 cycles) and abrasion (2000 cycles). The 

sensors had a high sensitivity of 6.31 kPa–1, were durable and functioned correctly after 2000 

loading-unloading cycles, could sense pressures of up to 150kPa, and had a response time of 
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300 ms/260 ms. The Ti3C2TX and nonwoven composite textile, therefore, exhibited excellent 

properties and offered a good prospect for wearable sensors for health monitoring 

applications. Power supplies are also critical for any wearable device, such as those intended 

for healthcare applications. In the interest of producing a wearable power supply, the 

properties of Ti3C2TX MXene have recently been explored by Duygun and  Bedeloğlu to 

produce a high-performance cotton fabric for textile-based electrodes in wearable 

supercapacitors.[152] In this process, reduced graphene oxide was synthesized together with 

cellulose nanocrystals in addition to the preparation of a dispersion composed of Ti3C2TX, 

reduced graphene oxide, and cellulose nanocrystals at varied ratios of 5% wt., 15% wt., 30% 

wt., and 50% wt. rGO/CNC content. This was followed by coating a plain-woven cotton 

fabric with various dispersions prepared using the drop-casting technique. The resulting 

Ti3C2TX MXene-integrated fabric showed high capacitance (501.1 F g−1) at 0.3 A g−1 current 

density, good electrochemical stability, and low internal electrode resistance. Figure 9d 

shows a schematic illustration of the Ti3C2Tx and Ti3C2Tx/rGO/CNC dispersion preparation 

and drop-casting of cotton fabric.  Several other scholars have also reported Ti3C2TX 

MXene-integrated textile inventions.[153-156] It could be deduced from previous studies that 

integrating Ti3C2TX with textile materials has increased the performance of textiles and 

widened the scope of textile science and engineering. In this vein, MXene-integrated textiles 

have gained application in other areas, including Electromagnetic Interference (EMI) 

shielding, electrical heating, energy storage, etc. 

Regarding the EMI shielding and heating capabilities of MXene-integrated textiles, it is 

reported in a previous study that a MXene-decorated nylon fabric showed excellent EMI 

shielding of 66.5 dB in X-band and electrothermal heating of 102.3 °C at 8V. [146] Again, Yan 

et al. manufactured an MXene-based textile by forming a highly antioxidative MXene@gallic 

acid composite and using metal ions (Fe3+) to cross-link the manufactured composite onto a 

carboxylated cotton fabric through covalent bonding.[157] The MXene-enhanced cotton fabric 

exhibited improved performance, high electrical conductivity of ~ 330 S/m, remarkable 

photothermal convertibility, and good infrared thermal camouflage properties. Particularly, 

the MXene-based textile showed a high EMI shielding efficiency of ~ 35 dB, making it 

suitable for application in products that require blocking or reducing electromagnetic waves, 

such as wearable electronics, personal protective clothing, military and defense wearables, 

etc. Moreover, Feng et al. developed core-sheath fibers with MXene as the core and CNTs as 

the sheath using the wet spinning method.[158] The MXene-based fabric exhibited EMI 

shielding effectiveness of 23.40 dB and absorption coefficient of 0.63, making it appropriate 
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for smart textiles. Aside from EMI shielding and heating applications, MXene-integrated 

textiles perform incredibly in energy storage. A study on wearable energy storage devices 

posits that Ti3C2TX MXene-based textile supercapacitors exhibit enhanced areal and 

volumetric capacitance compared with textile supercapacitors without MXene content. [21] 

Also, Zhang et al. [159] designed a Ti3C2TX MXene-based textile supercapacitor with 

hierarchical spacer fabrics as a skeleton for mechanical support and stable performance, while 

