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d sensitive temperature sensors
based on Ti3C2Tx (MXene) for electronic skin†

Zherui Cao,‡ab Yina Yang,‡ab Yinghui Zheng,c Wei Wu,d Fangfang Xu,a Ranran Wang*a

and Jing Sun a

Electronic skin (e-skin) has been attracting great research interest and effort due to its potential applications

in wearable health monitoring devices, smart prosthetics, humanoid robots and so on. Temperature is an

important parameter for e-skin to perceive surroundings and people. However, little research has been

carried out in the field of flexible temperature sensing and current temperature sensors still face many

challenges in practical applications, such as high sensing performance, facile preparation, and

differentiating from other stimuli. Herein, we develop a facile fabrication strategy for Ti3C2Tx based

temperature sensors. As the sensing units, Ti3C2Tx nanoparticles and lamellae can be obtained

simultaneously through controlling the fabrication conditions. These temperature sensors exhibit tunable

sensing performances and a desirable combination of a high sensitivity (up to 986 �C�1) and a wide

working range (140 �C). Due to their high sensitivity, these sensors can also be used as e-skin for

proximity detection and illumination detection from ultraviolet to infrared light. For application

demonstration, a 4 � 4 array of the sensors was fabricated for temperature mapping, indicating their

great potential for monitoring approaching objects and temperature variations.
Introduction

As one of the most important subelds of exible electronics,
electronic skin (e-skin) has been an active area of research for
decades.1–7 Skin is the largest organ of the body, in which there
are sorts of receptors that differentiate and measure multiple
environmental stimuli.8–11 E-skin containing sensors with
various functionalities can mimic the sensing properties of
human skin, which indicates its promising utilization in smart
medical diagnostics12,13 and humanoid robots.14,15 So far, most
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studies have focused on the development of pressure sensors
for e-skin. The properties of pressure sensors such as sensitivity
and response range have been signicantly improved, owing to
the progress of novel materials16–23 and structural engi-
neering.24–28 The developments in fabrication techniques can
satisfy most of the requirements for the mechanical sensing
properties of e-skin. By contrast, their ability to respond to other
environmental stimuli (e.g., temperature, humidity and gas) has
been ignored.29–34 As an important parameter, temperature
plays an irreplaceable role in the sensing of surroundings and
people. Further studies of temperature sensors can contribute
to the development of multifunctional and integrated sensing
systems, signicantly broadening the application scope of e-
skin.

The sensing performances of most temperature sensors are
based on changes in electrical characteristics of temperature-
sensitive materials. Traditional temperature sensors made of
bulky and rigid materials are inappropriate for e-skin because
of their poor mechanical compliance.35–38 Recently, some
temperature sensors were fabricated by incorporating novel
materials including organic semiconductors,39,40 carbon nano-
tubes (CNTs),41,42 and graphene43,44 into elastomer substrates to
extend their capabilities such as exibility and stretchability.
Nonetheless, existing exible temperature sensors still suffer
from many limitations, which impede their further develop-
ment. For example, relatively low sensitivity and accuracy
restrict rapid and precise temperature monitoring, which
cannot satisfy the demands for e-skin under all conditions.45–47
This journal is © The Royal Society of Chemistry 2019
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Additionally, current methods used for the fabrication of
temperature sensors require large-scale integration of high-
performance electronic components (e.g., eld-effect transis-
tors) on exible substrates.48–50 These and other related tech-
nologies involve special processing steps and complex
fabrication designs, which also inuence the comfort of devices
in practical applications. Moreover, most temperature sensors
need to come in contact with measuring objects to detect
temperatures.51–53 For temperature sensors with high sensitivity,
external forces may interfere with the detection of temperature.
It is still difficult to differentiate the temperature signal from
the response to other stimuli.

