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Abstract 

In this study, an ultra-high sensitive, flexible, wireless, battery-free, and fully integrated (no 

external analysis equipment) electrochemical sensing patch system, including a microfluidic-

sweat collecting unit, was newly developed for the on-site monitoring of the [K+] concentration 

in human sweat. Multiwalled carbon nanotube (MWCNT) and MXene-Ti3C2TX based hybrid 

multi-dimensional networks were applied to obtain a high surface activation area and faster 

charge transfer rate, strongly adsorbing the valinomycin membrane to protect the ionophore for 

effective transshipment and immobilization of the [K+]. Furthermore, the controllable porosity of 

carbon-based materials can accelerate the kinetic process of ion diffusion. This hybrid 

nanonetwork structure effectively enhanced electrochemical stability and sensitivity, addressing 

the noise and signal drifting problems experienced with low concentration detection. The 

fabricated sensor exhibited a high ion concentration sensitivity of 63 mV/dec with excellent 

selectivity, amplified to 173 mV/dec with the integrated amplification system. The Near Field 

Communication (NFC) is used to transmit measurements to a smartphone wirelessly. A 

microfluidic channel was integrated with the electrochemical sensor patch to efficiently collect 

sweat on the human skin surface and mitigate the sensor surface contamination problem. 
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Furthermore, the developed sensing patch can also be applied to other biomarkers on-site 

detection after modifying the working electrode with the corresponding selective membranes.  

 
Keywords: MXene-MWCNTs, wireless RF energy harvesting, battery-free, microfluidics 

integrated, flexible biosensor, human perspiration 

 
1. Introduction 

Wearable biosensing devices have a broad impact on our daily lives, especially in the promising 

medical field, because of their ability to provide continuous, non-invasive, and real-time 

monitoring of physiological biomarkers in body fluids. But there are still many problems to be 

solved for the success of large-scale commercialization. Ensuring the accurate and reliable 

response of wearable biosensors is crucial to their market acceptance. The accuracy of wearable 

biosensors is often affected by surface contamination, which is the main factor limiting the 

continuous operation of sensors. (Shiwaku et al., 2018) Robust anti-fouling surface protection is 

necessary to ensure the reliability of sensors for the long-term. Another essential functional 

requirement for wearable devices is to maintain low power consumption during continuous 

monitoring, to provide useful and timely information to the wearer or other end users. The most 

common method of powering wearable biosensors involves using lithium-ion or alkaline 

batteries. However, such batteries are bulky and can cause toxicity problems, especially in 

lithium-ion-based systems. (Gao et al., 2016) 

 
Recently, attention has focused on using wearable biosensors for measuring biomarkers in body 

fluids to reflect the physiological state of the body. These biomarkers are widely found in sweat, 

tears, and saliva in human body fluids. (Sonner et al., 2015; Villiger et al., 2018) Human sweat is 

a surprisingly biomarker-rich fluid that is gaining increasing attention. Therefore, this study 
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analyzed human sweat to detect the concentration of potassium ions [K+]. [K+] plays an essential 

role in maintaining the balance of body fluids and regulating body functions. The normal range 

of [K+] concentration in human sweat is 4 to 24 mM. (Sonner et al., 2018) Abnormal [K+] 

concentration levels can cause numerous health problems or diseases. A severe shortage of [K+] 

in body fluids may cause a potentially fatal condition known as hypokalemia. Excess [K+] may 

increase the risk of high blood pressure and strokes. (Fan et al., 2012; Teixeira et al., 2009; Viera 

and Wouk, 2015) Measuring the [K+] losses from athletes’ sweat could help health professionals 

plan personalized water and electrolyte replacement strategies to prevent water/electrolyte 

imbalances and heat-related whole-body muscle cramps in sports that could impair athletic 

performance. (Baker et al., 2014; Barnes et al., 2019) Therefore, the effective detection of 

physiological [K+] concentrations is very significant in the healthcare field. (Yuan et al., 2019) 

More importantly, previous studies of [K+] sensors have shown that low electrical conductivity in 

the transfer layer leads to slow response times and low electrical sensitivity (Bobacka et al., 1999; 

Yoon et al., 2020; Zeng and Qin, 2017) while also seriously affecting the accuracy of the 

measurement results. Previous studies involving the detection of low [K+] concentrations also 

identified significant noise and signal drift issues. (Shiwaku et al., 2018) In such cases, the 

electrode material used could not effectively immobilize the ionophore in the membrane. 

