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Controlled Assembly of MXene Nanosheets as an Electrode 
and Active Layer for High-Performance Electronic Skin

Xiyao Fu, Lili Wang,* Lianjia Zhao, Zeyu Yuan, Yupu Zhang, Dongyi Wang, Depeng Wang,  
Junzhi Li, Dongdong Li, Valerii Shulga, Guozhen Shen,* and Wei Han*

MXenes are an emerging class of 2D transition metal carbides and nitrides. 
They have been widely used in flexible electronics owing to their excellent 
conductivity, mechanical flexibility, and water dispersibility. In this study, 
the electrode and active layer applications of MXene materials in electronic 
skins are realized. By utilizing vacuum filtration technology, few-layer MXene 
electrodes are integrated onto the top and bottom surfaces of the 3D poly-
acrylonitrile (PAN) network to form a stable electronic skin. The fabricated 
flexible device with Ti3C2Tx MXene electrodes outperforms those with other 
electrodes and exhibits excellent device performance, with a high sensitivity 
of 104.0 kPa−1, fast response/recovery time of 30/20 ms, and a low detec-
tion limit of 1.5 Pa. Furthermore, the electrode and the constructed MXene/
PAN-based flexible pressure sensor exhibit robust mechanical stability and 
can survive 240 bending cycles. Such a robust, flexible device can be enlarged 
or folded like a jigsaw puzzle or origami and transformed from 2D to 3D 
structures; moreover, it can detect tiny movements of human muscles, such 
as movements corresponding to sound production and intense movements 
during bending of fingers.

DOI: 10.1002/adfm.202010533

1. Introduction

Electronic skins with high sensitivity, 
portability and foldability have gained 
significant attention for their use in arti-
ficial intelligence,[1–3] human-computer 
interaction,[4,5] health monitoring,[6,7] soft 
robotics, and disease detection.[8,9] A flex-
ible pressure sensor is generally com-
posed of a flexible substrate, an active 
layer, and a conductive electrode. The 
essential requirements of developing such 
a sensor are a considerable bending strain, 
high sensitivity, low driving voltage, fast 
response time, and excellent stability. The 
structure and morphology of the active 
layer are considered as key factors in 
improving the pressure-sensitive response 
of flexible devices.[10] The reported struc-
tures include interlocking microstruc-
tures,[11] hollow sphere microstructures,[12] 
lamellar structures,[13] porous structures,[14] 
and leaf impression.[15–17] In addition to 

the design of pressure-sensitive materials, a good electrode that 
covers the two opposite faces of the sensing film is also a crit-
ical component in determining the lifetime of flexible devices. 
Such electrodes must be compatible with the sensing thin film 
during the bending cycle and maintain their high electrical con-
ductivity. Different electrode materials have been researched 
and are usually transformed into meshed networks or compact 
thin films. Indium tin oxide is the most widely used electrode 
material; however, its inherent brittleness hinders its potential 
application in wearable flexible electronic devices.[18] Ag nano-
wires have excellent electrical conductivity and are often used 
as electrode materials;[19] however, their functions are limited 
in practical applications. In addition, graphene materials are 
widely used because of their sufficient hydrophilicity and ability 
to easily form fairly uniform films on several substrates.[20,21] 
However, graphene film electrodes usually need to be trans-
ferred to a substrate through a complex process, which can 
introduce polymer impurities, and their conductivity needs to 
be improved.[22] To better adapt to the deformation of devices, 
a flexible electrode with high conductivity, which can be devel-
oped in a facile manner, is an indispensable component of 
next-generation flexible electronic devices.

MXenes, a family of 2D transition metal carbides and nitrides, 
are generally expressed by the formula Mn+1XnTX (n = 1, 2, or 3),  
where M represents a transition metal (such as titanium, 
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chromium, and vanadium), X is carbon and/or nitrogen, and 
TX represents surface functional groups (hydroxyl, oxygen, or 
fluorine termination). They have been widely used in the fields 
of electromagnetic interference shielding,[23] solar cells,[24] 
catalysis,[25] and supercapacitors,[26] among others.[27,28] MXenes 
have also been proven to be a good choice for sensing materials 
due to their excellent electrical conductivity, rich chemicals, 
adjustable surface terminations, and controlled preparation 
process.[29,30] For example, Cheng et  al. successfully fabricated 
an MXene-based pressure sensor with bioinspired micros-
pinous microstructures through a printing process, which 
exhibited a high sensitivity of 151.4 kPa−1 and short response 
time of 130 ms.[31] In addition, a single-layer MXene has a high 
specific surface area and good surface hydrophilicity, which sig-
nificantly enhances the force of binding with the contact sub-
strate for better cyclic stability. Therefore, it is a good electrode 
material candidate for flexible devices.