Ti3C2TX Mxene served as a current collector and active material for the supercapacitor. The 

resulting Mxene-based textile supercapacitor showed a remarkable areal capacitance of 415 

mF cm−2 with a MXene loading of 4.2 mg cm−2, making it suitable for energy storage in 

wearable devices for healthcare applications. It is worth noting that Mxene-based conductive 

textiles are applied in several areas due to their improved qualities provided by the MXene 

content.  
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Figure 9: Manufacturing and reaction of Ti₃C₂Tx MXene/carbon fiber fabric/thermoplastic 

polyurethane composite material from the literature. (a) Illustration of the preparation process 

for the Ti₃C₂Tx MXene-based textile. (b) Illustration of the electrohydrodynamic atomization 

deposition. (c) The chemical reactions on the surface of the fabric. Reprinted from Duan, et 

al.[145] with permission: © 2022 Elsevier. (d) A schematic illustration of the Ti3C2Tx and 

Ti3C2Tx/rGO/CNC dispersion preparation and drop-casting of cotton fabric. Reprinted from 

Duygun and Bedeloğlu. [152]  

 

6. The Role of Ti3C2TX MXene in Conductive Textiles for Wearable Applications  

As discussed earlier, the unique properties of Ti3C2TX MXenes make them useful for 

conductive textile manufacturing. [35, 36] Conductive textiles have previously been obtained 

from conductive polymer materials such as polythiophene, polyaniline, and polypyrrole.[160, 

161] However, these are not ideal for certain applications as they can have insufficient 

conductivity, environmental instability, and a lack of robustness and mechanical strength.[162] 

MXenes, as a 2D material, can overcome these shortcomings and have mostly been 

complemented with polymers in conductive textile material manufacturing after their 

discovery in the past few years.[154, 163, 164] Ti3C2TX MXene is not only useful in its ability to 

transfer electrical charges in sensors, but it can also act as an electro-catalyst by engaging in 

electrochemical reactions in the sensing process; this can be especially useful for wearable 

electronics.[165] Seyedin, et al.[142] proved the significant role that Ti3C2TX MXenes can play in 

achieving a highly conductive and stretchable textile using a scalable wet-spinning process. 

To enrich the conductivity and mechanical properties of the polyurethane, the authors 

introduced Ti3C2TX MXenes to form a composite fiber that could undergo knitting for strain 

sensor manufacturing, as presented in Figure 10. From Figure 10a, the wet-spinning 

technique for Ti3C2Tx MXene/polyurethane composite fiber manufacturing is illustrated, with 

the resulting composite yarn shown in Figure 10b. A fabric knitted using the yarn is shown in 

Figure 10c, with (i) single and (ii) four-ply of the MXene-based yarn. Again, the four-ply 

yarn knitted fabric and its straight and bent conditions at the elbow are shown in Figure 10d. 

Interestingly, impregnating textiles with Ti3C2TX MXenes provided a three-dimensional 

structure of an evenly distributed network of conductivity across the surface of the textile 

material.[166] With inspiration from Zhang et al.[166] and the findings from Zou et al. [167], the 

scalable fabrication of composite yarns incorporated with MXene promises enhanced flexible 

wearable intelligent textiles for healthcare applications. For instance, a composite of MXene, 

cotton, and spandex (MCSY) yields flexible, strong, and comfortable composite textiles, 
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which could be mass-produced with simple dipping and drying techniques. As posited by Zou 

et al.[167], the MCSY yarn is enhanced with mechanical properties for human motion 

monitoring due to the presence of the Mxene. 

 

 
Figure 10: Illustration of a MXene-based textile manufactured for sensing application from 

the literautre. (a) Schematic illustration of the Ti3C2Tx MXene/polyurethane composite fiber 

spinning process (b) Photograph of the spun MXene-based fiber. (c) A single jersey knitted 

fabric with (i) single and (ii) four-ply yarn of the MXene-based fiber. (d) The four-ply yarn 

knitted fabric and its straight and bent conditions at the elbow with an embedded strain 

sensor. Reprinted from Seyedin, et al. [142] with permission: © 2020 Wiley-VCH. 