Therefore, there is an urgent requirement for developing new materials to improve [K+] 

concentration measurement’s accuracy and sensitivity.  

 
This study proposed a novel type of all-solid-state [K+] ion-selective electrode based on a hybrid 

MXene-Ti3C2TX and multiwalled nanotube (MWCNTs) network structure, and this hybrid nano-

network structured material was first used as an electrode transfer layer to measure the 

concentration of [K+] in human sweat. The proposed MWCNTs and MXene-Ti3C2TX  hybrid 
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working electrode were fabricated on the top of the screen-printed carbon paste on a 

polyethylene terephthalate (PET) substrate using a layer-by-layer deposition technique. The 

MXene-Ti3C2TX, which displays a two-dimensional (2D) layer structure, provides outstanding 

electrical conductivity and a large surface area. Unfortunately, as the pulverized individual 

MXene-Ti3C2TX sheets are discrete distribution and agglomerated easily, they can impede ion 

transport, resulting in a lower conductance of the electrode surface and a significant loss of 

surface reactivity. (Orangi et al., 2020; Wen et al., 2019; Yang et al., 1894) Moreover, as MXenes 

are layered inorganic materials, the bonding between the layers is weak compared to other 

stacked and van der Waals structured materials. Hence MXenes easily separate into layers when 

in solution, which reduces the electrode’s surface availability and reliability. (Ma et al., 

2018)，(Yoon et al., 2016). These disadvantages significantly inhibit the full exploitation of the 

potential of MXene-based materials. Therefore, it is still a challenge to solve this new material’s 

nanosheets’ discrete distribution and aggregation. MWCNTs are usually regarded as the best 

choice for electrode material because of their high electrical conductivity and readily accessible 

surface area, which effectively facilitates rapid diffusion and transport of electrolyte ions in the 

film electrode. (De Volder et al., 2013; Ghosh and Lee, 2012) Given these advantages, 

MWCNTs with a one-dimensional (1D) structure can provide high conductivity and direct 

transport paths for carriers by establishing intercalation and “bridging” effect with MXene.(Li et 

al., 2017). Furthermore, MWCNTs can be successfully inserted into the layers of MXene-

Ti3C2TX and connected discrete MXene-Ti3C2TX nanosheets, preventing aggregation. Therefore 

MWCNT effectively improves the previously mentioned problem of poor electrode ion transport 

due to the discrete distribution and easy aggregation of MXene. The successful development of 

this novel hybrid Ti3C2TX - MWCNTs network structure has fully exploited the potential of 
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MXene-based materials. This hybrid electrode material also provides a multi-dimensional 

network for transferring charges, thereby increasing the conductivity of the electrode, protecting 

the electroactive materials, and improving the electrochemical stability. Also, the porous network 

structure of carbon-based hybrid materials could effectively immobilize the ionophore in the 

membrane (Samardžić et al., 2017), thus significantly reducing ohmic resistance, shortening the 

sensor response time, and mitigating noise and signal drift problems in the detection of the 

condition of low [K+] concentrations. Figure S1 shows the sensor has low noise and good signal 

drift suppression characteristics under the condition of low concentration detection. In order to 

verify the properties and advantages of the fabricated hybrid network structure, the physical and 

the chemical analyses have been performed using field emission scanning electron microscopy 

(FESEM), energy dispersive spectrometry (EDS), X-ray photoelectron spectroscopy (XPS), 

Raman spectroscopy, X-ray diffraction (XRD), Cyclic voltammetry (CV), and Electrochemical 

impedance spectroscopy (EIS). In order to on-site detect potassium concentration in human 

sweat, the flexible electrochemical sensor was integrated and assembled with a low-power RF 

energy harvesting battery-free Near Field Communication (NFC) wireless patch system. The 

NFC was used to wirelessly transmit measurements to a smartphone and effectively mitigate the 

problem of commercial lithium-ion batteries, such as their large volume, high energy 

consumption, and environmental pollution. A microfluidic channel was integrated with the 

electrochemical sensor patch to efficiently collect sweat on human skin surface and mitigate the 

sensor surface contamination problem. The accuracy of on-body measurements was verified 

through the comparison of on-body sensor readings from the arm with ex-situ (off-body) 

measurements from a PBS with known [K+] concentration value samples. Figure 1a Shows the 

conceptual drawing of the operation principle of wireless, battery-free, fully integrated 
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electrochemical sensing patch based on MWCNTs-MXene hybrid multi-dimensional networks. 