In this work, we successfully fabricated a high-performance 
MXene/PAN composite film-based flexible pressure sensor with 
a uniform Ti3C2Tx MXene electrode. This flexible device exhibits 
excellent pressure sensing performance and stability against 

mechanical bending. It also has a low detection limit of 1.5 Pa 
and a fast response time of 30  ms. This sensor offers a sensi-
tivity that is ≈2–20 times higher than that of a similar sensor 
with traditional Ni, Cu, Au, or Ag electrodes. Moreover, we suc-
cessfully detected the pulses, sound signals, and other human 
life activities using the fabricated MXene@PAN-based flexible 
pressure sensor, which confirmed its wide application prospects.

2. Results and Discussion

2.1. Material Synthesis and Device Fabrication

Figure 1a shows the overall fabrication process of the MXene-
based flexible pressure sensor. First, a PAN precursor was 
electrospun onto  aluminum  foil using a nozzle (Figure S1a, 
Supporting Information), and then thermally dried at 60 °C for 
4 h to connect the obtained PAN nanofibers, with an average 
diameter of 200  nm (Figure S1b, Supporting Information), 
to a 3D hierarchical planar network (Figure S1c, Supporting 
Information). Scanning electron microscope (SEM) images 

Figure 1.  Device fabrication. a) The fabrication process for the MXene/PAN-based flexible pressure sensor with MXene electrode and working mecha-
nism (inset). b) Optical image of the MXene/PAN thin film with MXene electrodes and their mechanical flexibility and strength. c) SEM image of the 
flexible pressure sensor with sandwich structure.
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show that the PAN nanofibers are long enough to ensure that 
the nanowires can be crosslinked together to form a large 
open space in a 3D network structure for high deformation 
performance. For the top and bottom electrodes of the flex-
ible pressure sensors, MXene thin films were successively 
deposited on the top and bottom surfaces of the electrospun 
PAN 3D porous networks using vacuum filtration. This pro-
cess allows the MXene nanosheets to penetrate the PAN 3D 
network, enhances the conductivity of PAN, and improves the 
binding force of MXene as an electrode and sensitive film, 
thus improving the stability of the device. Figure 1a illustrates 
the concept and structure of the pressure-sensitive electronic 
skin that consists of a flexible PET substrate, thin MXene 
(Ti3C2TX) film electrodes (Figure S2, Supporting Informa-
tion), and a composite film. The MXene/PAN 3D porous film 
is used as the pressure-sensitive layer. Figure  1b shows that 
the MXene/PAN conductive film with an MXene electrode 
prepared by vacuum filtration has good mechanical stability 
and strong flexibility. Figure  1c shows a cross-sectional SEM 
image of the flexible pressure sensor with a sandwich structure  
(PET/MXene/MXene/PAN/MXene/PET). These designs help to 
minimize bending-induced strains. The compression mecha-
nism is illustrated in Figure  1a. When pressure was applied, 
the interstice of the fiber network was compressed, making the 
MXene nanosheets come into closer contact with each other. 
Owing to the excellent conductivity of MXenes, the close contact 
of more MXene nanosheets increased the number of current 
pathways, which in turn significantly increased the contact area 
of the composite fiber network. When the pressure was removed,  

the 3D porous network quickly returned to its original fluffy 
state because of the excellent flexibility of the nanofibers.