Herein, we fabricated a exible temperature sensor facilely
by incorporating novel Ti3C2Tx nanoparticle–lamella hybrid
networks into polydimethylsiloxane (PDMS) substrates. The
sensor exhibited a high sensitivity (up to 986 �C�1) and a wide
response range (140 �C) due to the specic hybrid conductive
network of Ti3C2Tx and a large coefficient of thermal expansion
of PDMS. Furthermore, the sensor possessed a fast response
time (6.3 s), a high accuracy (0.1 �C), and good reliability and
durability (>100 cycles), which could satisfy the requirements of
e-skin for temperature monitoring. To the best of our knowl-
edge, both the sensitivity and response range of our exible
Fig. 1 (a) The schematic illustration of the fabrication of the Ti3C2Tx/PD
obtained under three processing conditions. SEM images of the multilaye
(e). AFM images of TMA-Ti3C2Tx (f), HF6-d3-Ti3C2Tx (g), and HF18-d2-T

This journal is © The Royal Society of Chemistry 2019
temperature sensor surpass the performances of its previously
reported counterparts. To disclose the underlying mechanism,
the morphological evolution of Ti3C2Tx was characterized by
scanning electron microscopy (SEM) under in situ heating. In
addition to temperature monitoring in the contact mode, the
sensor was also applied for proximity detection where the
largest distance of detecting an approaching nger is 9 cm.
Moreover, the temperature sensor can detect illumination from
ultraviolet to infrared light, which extends the application scope
of the sensor for noncontact detection. Finally, a 4 � 4 array of
the temperature sensors was fabricated for full operational
demonstration of e-skin. The corresponding mapping of the
temperature distribution was obtained via the measurements of
the resistance variations by stimulating the pixels with various
heat sources, conrming their great potential in wearable skin
electronics for monitoring both approaching objects and
temperature variations during daily activities.
Results and discussion

Fig. 1a illustrates the schematic of the fabrication process of the
Ti3C2Tx/PDMS composite lm. Ti3C2Tx was produced mainly by
two steps, etching and delamination. Initially, Al layers in
MS film. (b) XRD patterns of the pristine Ti3AlC2 and multilayer Ti3C2Tx
r Ti3C2Tx treated with TMAOH for 24 h (c), HF for 6 h (d), and HF for 18 h
i3C2Tx (h).

J. Mater. Chem. A, 2019, 7, 25314–25323 | 25315
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Ti3AlC2 phases were selectively etched with TMAOH or HF
aqueous solution with different concentrations for different
time duration. Subsequently, mono- or few-layer Ti3C2Tx akes
were obtained through delamination (handshaking or sonica-
tion). The Ti3C2Tx lm was prepared by vacuum ltering the
Ti3C2Tx suspension using a mixed cellulose ester (MCE)
membrane. Then the Ti3C2Tx/MCE lter membrane was trans-
ferred to the pre-polymerized PDMS substrates and they were
fully post-polymerized. Finally, the Ti3C2Tx/PDMS composite
lm was prepared aer dissolving the lter membrane in
acetone.

The ake size and quality of Ti3C2Tx can be controlled by
adjusting the etching and delamination conditions including
etchants, etching duration, delamination methods and dura-
tion. The nal Ti3C2Tx samples are referred to as “TMA-Ti3C2Tx”

and “HFy-dz-Ti3C2Tx” corresponding to the process conditions,
in which TMA and HF represent the treatment with TMAOH or
HF, where y stands for the hours of etching and z stands for the
hours of sonication. The structure of the pristine Ti3AlC2 and
multilayer Ti3C2Tx obtained under three conditions was char-
acterized by X-ray diffraction (XRD; Fig. 1b). The diffraction
peak of the (104) planes of Ti3AlC2 was absent in the XRD
patterns of multilayer Ti3C2Tx, suggesting the successful
removal of the Al layers by etching. In addition, the diffraction
peak of the (002) plane was observed to shi toward lower
angles, indicating a broader interspace of the former. The
variety among the peaks was attributed to the different etching
intensity of TMAOH and HF. Aer etching with TMAOH or HF,
the akes showed a thick paper morphology (Fig. 1c) and an
accordion-like structure (Fig. 1d and e), respectively. Fig. 1f–h
and S1a–c† show the atomic force microscopy (AFM) and
transmission electron microscopy (TEM) images of the struc-
ture of the Ti3C2Tx akes obtained aer delamination, respec-
tively. The multilayer Ti3C2Tx was exfoliated into monolayer
nanosheets with different lateral dimensions. Because the
interlayer spacing of the Ti3C2Tx etched with TMAOH was larger
than that of the Ti3C2Tx etched with HF, thinner lamellae were
prepared through delamination.