 
2. Material and methods 

2.1 Chemicals and instruments  

All reagents and apparatus, design of the electrodes are detailed in the supplementary 

information (S.1). 

 
2.2 Preparation of MXene-Ti3C2Tx and MWCNTs solutions 

Ti3C2Tx nanosheets were prepared by etching and exfoliating the MAX phase Ti3AlC2 using HCl 

and LiF. Here, we used (12 M LiF/9 M HCl) with an optimized MILD synthesis method at room 

temperature. (Alhabeb et al., 2017; Ji et al., 2019; Kalambate et al., 2019) The steps required for 

MXene synthesis are explained in detail below. First, the etchant was prepared by adding (1 g) 

LiF to (9 M, 15 mL) HCl and stirring for 10 min. Second, (1 g) of Ti3AlC2 powder was added 

slowly to the etchant and stirred continuously for 24 h at room temperature. Third, the mixture 

was washed with DI water via centrifugation (5 min per cycle at 4500 rpm) for several cycles. 

Then, before each centrifugal cycle, the supernatant was poured out, and fresh DI water was 

added to the precipitate. These washing cycles were repeated until a pH of 6 was achieved. The 

obtained dark-green precipitate was then combined with DI water and sonicated in an ice bath 

sonicator for one hour to delaminate the MXene flakes, followed by 12 min centrifugation at 

8000 rpm. Finally, the black slurry was carefully collected and dried for 24h in a vacuum at 

50 °C, to obtain Ti3C2Tx powder. To prepare the MWCNT solution, DMF was selected as the 

solvent for dispersion. MWCNT powder (24 mg) was weighed with a microbalance and 

dissolved in 12 mL of DMF dispersant.  The mixture was then ultrasonicated at 80 W for 60 

min. (Jagadish et al., 2015)  
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2.3 Design and Fabrication of the Sensor Electrodes 

The electrode was successfully fabricated on a flexible PET substrate by screen-printing with a 

low-cost and low-temperature process. A section of the commercial PET sheet was selected as 

the substrate, as shown in Figure 1b(I). The PET sheet was cleaned sequentially using isopropyl 

alcohol (IPA), methanol, and deionized (DI) water. First, the stencil through-hole mask was 

placed on the substrate PET, as shown in Figure 1b(II). Second, the carbon paste was dropped 

onto the screen and then rubbed with a squeegee, as shown in Figure 1b(III). Finally, the 

substrate was separated from the screenprint stencil, as shown in Figure 1b(IV), and the printed 

carbon electrode was dried at room temperature for 6 h. To assemble the RE for the 

potentiometric [K+] sensor, a drop of Ag/AgCl paste was cast onto the carbon/PET electrode and 

kept at 60° C for 30 min. The silver chloride paste was chosen as a RE material because of its 

stable potential in electrolyte solutions and to simplify circuit design and system integration.  

 
2.4 Preparation of the [K+] Sensor  

To improve the selectivity, the electrode was coated with valinomycin. Valinomycin is known as 

a [K+] selective carrier and inherently has a permeability specific to [K+], enabling the selective 

detection of [K+] by the membrane, which is schematically illustrated in Figure S2 a to e. The 

[K+] sensor fabrication process and the [K+] sensor’s structure are shown in Figure 1c. The as-

fabricated screen-printed carbon paste electrode was first modified by MXene-Ti3C2TX and then 

MWCNTs as the transducing layers layer-by-layer manner. (5 µL) of the as-prepared MWCNT 

solution and (5 µL) of MXene-Ti3C2TX solution were drop-cast on a carbon/PET electrode to 

increase the catalytic activity and electron transfer rate of the [K+] sensor, as shown in Figure 

1c(I∼II). Subsequently, the ion-selective membrane was synthesized as follows. The [K+] 
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selective membrane cocktail was composed of (4 mg) of valinomycin, (1 mg) of potassium 

tetrakis (4-chlorophynyl) borate, (56 mg) of poly(vinyl chloride), and (140 μ l) of bis (2-

ethylehexyl) sebacate. The cocktail was dissolved in (700 µL) of tetrahydrofuran(Shiwaku et al., 

2018). The ion-sensitive alloy was stored in a refrigerator before use. (8 μL) of the as-prepared 

cocktail was used on the MWCNTs/Ti3C2TX-MXene modified carbon electrode, as shown in 