2.2. Material Characterization

Figure  2a,b depicts the MXene nanosheets interspersed 
between the fibers, forming a unique 3D fiber network struc-
ture. The successful fabrication of the MXene/PAN composite 
nanofiber film was also confirmed by X-ray powder diffrac-
tion (XRD), energy-dispersive spectroscopy (EDS), and Fourier 
transform infrared spectroscopy (FTIR). The XRD pattern in 
Figure 2c shows that the peaks of the MXene/PAN composite 
film confirmed the existence of two substances. The character-
istic peak of Ti3C2Tx located at 2θ of 6.86° represents the dif-
fraction from the (002) surface of Ti3C2Tx. The prominent peak 
at 2θ of ≈17° represents the characteristic peak of PAN mate-
rials.[32] Elemental mapping analyses revealed that Ti, C, O, N, 
and F elements were distributed in the position of each layer 
of the device (Figure 2d). The FTIR spectra of the MXene/PAN 
film (Figure  2e) exhibited absorption peaks corresponding to 
stretching vibrations at 2923 cm−1 (C–H), 2241 cm−1 (CN), 
1728 cm−1 (CO), and 1450 cm−1 (C–H). These results were con-
sistent with those of the PAN spectra, proving the successful 
fabrication of the composite film.[33] The existence of MXene 
nanosheets in the composite film was further explored through 
Raman spectroscopy (Figure S3, Supporting Information).  
The adsorption peaks at ≈207 and 722 cm−1 were attributed 
to the Ti−C and C−C vibrations of the oxygen-terminated  

Figure 2.  Material characterization. a,b) SEM image of MXene/PAN composite film with 3D porous structure. c) XRD patterns of pristine MXene, 
PAN, and MXene/PAN samples. d) EDS mapping of the MXene/PAN composite film with MXene electrodes. e) FTIR spectra of the pristine PAN and 
MXene/PAN film. f) Typical compression stress–strain curves of pristine PAN film and MXene/PAN composite film. Inset show the SEM image of 
pristine PAN and MXene/PAN composite film. g) Five consecutive compression tests on the MXene/PAN composite nanofiber film.
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Ti3C2TX MXene, respectively. The peaks at 388 and 571 cm−1 can 
be assigned to the vibrations of O atoms (Eg and A1g, respec-
tively).[34] The above analysis results were consistent with the 
XRD results. The typical compression stress–strain curves of 
the pristine PAN film and MXene/PAN composite film are 
shown in Figure  2f. The compressive elastic modulus and 
stress at 20% strain of the MXene/PAN composite film were 
calculated as 0.87  MPa and 22.5  kPa, respectively. The elastic 
modulus and stress of the pristine PAN film (0.98  MPa and 
23.7  kPa, respectively) have no evident fluctuation, indicating 
that the introduction of MXene did not damage the 3D PAN 
porous structure (Figure 2f) and mechanical properties. Hyster-
esis in the mechanical and electrical performance is quantified 
as the maximum difference between the load and unload 
curves divided by the full-size output. The hysteresis rate of 
the MXene/PAN composite film at the maximum sensitivity 

of 22  kPa is 7.9% (Figure  2g), which is much lower than the 
hysteresis rate of the conductive foam. The hysteresis phenom-
enon is reduced under low strain, which proves the effective-
ness of the sensor in a low-pressure environment.

2.3. Pressure-Sensitive Properties

To examine the sensing performance of the MXene/PAN-
based flexible pressure sensor with MXene electrodes, other 
electrode-based MXene/PAN-based flexible pressure sensors 
were fabricated using the same technology. Figure 3a presents a 
comparison of the pressure-sensitive response of the proposed 
sensors with that of a device with identical structure but dif-
ferent electrodes at 4 kPa. MXene-based devices exhibit higher 
pressure sensitivity than devices based on other electrodes,  