To further explore the effect of different processing condi-
tions on the morphologies of Ti3C2Tx akes, the 3Dmorphology
size statistics of the three kinds of Ti3C2Tx were investigated by
AFM as shown in Fig. S2a–i.† The TMA-Ti3C2Tx sample was
mainly composed of thin and large monolayers, which exhibi-
ted a thickness of 15–20 nm and a lateral size of about 2 mm
(Fig. S2a–c†), while Ti3C2Tx etched with HF was considered as
a mixture of random nanoparticles and 2D stacked lamellae
with diverse thicknesses. The HF18-d2-Ti3C2Tx sample was
composed of lamellae with a lateral size of about 500 nm and
some nanoparticles with a similar thickness and lateral sizes of
100 to 120 nm (Fig. S2g–i†). As for HF6-d3-Ti3C2Tx, the lateral
size of the lamellae and the thickness of the random nano-
particles were 900 and 320–380 nm, respectively, which were
much larger than those of HF18-d2-Ti3C2Tx due to the shorter
etching time duration (Fig. S2d–f†).

The Ti3C2Tx lm was prepared by vacuum ltering the
Ti3C2Tx suspension using a MCE membrane. Fig. 2a–f show the
top view and cross-sectional SEM images of Ti3C2Tx/MCE
25316 | J. Mater. Chem. A, 2019, 7, 25314–25323
membranes obtained under different processing conditions. As
shown in Fig. 2a, the TMA-Ti3C2Tx sample was a paper-like
dense and uniform membrane with more at surfaces than
those of HF6-d3-Ti3C2Tx (Fig. 2b) and HF18-d2-Ti3C2Tx (Fig. 2c).
By contrast, the lms of HF6-d3-Ti3C2Tx and HF18-d2-Ti3C2Tx

displayed a multi-dimensional hybrid network consisting of
random nanoparticles and lamellae. The nanoparticles stacked
randomly to form a loose and porous microstructure and
lamellae served as bridges to realize connections in the
conductive network. The cross-sectional SEM images of the
TMA-Ti3C2Tx, HF6-d3-Ti3C2Tx, and HF18-d2-Ti3C2Tx lms on
theMCEmembrane are shown in Fig. 2d–f. The thickness of the
lms obtained using TMAOH and HF was about 400 and 900
nm, respectively. The HF-Ti3C2Tx lm was more loose and
rougher than the TMA-Ti3C2Tx lm because of its nanoparticles
with diverse sizes and irregular shapes. Therefore, the resis-
tance of the HF-Ti3C2Tx lm was larger than that of the TMA-
Ti3C2Tx lm. The Ti3C2Tx lms also presented diverse
morphologies aer being transferred to PDMS (Fig. 2g–i). From
the top-view SEM images of Fig. 2g, some cracks on the surface
of the TMA-Ti3C2Tx lm were observed because PDMS swelled
when immersed in acetone, which led to the expansion of the
Ti3C2Tx network. Due to the considerable mismatch of the
moduli between the conductive layer and the elastic substrate,
the displacements of the compact lamellae developed into
cracks in the stress concentration area, which could not recover
completely. In contrast, the HF6-d3-Ti3C2Tx lm with random
nanoparticles deformed with the substrate to release the stress,
which only caused ne cracks. Because of the shrinkage of the
substrate aer drying, the lm developed buckles due to the
lateral pressure. The surface of HF18-d2-Ti3C2Tx exhibited
crumples without obvious cracks, which can be attributed to
better stretchability of the lm.