Figure 1c (III). The [K+] selective membrane contains valinomycin as a [K+] transporter, poly 

(vinyl chloride), and bis (2-ethylehexyl) sebacate as plasticizers and potassium tetrakis (4-

chlorophenyl) borate as anion excluder membrane for selective detection of [K+]. Figure 1c(IV) 

shows an exploded diagram of the electrode modification material layer-by-layer deposition 

sequence. 
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Figure 1. a) Conceptual drawing of the operation principle of wireless, battery-free, fully 

integrated electrochemical sensing patch based on MWCNTs-MXene hybrid multi-dimensional 

networks. b) Electrode fabrication steps. c) The [K+] sensor fabrication steps. 
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3. Results and discussion  

3.1 NFC Electronics and Microfluidics Integrated Systems Design and Analysis 

We successfully developed a wireless, battery-free, wearable electrochemical sensing patch 

system that transmits the [K+] measurements to a smartphone, as illustrated in the schematic 

diagram of the system in Figure 2a. The battery-free operation of the sensor patch was 

accomplished using the radiofrequency electromagnetic energy of the RFID reader. (S. B. Kim et 

al., 2018; Lin et al., 2020; Zheng et al., 2016) Compared to previous wireless sensor systems, the 

large battery size issues and massive environmental pollution have been successfully mitigated. 

The core of an integrated circuit communicates with other modules via a memory data bus and a 

memory address bus. Instructions and data are sent from the smartphone to the RFID chip 

through the ISO15693 analog front end and decoded through the ISO15693 decoding module (or 

coded as it passes RFID to the smartphone). (Dang et al., 2018) The SD14 module of the 

integrated NFC chip is a multi-channel sigma-delta analog-to-digital converter with up to 14 bits 

of resolution integrated into the NFC chip consists of a programable gain amplifier (PGA) and a 

sigma-delta analog-to-digital converter (ADC). The output of the [K+] sensor was read through a 

14-bit ADC convertor. The smartphone application was developed based on an Android studio 

software program that displays the [K+] concentration by reading and calibrating the ADC’s 

output voltage. A smartphone was used as an RF power source to activate the developed NFC 

sensor system wirelessly. When the sensor system is close to the smartphone, it will be identified 

as NFC-protocol compliant, sent a command to activate the ADC conversions of the rectified 

voltages, sound a prompt tone to indicate data exchange can begin then, finally, wirelessly 

transmit the potential value corresponding to the K+ concentration to the smartphone. In the two-

electrode system, the sensor is electrochemically powered and does not require any external 
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power for its operation. For a [K+] concentration variation from 1 to 32 mM, the potential output 

of the sensor between two electrodes varies from 100 mV to 400 mV. The working electrode 

(WE) was connected to an ADC interface and a reference electrode (RE) to stand voltage (SVSS) 

in order to enable the virtual ground option SVSS voltage to rise to approximately 125 mV above 

the ground during ADC sampling. This avoids the small errors caused by the nonlinear behavior 

of the ADC near the ground. To successfully display the potential range of 100∼400 mV 

performed by the potential [K+] sensor, the NFC chip was configured to perform cascaded 

integral comb filtering on the sampled data with an extraction ratio of 256 to achieve noise 

reduction. During continuous readings of the data, the status register was set to complete the 

sampling process and data availability. It then reads the FRAM data, converts the ADC value and 

the corresponding original voltage, then displays it using the pre-calibrated [K+] concentration 

value, as shown in Figure S3. A PGA is integrated into the SD14 module of the NFC chip. The 

PGA features a very high-impedance input and a programable gain combined with full offset 

compensation, very low offset drift, and low noise. The gain of the PGA was selected at 

SD14GAIN bits. This PGA provides more than 2.8 times the gain of the analog output voltage of 

the sensor. Hence the sensitivity of the sensor was successfully amplified from 63 to 173 mV/dec, 

as shown in Figure S4. 