Figure 3.  Sensing properties of MXene/PAN film-based flexible sensors. a) Pressure sensitive response of the flexible sensor with different electrodes 
at 4 kPa. b) Current change of MXene/PAN film-based sensor under applied pressure ranging from 0.2 to 7.7 kPa. c) Corresponding dynamic response/
recovery behaviors. d) Response and recovery time of the flexible sensor. e) Ultrahigh linear sensitivity of the sensor under pressure from 0.2 to 7.7 kPa 
(n = 3 measurements). f) Summary of pressure sensitive performance of MXene-based flexible pressure sensor. g) Durability performance of flexible 
sensor after 10 000 cycling tests at 0.2 kPa.
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such as those of Ni-tape, Cu-tape, Au-paste, and Ag-wire. 
Figure  3b presents the current−voltage (I−V) curves of the 
flexible film as functions of pressure. When the pressure 
increased from 0.2 to 7.7 kPa, the change in current increased. 
This finding indicated that the sensor can distinguish dif-
ferent pressures over a wide range. Dynamic pressure-sensitive 
response curves over the same pressure range (Figure 3c) also 
demonstrated good response/recovery behaviors. The response 
and recovery times of the flexible sensor were 30 and 20  ms, 
respectively (Figure  3d and Figure S4: Supporting Informa-
tion), which are less than those of the other MXene-based 
pressure sensors.[30,31] The sensitivity calculated by the ratio of 
the slope of the change-in-current to the change-in-pressure 
is represented as S  = δ(ΔI/I0)/δp, where ΔI  = I  − I0, I is the 
current under loading, I0 is the current without loading, and 
p is the pressure applied on the sensor. The sensitivity is an 
important parameter for evaluating the performance of a pres-
sure sensor. By fitting the curve in Figure  3e, sensitivity was 
104.0 kPa−1 on a pressure scale from 0.2 to 7.7 kPa. The sensi-
tivity of our sensor is higher than that of the pristine MXene 
film (Figure S5, Supporting Information) and the previously 
reported MXene-based sensor (Figure  3f) and Table S1 (Sup-
porting Information).[17,35–43] We further attempted to monitor 
the sensor in a lower pressure range. As shown in Figure S6a 
(Supporting Information), the flexible sensor creates accurate 

differentiation for different pressures within the pressure range 
of 0–61 Pa, and a good linear relationship is maintained for the 
I–V curves. Meanwhile, the detection limit of the MXene/PAN-
based flexible pressure sensor was as low as 1.5 Pa (Figure S6b,  
Supporting Information). For flexible pressure-sensitive 
devices, high mechanical durability under long-time or cyclic 
use also plays an important role in the reliable input-output 
relation. Repeated compression/release tests over 10 000 cycles 
were performed at a peak pressure of ≈0.2 kPa, and no signal 
drift or fluctuation was observed in the cyclic test (Figure 3g). A 
comparison of the previous cycle and the following five cycles 
(Figure 3g) shows that the value and shape of the peaks for the 
electrical signals were almost unchanged, which indicated that 
the sensor had excellent cyclic stability and long working life. 
To determine the stability of the sensor, the pressure-sensitive 
signal of the sensor has no obvious change after several days 
in the air, which proves that the sensor has good long-term sta-
bility (Figure S7, Supporting Information).

2.4. Mechanical Properties and Human Physiological Activities

The mechanical properties of flexible sensors should also be 
considered in medical devices.[44,45] Figure 4a shows the varia-
tion in the flexible sensor’s current at different bending angles. 

Figure 4.  Real-time detecting human physiological activities. a) Dynamic response curves of flexible pressure sensor under different bending angles.  
b) Bending responses over 240 cycles at a bending angle of ≈15°. c) Illustration of human physiological activities. d) Relative current change of MXene/
PAN flexible sensor under different sound stimuli, for instance “fiber”, “film”, and “sensor”. e) Responsive curves while finger was pressed on the 
pressure sensor. f) Sensing performance of the pressure sensor attached to the finger for continuous detection of finger bending training. g) Response 
to the monitoring of wrist pulse. h) The enlarged waveform of the blood pulse.
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The current change was positively correlated with the increase 
in the bending angle from 15° to 90°. Figure 4b suggests that 
the flexible pressure sensor maintains significant mechan-
ical robustness with no evident fatigue after 240 bending/
unbending cycles at a bending angle of ≈15°. The high relia-
bility under cyclic bending indicates that this pressure device is 
a promising tool for the detection of bending-related motions. 
To demonstrate the potential of the MXene@PAN-based flex-
ible pressure sensor as a wearable device, we used an assem-
bled sensor to monitor human physiological activities, such as 
voice recognition, touching, bending, and pulsation (Figure 4c).