We chose PDMS as the exible substrate because of its large
coefficient of thermal expansion. When the temperature of the
sensors increased, the expansion of PDMS led to the stretching
of the conductive network, which resulted in the resistance
variation. The current–voltage (I–V) curves of the HF6-d3-
Ti3C2Tx-Ti3C2Tx based sensors with a pre-polymerization time
of 10 min as a function of temperature show that the current
decreased when the temperature was varied from 25 to 65 �C
(Fig. 3a). The sensors exhibited an ohmic behavior irrespective
of temperature and the resistance monotonically increased with
the temperature. The pre-polymerization duration is another
important factor that inuences the sensing properties. Fig. 3b
exhibits the resistance variation versus temperature of the TMA-
Ti3C2Tx based sensors with different pre-polymerization times
from 5 min to 15 min. R/R0 increased faster for the sensors with
a longer pre-polymerization time while the sensing range of the
sensors extended as the pre-polymerization time decreased. It
can be explained by the fact that a shorter pre-polymerization
time leads to a deeper embedment of Ti3C2Tx into PDMS, which
enhanced the binding force between the conductive network
and the substrate. The response of the sensors to continuous
temperature variations was investigated by measuring the
resistance changes over the temperature range from 25 to 140
�C (Fig. 3c). The base-10 logarithm of the resistance change
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a–c) Top-view SEM images of the TMA-Ti3C2Tx (a), HF6-d3-Ti3C2Tx (b), and HF18-d2-Ti3C2Tx (c) films on the MCE membrane. (d–f)
Cross-sectional SEM images of the TMA-Ti3C2Tx (d), HF6-d3-Ti3C2Tx (e), and HF18-d2-Ti3C2Tx (f) films on the MCE membrane. (g–i) Top view
SEM images of the TMA-Ti3C2Tx (g), HF6-d3-Ti3C2Tx (h), and HF18-d2-Ti3C2Tx (i) films on the PDMS substrates.
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exhibited almost linear dependence on the temperature and the
plot showed that the three kinds of Ti3C2Tx based sensors with
the pre-polymerization time of 10 min exhibited different
temperature responses. For the TMA-Ti3C2Tx based sensors, the
resistance dramatically increased over the temperature range
from 25 to 60 �C, representing about a 104 fold variation. In
contrast, the HF18-d2-Ti3C2Tx based sensors showed about an
800 fold variation over the large temperature range from 25 to
140 �C. The performance of the HF6-d3-Ti3C2Tx based sensors
was intermediate between those of the above two samples,
which exhibited both a large resistance variation and a wide
working range. This excellent performance can satisfy the
demands of temperature sensors on most occasions. The slope
of the curve is related to the sensitivity, which is a key charac-
teristic parameter of the temperature sensor and is dened as (R
� R0/R0)/DT, where DT is the temperature change. The sensi-
tivities of the TMA-Ti3C2Tx, HF6-d3-Ti3C2Tx and HF18-d2-
Ti3C2Tx based sensors were quantied as 1.71 to 987, 0.03 to 503
and 0.07 to 17, respectively. As shown in Fig. 3d and Table S1,†
the sensitivity and sensing ranges were much larger than those
of the previously reported temperature sensors.41,43,45–47,54–59 To
balance the sensitivity and the working range, we chose the
This journal is © The Royal Society of Chemistry 2019
HF6-d3-Ti3C2Tx based sensors with the pre-polymerization time
of 10 min for the measurement and demonstration of other
sensing properties. To measure the response time of the
sensors, we raised the temperature of the sensors andmeasured
the resistance and temperature changes, respectively. The time
difference was as short as 6.3 s as shown in Fig. S3.† The
accuracy of the sensors was determined to be 0.1 �C (Fig. 3e).
The high accuracy was appropriate for the rapid and precise
temperature monitoring under various conditions. Further-
more, the durability-test results of 100 heating cycles (25 to 50
�C) are plotted in Fig. 3f. The overall trend of the resistance
variations remained the same, especially for the curves over-
lapped in the range from 25 to 40 �C while they did not coincide
perfectly from 45 to 50 �C. The resistance variation of the
sensors at 50 �C aer 100 cycles rose about 50% compared with
that in the rst test due to the incomplete recovery of the
microstructure of the Ti3C2Tx lm aer the expansion–
shrinkage process. Some fractures or even exfoliation could
occur in the conductive network. To reduce the signal change
during long-term cycling, the sensors could be encapsulated
with PDMS to reinforce the adhesion between the sensitive
material and substrate, which enhanced their stability. Even so,
J. Mater. Chem. A, 2019, 7, 25314–25323 | 25317
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Fig. 3 (a) Current–voltage curves of the Ti3C2Tx based sensors at different temperatures. (b) Resistance variations versus temperatures of the
Ti3C2Tx based sensors with different pre-polymerization times from 5 min to 15 min. (c) Resistance variations versus temperatures of the three
kinds of Ti3C2Tx based sensors. (d) Summary of the reported values of the maximum sensitivity and the maximum sensing temperature from the
literature and results from this work. (e) Resistance variations of the Ti3C2Tx based sensors under subtle temperature changes. (f) Resistance
variations of the Ti3C2Tx based sensors during cycling tests: 1st (black), 5th (red), 10th (blue), 20th (green), 50th (purple), and 100th (orange) cycles
at temperatures from 25 to 50 �C.
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the cycling performance was remarkable among the reported
temperature sensors fabricated with the novel sensitive mate-
rials. Fig. S4† shows the resistance variation of the sensors in
the temperature range from 26 to 43 �C during the rst cycle.
The resistance variation increased linearly with the increase of
temperature (R/R0 ¼ 0.13306T � 2.46724, the degree of tting is
0.9971). The high linearity and repeatability conrmed the
reliability for practical applications such as daily wearable
temperature sensors.