 

Buttressing the incredible role of MXenes in conductive textiles for wearable electronics, Shi 

et al.[153] revealed the application of Ti3C2TX MXenes in energy-free passive radiative heating 

systems precisely for the human body due to their low mid-infrared radiative emissivity 

features. This was explored by decorating a nanoporous polyethylene textile with Ti3C2TX 

MXenes for body heating applications. It should be noted that the Ti3C2TX MXenes improved 

the conductivity of the textile to carry out its heating performance indoors and outdoors. Also, 

Ma et al.[168] demonstrated the importance of Ti3C2TX MXenes in producing a hydrophobic 

and multifunctional textile composite for thermal control and human motion detection, where 

it served as a conductive and multifunctional active material. With the presence of the 

Ti3C2TX MXenes, the study reported a smart textile that exhibited high equilibrium 

temperatures of 104.9 and 118.7 °C under low power illumination of 1.25 W cm–2 and a 4V 
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working voltage. The textile, when used to manufacture a wearable pressure sensor, showed 

high sensitivity and a quick response time of 30- 40ms. 

It is established that the electrical conductivity and large surface area of Ti3C2TX MXenes 

make them useful materials in supercapacitors and batteries, coupled with their role as 

catalysts in hydrogen evolution and carbon dioxide reduction. [169, 170] This shows the 

multifunctional roles played by Ti3C2TX MXenes in wearable textile technology. Regarding 

its multifunctional performance and exceptional characteristics, Yu et al.[151] found Ti3C2TX 

MXene as the best surface embellishment material among other MXene types such as Ti2CTx, 

Ti3CNTx, Mo2CTx, Nb2CTx, and Mo2TiC2T, for textile-based biomedical sensors. Also, the 

compatibility of Ti3C2TX MXene with other functional materials has led to it playing a key 

role as a composite material with different materials such as graphene, carbon, polyaniline, 

and nanosheets-silver nanowire for functional applications.[171-174] For instance, Zheng et 

al.[175] combined Ti3C2TX MXene with reduced graphene oxide to manufacture a 

multifunctional textile that can store electrochemical energy, detect human motion, and be 

used for electromagnetic interference shielding. The good compatibility of the Ti3C2TX 

MXene and the reduced graphene oxide resulted in a supercapacitor with high capacitances of 

383.3 F g−1 (258 mF cm−2). Again, Liu et al.[176] manufactured core-shell fibers with 

regenerated cellulose that possess an excellent strength of 134.7 MPa, a high toughness of 

14.1 MJ m−3, a large elongation before breaking (13%), and a high conductivity of 2.37×103 S 

m−1, thanks to the Ti3C2TX MXene component of the composite material. It could be said that 

the incredible role of Ti3C2TX MXene in conductive textile manufacturing shows a promising 

future for its use in wearable applications, especially in the health sector, as expounded in past 

studies presented in the review. 

 

7. Ti3C2TX MXene-integrated Sensors 

With the rise in wearable electronics and intelligent systems, sensors have become invaluable 

devices for successfully implementing concepts.[177] Sensors are particularly valuable in the 

healthcare setting, as monitoring patients can be critical for correct diagnosis and treatment. 

Ti3C2TX MXenes open an opportunity for producing advanced sensors for wearable 

applications, especially in textile-based wearables for health monitoring. It is established that 

sensor manufacturing is one area that is expected to see massive improvement with the advent 

of Mxenes.[178] Mathew and Rout suggest that MXenes are widely used in electrochemical 

biosensors over other 2D nanomaterials due to their desirable properties for such sensors, 

including hydrophilicity, high electron transfer capacity, large surface area, and easier surface 
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modification.[179] Further, Ta et al.[180] single out Ti3C2TX as an exceptional type of MXene 

when applied widely in product design, especially in gas sensing and energy harvesting 

devices. Following this, Zhang et al.[166] presented a textile-based flexible sensor 

manufactured from Ti3C2TX MXene and Polyethylene Terephthalate (PET) composites for 

pulse monitoring applications. This was achieved by the impregnation method, where a thin 

film of the Ti3C2TX MXenes was held firmly onto the surface of the fibers, imparting 

conductivity properties to the textile. The Ti3C2TX /PET integrated textile sensor, after testing, 

exhibited excellent features such as a high sensitivity of 35 kPa−1, a wide response range of 0-