As shown in Figure  4d, the MXene/PAN-based flexible 
pressure sensor was attached to the subject’s throat to detect 
the movement of tiny muscles during vocalization. The pres-
sure sensor produced distinct patterns in the vocalization of 
different words, such as “good morning” (Figure S8, Sup-
porting Information), “fiber”, “film”, and “sensor”, suggesting 
the potential application of the sensor in artificial intelligence 
and voice assistance. The pressure sensor also exhibited clear 
and steady signals, regardless of whether the finger moved 
quickly (Figure  4e) or slowly (Figure S9, Supporting Informa-
tion). Furthermore, we applied the MXene/PAN-based flexible 
pressure sensor to monitor the flexion/extension of the human 
finger, and the sensor displayed a higher sensitivity while the 
finger was bent (Figure  4f). Meanwhile, the device can mon-
itor articular nimbleness by continuous bending of the finger 
to different angles (Figure S10, Supporting Information). Pulse 
waves can provide significant data on heart conditions and 
heart-related diseases. Thus, we attached the pressure sensor 
to the wrist and neck of a 26-year-old female. The analysis of  
stationary signals, as presented in Figure  4g and Figure S11 
(Supporting Information), shows radial and carotid artery fre-
quencies of 72 pulses min−1, indicating that the person has good 
health. The characteristic peaks of the pulse (P-wave, T-wave, 
and D-wave corresponding to percussion wave, tidal wave, and 
diastolic pressure, respectively) were clearly captured and dis-
tinguished, which proved that the Ti3C2TX/PAN sensor can  
provide support for health monitoring and disease surveillance.

2.5. Applications and Displays of Flexible Sensors

In addition to the above features, the MXene/PAN-based flex-
ible sensor has good conformability to various arbitrary surfaces 
and can be transformed from a 2D to 3D structure. The MXene/
PAN film was attached to the fixed area of the six alternative 
layers of origami as response indicators (Figure 5a,b). Then, we 
applied layer-relevant resistance changes in parallel with a one-
sided origami hierarchical sensor array at 0.5 kPa (Figure S12, 
Supporting Information). The results showed that the pressure-
sensitive response did not change significantly, indicating that 
different unit devices have uniformity properties. We further 
evaluated the reproducibility of each device. The results showed 
that the pressure-sensitive characteristics of a single origami 
layered sensor array have robust reproducibility (Figure 5c and 
Video S1: Supporting Information). The in-plane 2D pressure 
sensor array was then transformed into an integrated folding 
device (Figure 5d) by folding it to form a one-sided hierarchical 
sensor array following the origami method and then pressing 

it for 20 min. This design is compact, thus making the device 
suitable for special applications, such as those in badminton 
courts without judges; such a design also improves the diver-
sity and portability of wearable electronic devices. The response 
of the layer-by-layer pressure is similar to that of the origami 
hierarchical sensor array because of the similarity of the lami-
nated structure. Thus, when the same pressure is applied, the 
pressure-sensitive response of the integrated folding device rap-
idly reaches the maximum value because of the simultaneous 
deformation of multiple array devices (Figure 5e and Video S2:  
Supporting Information). Furthermore, the sharp peaks in 
Figure 5f reflect the high-frequency tapping of the index finger, 
thus indicating that the sensor array is more sensitive than a 
single pressure sensor. In addition, bending and straightening 
cycles of the human wrist (Figure  5g) and elbow (Figure  5h) 
were performed. The sharp on/off peaks clearly display the fast 
response and high sensitivity of the integrated folding device, 
whereas the peak intensity of each separate curve remains rela-
tively stable during the same motion process.

A simple circuit diagram was designed to further verify the sat-
isfactory response of the Ti3C2TX/PAN sensor over a wide range, 
as shown in Figure 5i. Under an external power supply of 3 V, 
the pressure sensor and LED were connected in series to form 
a closed loop. The prepared sensor was equivalent to a rheostat. 
The resistance of the sensor changed when different pressures 
were received, and the voltage at both ends of the LED changed 
correspondingly. This condition was visually represented by the 
change in the brightness of the LED. The applied pressures 
were 4.90, 1.96, 0.98, 0.49, 0.19, and 0.10 kPa as the LED output 
changed from bright to dim (Figure  5j). This finding demon-
strated that the sensor resistance decreased with the increase in 
applied pressure; this feature can be applied to the load moni-
toring of bridges and roads. For instance, when the vehicle load 
exceeds a certain limit, the light alarm will be turned on.