 
Figure 2b shows a photograph of the fabricated four flexible antennas and circuits using 

photolithography and wet etching of a copper foil coated polyimide film on a silicon wafer. This 

process is described in detail in the supplementary material, as shown in Figure S5. Figure 2c 

shows the fabricated ultra-thin (thickness = 32 µm) flexible antenna and circuit. The circuit was 

soldered using low-temperature solder paste with all the required surface-mounted (SMD) 
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components. The circuit diagram is shown in Figure S6. The circuits’ encapsulation with PDMS 

protects the NFC electronics from sweat and other external environmental moisture, as shown in 

Figure 2d. This waterproof design also supports the sensor’s operation during water immersion, 

as shown in Figure S7. To mitigate the problem of sweat collection and surface contamination, 

we developed a microfluidic system using PDMS and attached it to the sensing system, as shown 

in Figure 2e. 3D printing technology was used to fabricate the microfluidic mold, which was 

then filled with liquid PDMS (10:1) and dried for 24 h at 45 °C. Finally, the microfluidic system 

and the mold were carefully separated. Figure S8a shows the working principle of the designed 

microfluidic system. It is discussed in detail in the supplementary information S.4. The finite 

element method’s dynamic characteristics of human physiological sweat in the microfluidic 

device were analyzed, as shown in Figure S8 b,c. The microfluidic chip analysis shows that the 

dynamic velocity pressure and pressure distribution parameters of human sweat flow in the 

microfluidic chip are obtained. As a result of the analysis, it is proved that sweat can flow 

smoothly in the microfluidic, the proposed microfluidic structure shows high-speed flow at the 

input and output ends, which is conducive to the update of the target detection object, and the 

detection area (chamber) shows low flow speed, which is conducive to the accurate detection and 

analysis of the target. Figure 2f shows a very light and small size (diameter = 3.3 cm) circular 

patch sensor system. Figure 2g shows the wireless NFC sensor and smartphone communication 

in real-time. Figure 2h shows the block diagram for the complete microfluidic and NFC 

electronic-based [K+] monitoring system. Figure 2i shows the real-time monitoring of [K+ ] 

during cycling. 
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Figure 2. a) Schematic illustrating the exploded view of the wireless, battery-free, flexible, 

microfluidic/electronic system. b，c) The lithography and etching process is used to make the 

flexible antenna and circuits. d) Encapsulation of flexible circuits with PDMS. e) The 

microfluidic system. f) A very light and small size (diameter: 3.3 cm) circular patch sensor 

system. g) Wireless NFC sensor and smartphone communication in real-time. h) Electronics 

design, measurement strategy, and complete system. i) Measuring the electrolyte losses from 

athletes’ sweat could help health professionals plan personalized water and electrolyte 

replacement strategies. 
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3.2 NFC Electronics Patch Bending and Vertical Distance Test 

As seen in Figure S9a, when the sensor patch is curved from the plane, with a 50 – 90 mm 

curvature, the smartphone can still successfully connect with the sensor patch. The average 

voltage output of the sensor during bending was 280.1 mV, with a [K+] concentration of 8 mM, 

which demonstrates the high precision and reliability of the potential detection. As shown in 

Figure S9b, when the distance between the smartphone and the patch is less than 20 mm, the 

voltage output of the NFC chip (power voltage) is stable at approximately 1.97 V. Once the 

distance exceeds 20 mm, the sensor patch cannot be connected to the smartphone, and the 

voltage output of the NFC chip reduces to 0 V. Moreover, when the [K+] sensor was connected to 

the flexible NFC circuit, and the distance changed periodically between 0 and 20 mm, only small 

variations in the sensor output were observed with a range of approximately 0.7 mV. This was 

mainly due to supply voltage fluctuations. Therefore, it is recommended that the smartphone 

remains close to the sensor patch during detection to avoid such fluctuations. 

 
3.3 Physical Characterization of Fabricated Electrodes 

The physical characteristics of the developed electrodes were analyzed by field emission 

scanning electron microscopy (FESEM), X-ray diffraction (XRD), Raman spectroscopy, and X-

ray photoelectron spectroscopy (XPS). FESEM images of the samples, such as bare carbon, 

carbon/MWCNTs, carbon/MXene, and carbon/MWCNTs/MXene, are shown in Figure 3. The 

controllable porosity of carbon-based materials can accelerate the kinetic process of ion diffusion 

of the electrodes. Still, many pinholes exist at the interface of the carbon electrode, as shown in 

Figure 3a. This is a severe concern for carrier transport, showing a low conductivity. Ti3C2TX-

MXene, which displays a two-dimensional (2D) layer structure, exhibits very high electrical 

conductivity and a large surface area (S. J. Kim et al., 2018; Naguib et al., 2011), which 
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accelerate the carrier transport in the layer. (Liu et al., 2018) However, ultrasonic processing can 

lead to the formation and crushing of a single Ti3C2TX-MXene where the pulverized individual 