40 kPa, a fast response time of 45 ms, and excellent stability of more than 2000 loading and 

unloading cycles. Chen et al.[181] experimented with integrating Ti3C2TX MXenes with fiber 

optic biosensors and concluded that the resulting sensor demonstrated a 30% boost, which 

indicated a successful increment of sensitivity with the help of the Ti3C2TX MXenes. Also, 

Waheed et al.[182] manufactured a humidity sensor with Ti3C2TX MXene nanosheets and 

graphene oxide serving as electrodes and sensing layers, respectively. It was reported that the 

sensors exhibited excellent characteristics such as a 6%-97% response range at 1 kHz and 

10 kHz frequencies, 0.8s response time, 0.9s recovery time, and maintained uninterrupted 

performance for over 24h. 

In a study to explore multifunctional sensor manufacturing, Gao et al. [183] designed a skin-

like sensor to detect and distinguish temperature and pressure stimuli. In the experiment 

process, Ti3C2TX MXene was integrated with elastic and porous substrates to increase their 

thermoelectric and conducting properties for effective sensing. Hosseini-Shokouh et al.[184] 

also designed Ti3C2TX MXene-integrated sensors for hydrogen sulfide (H2S) sensing and 

concluded in their study the unique performance of the sensor due to the presence of the 

MXene. Another account is given on an impedance-type humidity sensor manufactured with 

Ti3C2TX MXenes and graphitic carbon nitride (g-C3N4) composites, which were explored on a 

PET substrate.[185] The composite nanomaterials of which Ti3C2TX MXene formed an integral 

part produced a sensor with a high response and recovery time.  

As detailed above, Ti3C2TX MXene has been used in a variety of sensor designs for several 

applications. Further examples include Ti3C2TX MXene-integrated sensor with high sensitivity 

and exceptional selectivity to ammonia gas at room temperature, [186] a textile-based humidity 

sensor designed by coating MXene and multi-walled carbon nanotubes, which was reported to 

have exhibited 265% response at 90% relative humidity,[187] breathable and waterproof 

MXene-integrated textiles with a conductive network for strain and temperature sensing 

applications,[188] Ti3C2TX MXene and protein composites for a wearable, breathable, and 



  

29 

 

degradable sensor designed for pressure monitoring applications,[189] and Ti3C2TX MXene-

based gas sensors with a detection limit of 50-100 parts per billion for volatile organic 

compound gases at room temperature.[190] Figure 11 shows sample sensors developed from 

Ti3C2TX MXenes for various applications. Also, Table 1 presents the various Mxene-

integrated sensors, their application, and the brains behind the inventions. 

 

 
Figure 11: Ti3C2TX MXene-integrated sensors. (a) Ti3C2TX MXene-based volatile organic 

compounds and humidity sensing antenna. (i) Schematic illustration and dimensions of the 

MXene-based antenna sensor. (ii) The simulation and measurement results of the structure with 

and without MXene membrane. (iii) The measurement setup for the MXene-based antenna 

sensor. Reprinted from Kazemi et al.[191] with permission: © 2022 Wiley-VCH. (b) Fully-

MXene-printed wearable sensor tags for wireless ethylene detection in plants. (i) MXene-based 

aqueous ink designed for screen printing. (ii) Lateral size distribution of Ti3C2Tx MXene 
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nanoflakes. (iii) AFM image of exfoliated MXene nanoflakes. (iv) Viscosity plotted as a 

function of shear rates (top), storage modulus (G′) and loss modulus (G″) plotted as a function 

of shear stress (bottom). (v) Schematic illustration of the fully-MXene-printed wearable sensor 

for wireless ethylene detection in plants. Reprinted from Li, et al.[192] with permission: © 2023 