3. Conclusion

In summary, we developed an MXene/PAN-based flexible pres-
sure sensor with MXene electrodes. The flexible pressure sensor 
not only significantly improves pressure-sensitive responses 
as compared with sensors based on other electrodes, but also 
exhibits good cyclic stability (over 10  000 cycles), fast response 
time, low detection limit, and high stability. The fabricated flex-
ible Ti3C2TX/PAN composite film can be used as a pressure 
sensor to accurately and rapidly monitor human physiological 
activities, making it suitable for applications such as voice rec-
ognition and pulse monitoring, owing to its fast response and 
high stability. The high performance of the MXene/PAN-based 
flexible pressure sensor, as demonstrated in this study, highlights 
its great potential for application in intelligent flexible systems, 
including soft robots, bionic robots, tactile feedback systems, and 
biomedical equipment. Furthermore, an origami-inspired folding 
device consumes less space, thus making it suitable for special 
applications: such a compact design improves diversity and port-
ability of wearable electronic devices. This study provides a new 
application prospect for MXenes and polymer fiber composite 
structures as sensing materials to improve the sensing perfor-
mance and mechanical property of wearable electronic devices.
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4. Experimental Section
Synthesis of Few-Layer MXenes (Ti3C2Tx): 1.5 g of Ti3AlC2 powder was 

slowly added to a 30 mL of an acidic solution, where the volume ratio 
of deionized (DI) water, hydrochloric acid (12 m), and hydrofluoric acid 
(49%) was 4.5: 4.5: 1. After stirring at room temperature for 24 h, it was 
taken out and washed repeatedly with deionized water until the pH 
value was neutral. The as-obtained multi-layer Ti3C2Tx was transferred 
to a LiCl solution, which was stirred for 4 h for intercalation. Afterward, 
the mixture was washed with deionized water via centrifugation (5 min 
per cycle at 6000  rpm), followed by ultrasound imaging for 2 h. The 
resulting few-layer Ti3C2Tx solution had a measured concentration of 
2 mg mL−1.

Preparation of PAN Fiber Membrane: PAN powder was dissolved in 
N,N-dimethylformamide (DMF) solvent and prepared as a precursor 
solution with a mass fraction of 8%. The solution was stirred at room 
temperature for 5 h. Electrospinning was performed at a flow rate of 
1 mL h−1 with applied voltage 19 kV. The aluminum foil on the stainless-
steel substrate serves as the receiving base of the electrospinning fiber 
film. Keep the collector at a distance of 12  cm from the syringe. The 
obtained product was dried in the oven for 1 h at 60 °C.

Preparation of MXene/PAN Film: Cut the dry PAN fiber membrane 
into a circle with a diameter of 4 cm as the base material. 5 mL prepared 
MXene solution was vacuum filtered through PAN film. When all the 
solution permeated through the membrane, vacuum was disconnected 
immediately. Then transfer Ti3C2TX/PAN film to vacuum drying oven 
for 6 h at room temperature. As a control, a pure MXene membrane 
obtained by filtration was prepared.

Characterization: The surface morphology of the prepared composite 
membrane were captured by scanning electron microscopy (SEM, 
Magellan 400). X-ray diffractometer (XRD, Rigak D/max 2550  V) and 
FTIR spectrometer (Nicolet IS10) were used for identifying material 
components. To collect changes in the electrical signal of the pressure 
sensor, CHI760E Electrochemical workstation (CH Instruments Inc., 
Shanghai, China) was required.

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

Figure 5.  Applications and displays of MXene/PAN-based flexible pressure sensors. a,b,d) Images describing the design of six-channel pressure sensor 
integrated on a folding paper. Real-time monitoring of the resistance change for c) a single device and e) integrated folding device during continuous 
loading and unloading processes. f) Repeatability performance of the integrated folding device under continuous loading-unloading cycles. Real-time 
recorded resistance changes of bending-releasing movements of the g) wrist and h) elbow. i) Circuit diagram of Ti3C2TX/PAN sensor and LED. j) The 
brightness response of LED varied with different applied pressure on the MXene/PAN flexible sensors.
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