Ti3C2TX-MXene sheets agglomerate very easily (Shen et al., 2018) as shown in Figure 3b. which 

results in a lower conductance of the electrode surface. Figure 3c shows that MWCNTs with a 

one-dimensional (1D) structure can provide high conductivity and direct transport paths for 

carriers by establishing an intercalation and "bridging" effect with MXene.(Talib et al., 2018) 

Simultaneously, MWCNTs were successfully inserted into the carbon pores and between the 

layered MXene-Ti3C2TX and connected discrete MXene-Ti3C2TX nanosheets because of their 

linear structure, thereby improving the electrode conductivity effectively, as shown in Figure 3d. 

This also provides a strong bonding among electrode materials and effectively enhances the 

electrode’s reliability and chemical stability. As a result, we successfully prepared a hybrid 

network structure of MXene and MWCNTs based on carbon electrodes with very high electrical 

conductivity and surface areas.  
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Figure 3. FESEM images of a) Bare Carbon, b) Carbon/MXene-Ti3C2Tx, c) Carbon/MWCNTs, d) 

Carbon/MWCNTs/MXene-Ti3C2Tx. 

 
The chemical structure of MWCNT/MXene hybrid nanosheets was first investigated by XRD 

and Raman analysis. Figure 4a presents the XRD patterns, indicating the impregnation of a 

hybrid MXene and MWCNT network into the carbon electrode. The XRD pattern of the 

carbon/MWCNT composite displays a sharp peak at 26.0° and small peaks at 44.0° and 53.0°, 

which are assigned to the characteristic (002), (100), and (004) planes, respectively. However, 

the XRD pattern of the carbon/MWCNTs/MXene composite displays small peaks at 10.0° and 

38.0°, which are assigned to the characteristic (002) and (104) planes, respectively. For MXene-

Ti3C2Tx, this confirms the successful synthesis of the hybrid carbon/MWCNTs/MXene 

nanosheets. As shown in Figure 4b, the Raman spectra show two small bands at around 390 cm-1 
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and 600 cm-1, designated as the vibrations of atoms in MXene-Ti3C2Tx. Two other broad bands 

were detected at approximately 1369 and 1580 cm-1. The former (D-band) corresponds to the 

disordered graphite caused by defects in a carbon-based material, while the latter (G-band) 

corresponds to the vibration of sp2 hybridized carbon atoms in a two-dimensional hexagonal 

lattice (Xuan et al., 2018; Zahed et al., 2020). The results indicated that the hybrid of MXene and 

MWCNT network structures was successfully prepared on a commercial carbon paste electrode 

by this fabrication method. The XPS survey spectrum of the final fabricated electrode is shown 

in Figure 4c. In the XPS survey region (0 to 800 eV), peaks from the elements C, Ti, and O are 

well distinguishable for the as-prepared carbon/MWCNT/MXene film. The XPS O1s spectrum 

reveals the presence of three peaks, which are assigned to C-O (533.7 eV), C=O, and C-Ti-

(OH)x (532.7 eV), and C-Ti-Ox (530.9 eV); as shown in Figure 4d.(Weng et al., 2018) The C1s 

spectrum, shown in Figure 4e, demonstrates the presence of four different peaks, which are 

attributed to C=C (285.9 eV), C-C (284.6 eV), and COO (289.9 eV) (Rasheed et al., 2018; Wang 

et al., 2020) The Ti2p spectrum, shown in Figure 4f, reveals the presence of four separate peaks, 

which are related to Ti-O (465.2 eV) and Ti-C (459.5 eV) (Alizadeh et al., 2018; Cai et al., 2018; 

Zhao et al., 2019). Furthermore, the elemental composition of the developed platform 

(Carbon/MWCNTs/MXene) was carefully investigated through EDS mapping, as shown in 

Figure S10. The atomic percentages of C, O, and Ti were mapped as 84.76%, 8.11%, and 7.13%, 

respectively, in agreement with the XPS results. The results show the successful preparation of 

the hybrid structure of MXene and MWCNTs based on carbon electrodes. 
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Figure 4. a) XRD spectrum of the carbon/MWCNT/MXene composite films. b) Raman 

spectrum of the carbon/MWCNT/MXene composite films. c) XPS survey spectrum of the 

carbon/MWCNT/MXene composite films. d) High-resolution XPS spectra of the O1s region. e) 