Wiley-VCH. (c) Ti3C2Tx Mxene-based dual-mode sensor for pressure and temperature 

detection. (i) Photograph of the sensor display. (ii) Photograph of a glove embedded with five 

dual-mode sensors and a 3 × 3 dual-mode sensor array. Reprinted from Yuan et al.[193] with 

permission: © 2024 Elsevier. (d) Capacitive knitted pressure sensor device designed out of 

Ti3C2Tx MXene. (i) Photograph of the knitted pressure sensor button with an active area of 16 

mm × 5 mm. (ii) Capacitance output of the sensor when a gentle, moderate, or hard pressure is 

applied to the device by a finger. Reprinted from Uzun et al.[194] with permission: © 2019 

Wiley-VCH. 

 

Table 1: Summary of Mxene-integrated sensors, their application, and the authors behind 

their manufacturing 

 
Authors MXene-integrated sensors Application 

Kim, et al.[190] A solid-state gas sensor For detecting volatile organic compounds 

Chen, et al.[181] Refractive index sensor For trace biochemical molecule detection 

Yao, et al. [186] Ammonia (NH3) gas sensor For detecting NH3 gas at room 

temperature 

Luo J. , et al.[188] A multifunctional wearable textile sensor For strain and temperature sensing 

application 

 Chao, et al.[189] A breathable and degradable pressure 

sensor 

Used for pressure monitoring 

Xing, et al.[187] Humidity sensor For real-time respiration monitoring 

Zhang, et al.[166] Ti3C2TX /PET integrated flexible textile 

sensor 

For pulse monitoring applications 

Gao, et al.[183]  A skin-like Mxene-integrated sensor For temperature and pressure sensing 

Hosseini-Shokouh et al.[184] Hydrogen sulfide (H2S) sensor Applied in H2S gas sensing 

 Lu et al.[185] Flexible impedance sensor Humidity-sensing applications 

Waheed, et al.[182] Humidity sensor Used for non-contact proximity sensing 

and human breathing detection 

 
 

8. Key Findings and Future Perspectives  

Textiles can be enhanced with advanced materials to enrich their performance and create 

devices, such as sensors, for use in various areas, including the health sector. Among these 

advanced materials is Ti3C2TX MXene, which researchers have extensively employed for a 

diverse range of applications due to specific desirable properties such as its energy storage 
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ability, good hydrophilicity, excellent mechanical strength, good electrical conductivity, large 

surface area, and good transparency. Amongst the many possible applications of the material, 

this makes it suitable for biomedical sensor manufacturing for health monitoring. It is 

established that Ti3C2TX MXenes-integrated textiles occupy a useful position in sensor 

manufacturing for monitoring human physiological vitals such as temperature, pressure, 

strain, heart pulse, glucose, and lactate. It is also observed that several advancements have 

been made regarding the synthesis of Ti3C2TX MXene. The two widely used approaches for 

MXene synthesis are the top-down and bottom-up methods, with many concerns raised about 

the environmental hazards caused by the former, although it is praised for yielding high-

quality and sizeable flakes. This has led to scholars such as Naguib et al.[13] recommending 

the use of LiF-HCl as an alternative solution to boost the production of MXenes in regions 

where HF is not allowed in laboratories due to its harmful nature. Advances in production, 

such as those by Chen et al. [133], where MXenes were produced in the open air, show the 

potential for the production process to be simplified, reducing both risk and cost. 