To disclose the underlying response mechanism of the
Ti3C2Tx-PDMS temperature sensors, we employed SEM to
observe the morphological evolution of the Ti3C2Tx network
upon varying the temperature from 25 to 150 �C. Fig. 4 exhibits
the top-view SEM images of the TMA-Ti3C2Tx, HF6-d3-Ti3C2Tx,
and HF18-d2-Ti3C2Tx based sensors with the pre-polymeriza-
tion time of 10 min under in situ heating. The TMA-Ti3C2Tx

lm was mainly composed of tightly stacked large-size
25318 | J. Mater. Chem. A, 2019, 7, 25314–25323
lamellae with tiny cracks formed during the fabrication
process before being heated. As shown in Fig. 4a–d, the TMA-
Ti3C2Tx lm was subjected to an omnidirectional tensile stress
with the uniform expansion of PDMS when the temperature
was raised from 25 to 150 �C. To further demonstrate the effect
of the omnidirectional expansion on the sensing performance
of the temperature sensors, we compared the resistance vari-
ations under unidirectional stretching with those under
heating. Fig. S5† presents the length variation versus temper-
ature of a PDMS block (25 � 5 � 5 mm). The length of PDMS
increased 3.79% with the increase of temperature from 25 to
100 �C. The resistance variations of the three kinds of
temperature sensors with the pre-polymerization time of 10
min under unidirectional stretching are plotted in Fig. S6.†
The resistance variation at a tensile strain of 4% was much less
than that at the corresponding temperature (Fig. 3b), revealing
the larger change of the conductive network under uniform
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Top view SEM images of the surface morphologies of the TMA-Ti3C2Tx (a–h), HF6-d3-Ti3C2Tx (i–l) and HF18-d2-Ti3C2Tx (m–p) based
sensors at different temperatures of 25, 50, 100, and 150 �C.
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expansion of heating. The microstructure change of the local
cracks on the lm is characterized in Fig. 4e–h, S7 and Movie
S1.† The cracks became much wider and longer at higher
temperatures to release the tensile stress, which led to note-
worthy destruction of conducting paths and rapid increases of
the resistance. Therefore, TMA-Ti3C2Tx based sensors
demonstrated higher sensitivity. In contrast, the resistance of
the HF6-d3-Ti3C2Tx and HF18-d2-Ti3C2Tx based sensors
changed less because no cracks or fractures occurred during
the heating process. Fig. 4i–l and m–p exhibit the top-view
SEM images of the HF6-d3-Ti3C2Tx and HF18-d2-Ti3C2Tx based
sensors under in situ heating, respectively. When PDMS
expanded at higher temperatures, the nanoparticles slid to
reduce the tensile stress so that the lm extended without
fractures. Although the sliding of nanoparticles induced
resistance variations, the conductive path remained connec-
tive between the adjacent lamellae to keep the hybrid network
stable and reduce the resistance changes. No obvious micro-
structure variations were observed at a high temperature of
150 �C, which explained the wide sensing ranges of the HF6-
d3-Ti3C2Tx and HF18-d2-Ti3C2Tx based sensors.
This journal is © The Royal Society of Chemistry 2019
These exible sensors can be applied to multi-functional