C1s region. f) Ti2p region. 
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3.4 Electrochemical Characterization of Fabricated Electrodes  

The catalytic activities and interfacial properties of the developed electrodes were investigated 

by cyclic voltammetry (CV) and electrochemical impedance (EIS) measurements, as shown in 

Figure 5. As shown in Figure 5a, displays CV of MWCNTs, Ti3C2Tx, and MWCNTs/Ti3C2Tx 

modified Carbon/PET electrodes in 5 mM [Fe(CN)6] 3-/4- containing 0.1 M KCl at the scan rate 

of 50 mV s-1. The CV area of the carbon/MWCNTs/MXene electrode was higher than that of the 

bare carbon, carbon/MWCNTs, and carbon/MXene electrode, indicating superior electrocatalytic 

activity. By used EIS analyzed the interface performance of the modified electrode. Figure 5b 

presents the EIS spectra of the various modified electrodes, bare carbon, carbon/MWCNTs, 

carbon/MXene, and carbon/MWCNTs/MXene, tested using a 5 mM Fe(CN)6
3-/4- redox probe. 

The inset figure shows the Randles equivalent circuit model used to fit the experimental results. 

The electron transfer resistance (Rct) values for bare carbon, carbon/MWCNTs, carbon/MXene, 

and carbon/MWCNTs/MXene electrodes are approximate ~3.8 kΩ, ~3.4 kΩ, ∼611Ω, and ∼203 

Ω, respectively. The low Rct value obtained for the carbon/MWCNTs/MXene electrode implies 

superior electron transfer properties than the carbon/MXene electrode. Cyclic voltammetry was 

further utilized (scan rate range of 25–200 mV s−1) to investigating the diffusion controlled 

process of the redox probe on the carbon/MWCNTs/MXene electrode shown in Figure 5c. The 

peak current of oxidation and reduction both increased with increasing scanning rates. Figure 5d 

showed an excellent linear relationship with the square root of the scanning rate. 
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Figure 5. a) CV performance analysis of bare carbon, carbon/MWCNTs, carbon/MXene, and 

carbon/MWCNTs/MXene. b) EIS fitted curves of bare carbon, carbon/MWCNTs, carbon/MXene, 

and carbon/MWCNTs/MXene (The inset shows the equivalent circuit used in fitting). c) 

Diffusion controlled process for carbon/MWCNTs/MXene modified electrode, and d) 

corresponding calibration curve. 

 
3.5 Electrochemical Investigation of the [K+] Sensor 

The determination of [K+] was investigated using the potentiometric method. The ion-selective 

electrode (ISE) potential changes gradually over a few seconds when [K+] is added. The potential 

at different concentrations is stable at a constant value, which allows quantitative measurements 

of the [K+] level, as shown in Figure 6a. Figure 6b shows the calibration plot for the sensor as a 
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function of [K+] concentration, extracted from Figure 6a. The total potential change was 95 mV 

when the [K+] concentration changed from 1 to 32 mM, which resulted in a sensitivity of 63 

mV/dec. We estimated the response time by changing the concentration of [K+] in the solution, 

and the sensor exhibited a fast response time of 2 s, as shown in Figure 6c. Human sweat also 

contains other primary chemical ions (Ca2+, Na+, Zn2+). Therefore, the sensor interference 

response was also investigated. The selectivity experiment of the sensor was carried out using the 

potential response method. Compared to the signals of the [K+] droplets, the results did not 

present any significant interference signals, indicating that the sensor exhibits excellent 

selectivity for [K+], as shown in Figure 6d. Additionally, the sensors should be reproducible so 

that reliable analysis can be obtained from individual sensors. Figure 6e shows the 

reproducibility experiment of five different sensors, which were tested in a solution containing a 

1−32 mM [K+] concentration ranging from 398.6 to 514.3 mV in the presence of 1 mM [K+]. The 

repeatability of each sensor was evaluated systematically, and several potential response 

experiments were carried out ten times, as shown in Figure 6f. These results show that the [K+] 

sensor has good repeatability and reproducibility. The [K+] sensor designed in this study was 

compared with the performance of alternative sensors detailed in published scientific literature 

and are tabulated in Table S2. By comparison with other [K+] sensors, it was observed that the 

carbon/MWCNTs/MXene composite sensor exhibited a very high sensitivity within the clinical 

range of [K+] in sweat. 