Textiles are one of the best materials to be integrated with smart devices such as sensors for 

biomedical applications due to their flexibility, comfort, durability, and ability to withstand 

washing. These properties also make textiles good candidates for integrating with Ti3C2TX 

MXene. Ti3C2TX MXene-integrated textiles possess surface-enhanced, highly conductive, and 

stretchable properties that could be obtained even through a wet-spinning process for sensor 

manufacturing. Also, as found in the study, sensors developed out of Ti3C2TX MXenes have 

excellent mechanical properties, high sensitivity, quick response, flexibility, good conformity, 

and are stable. This has resulted in scholars including Zhang et al.,[166] Chen et al.,[181] 

Waheed et al.,[182] and Gao et al.[183] incorporating Ti3C2TX MXene into sensor designs. To 

estimate the effective electrical conductivity of Ti3C2TX MXene-based textiles, the study 

discovered suitable approaches, such as the steady-state T-type method of measuring the 

conductivity of composite materials[135] and a model developed by Taherian [137] out of the 

sigmoidal equation. These models were used to successfully measure the conductivity of 

composite materials as found in the study. 

Moreover, the study found that Ti3C2TX MXenes can play a crucial role in producing 

conductive textiles and overcoming the shortcomings of insufficient conductivity, 

environmental instability, lack of robustness, and mechanical strength seen in other 

conductive polymer materials such as polythiophene, polyaniline, and polypyrrole. Also, 

Ti3C2TX MXene not only serves its significant function of transferring electrical charges in 

sensors but also acts as an electro-catalyst by engaging in electrochemical reactions in the 
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sensing process, which is especially useful for wearable electronics. The study has 

demonstrated that biomedical sensors have been designed purposely to detect and deliver 

information about patients for onward acquisition and processing by healthcare professionals 

for smart healthcare delivery. Biosensors are indispensable devices for the delivery of smart 

healthcare. 

From the findings, a more sustainable approach to MXene synthesis should be deeply rooted 

in future research to eliminate the hazardous processes involved, especially in the traditional 

top-down approach. As Ti3C2TX MXenes are promising materials for wearable electronics, 

devising appropriate methodologies that are harmless to the environment and human health 

would take the use of MXenes for wearable technology further. Also, the ability to enhance 

textiles with Ti3C2TX MXenes for smart applications calls for scholars to focus on textile-

based sensors, as they have desirable features such as flexibility, mechanical strength, and 

comfort needed in wearable devices, especially for biomedical purposes, as compared to 

traditional electronic devices that are more rigid and lack comfort. Moreover, developing 

standardized models purposely for measuring the conductivity of Ti3C2TX MXenes-based 

textiles could be addressed in future studies, although the sigmoidal and T-type methods are 

appropriate models. These models could be refined and validated in several ways to improve 

their application in wearable textile device design. Lastly, future studies could explore the 

integration of MXene-based biosensors into the IoT to allow continuous monitoring of patient 

health and seamless data collection and analysis for improved healthcare delivery.  

 

9. Conclusion  

This review delved into the literature related to applying Ti3C2TX MXenes with textiles for 

biomedical sensor development by reviewing key thematic areas such as the 

synthesis/characterization of Ti3C2TX MXenes, Ti3C2TX Mxene-integrated textiles, effective 

conductivity estimation, the role of Ti3C2TX MXenes in conductive textile manufacturing, and 

biomedical sensors. Findings revealed that Ti3C2TX MXenes are promising materials in 

advancing wearable textile electronics, especially for sensor development. Ti3C2TX MXenes-

integrated sensors can monitor various important human physiological vitals such as 

temperature, pressure, strain, heart pulse, glucose, and lactate. The feasibility of using 

Ti3C2TX MXenes in conductive textile manufacturing using technologies such as wet-spinning 

promises scalable production of MXene-integrated smart textiles for advanced healthcare 

delivery. Sustainability concerns regarding MXene-synthesis may call for using LiF-HCl in 

the synthesis when using the top-down approach the produce high-quality MXenes. Future 
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research to unearth sustainable approaches to MXene synthesis, improvement of bio-

compatibility, durability, and the integration of IoT into MXene-integrated textiles would 

expand their application in wearable electronics for healthcare delivery.  
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