Jo
urn

al 
Pre-

pro
of



 

22 

 

 

Figure 6. a) Potentiometric response for [K+] ISE. b) Evaluation of the linear range. c) The 

response time of the sensor. d) The selectivity experiment of the sensor carried out by the 

potential response method with successive addition of 1 mM [K+] (two-fold), followed by 
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electroactive interfering species of 20-μM Zn2+, 4 mM Na+, and 4 mM Ca2+; and finally; 8 mM, 

16 mM, and 32 mM [K+] in 0.05 M phosphate buffer solution (PBS) (pH = 7.4). e) The 

reproducibility test with five sensors. f) The repeatability analysis of the sensor evaluated 

systematically by observing the potential response of two sensors on ten separate occasions. 

 
3.6 Real-time Monitoring of [K+] Concentration Levels in the Human Body 

The accuracy of on-body measurements was verified through the comparison of on-body sensor 

readings from the arm with ex-situ (off-body) measurements from a PBS with known [K+] 

concentration value samples, as shown in Figure S11a. The known concentrations of [K+] were 

diluted in a 0.1 M PBS and used for calibration. First, the NFC wireless system was connected to 

the electrochemical [K+] sensor, which was immersed in a PBS. The smartphone was connected 

to the PC, using the pre-installed application to activate the Android studio software program 

when the smartphone was close to the NFC system. Simultaneously, the Android studio software 

program on the PC displays the sensor’s real-time output potential. Finally, the voltage level of a 

PBS with known [K+] concentration values (1, 2,4, 8, 16, 32 mM) was used for calibration, as 

shown in Figure S3. The relationship between the voltage and [K+] concentration of the test 

solution was estimated based on calibration with a standard buffer solution. The data are read 

from the FRAM, with the ADC values and corresponding raw voltages converted and displayed 

as [K+] concentration values using pre-calibration. The developed flexible NFC patch [K+] 

sensor can be worn comfortably on the arm. Figure S11b shows a human subject wearing the 

flexible NFC patch [K+] sensor, allowing for real-time perspiration monitoring on the arm during 

cycling. To ensure the fidelity of sensor readings, data collection occurred only when a sufficient 

sweat sample was present in the microfluidic channel. Finally, the feasibility of the fabricated 

sensor and NFC wireless electrochemical sensing patch is verified by comparing the results of 
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the standard addition method of diluted human perspiration samples, as depicted in Table S1. The 

specific methods are discussed in detail in the supplementary information S.6. 

 
4. Conclusions 

In this work, we have successfully developed a high-performance MWCNTs/MXene-Ti3C2TX 

based wireless, battery-free, wearable, and microfluidic smart electrochemical system for 

detecting [K+
 ] in human sweat. The results demonstrated that the "bridging" effect of 

carbon/MWCNTs/MXene is conducive to the electron transmission of catalyst carriers and thus 

improves the electrocatalytic performance of the [K+] sensor. In addition, the appearance of 

MWCNTs and Ti3C2TX-MXene can enhance surface contact with carbon paste and promote 

electrode conductivity. The porous network structure of carbon-based hybrid materials 

effectively immobilizes the ionophore in the membrane, thus significantly reducing ohmic 

resistance, shortening the sensor response time, and mitigating the noise and signal drift issues 

with low [K+] concentration detection. The fabricated sensor measured the [K+] concentration of 

human sweat with a high sensitivity of 63 mV/dec, which was successfully amplified to 173 

mV/dec using an NFC amplification system with a high linear range from 1 to 32 mM. The 

feasibility of the system was confirmed by collecting sweat using the microfluidic system and 

measuring [K+] in human sweat instantaneously. Simultaneously, a smartphone was used as an 

RF power source to wirelessly activate NFC electronic systems and receive sensing data from the 

device, using a smartphone application developed based on an Android studio software program 

displaying the detection [K+] concentration values. 
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Highlight 

• An ultra-high sensitive, flexible, wireless, battery-free, wireless RF energy harvesting, 

fully integrated electrochemical sensing patch, including a microfluidic-sweat collecting 

unit. 

• On-site monitoring [K+] concentration in human perspiration.  

• MWCNTs-MXene hybrid multi-dimensional networks obtain a high surface activation 

area and faster charge transfer rate, strongly adsorbing the valinomycin membrane to 

protect ionophore for effective transshipment and immobilization [K+]. 
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