applications because of their high sensing performances. In
addition to the monitoring of environmental temperatures,
these sensors can also be used as e-skin for proximity detection.
Because of their high sensitivity in response to radiation heat,
the sensors can detect approaching objects without physically
touching. The HF6-d3-Ti3C2Tx based sensors with the pre-
polymerization time of 10 min were chosen as the testing
sample for the demonstration of the proximity detection. The
results in Fig. 5a show that the resistance of the sensor
increased when the nger was approaching the surface of the
sensor. The relative resistance variation increased with the
decrease of the distance between the nger and the sensor,
which reached 1.91% at a distance of about 0.2 cm. The
maximum distance that the sensor can detect is 9 cm with
a relative resistance variation of 0.01%, indicating its wide
application scope as highly sensitive e-skin. Repeatability is
a desirable property for practical applications of e-skin as
shown in Fig. 5b, suggesting that a noncontact sensor has great
reproducibility with stable signal outputs. During this process,
the radiant heat of the human skin made the temperature of the
sample increase when the distance between the nger and
J. Mater. Chem. A, 2019, 7, 25314–25323 | 25319
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Fig. 5 (a) Resistance variation of the temperature sensor at different
distances between the finger and the Ti3C2Tx film; the inset shows the
image of a finger approaching the sensor. (b) The repeatability of the
proximity temperature sensor for 0.3 cm with three circles. (c) Resis-
tance variation of the temperature sensor with the approach of vials
containing ice, warm and hot water; the inset shows the image of a vial
approaching the sensor. (d) Resistance variation of the temperature
sensor using infrared lasers with different powers.
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sample was about 0.3 cm. When removing the nger, the
resistance decreased with the decrease of the temperature. To
further demonstrate the possibility of monitoring the surface
temperature of objects, we used vials containing ice, warm and
hot water to approach the sensor. The output curve changed
corresponding to the different temperatures of the vials
(Fig. 5c). Except from the temperature of people and
surroundings, the HF6-d3-Ti3C2Tx based sensor can also detect
the irradiation of infrared laser. Fig. 5d shows the resistance
change of the temperature sensor using infrared lasers with
different powers. The strain and resistance of the sensor
increased at higher temperature. Aer reaching the saturation
Fig. 6 The photographs and corresponding mapping of the tempera
approaching the pixels with a finger (a), two fingers (b), a vial containing

25320 | J. Mater. Chem. A, 2019, 7, 25314–25323
temperature, the strain and resistance reached their maximum
value. Because of the elasticity of the PDMS substrate, the
thermal expansion tended to decrease, which caused the
decrease of the curves of the resistance variation aer reaching
the peaks. The relative resistance variation of the sensor using
a laser of 20 mJ increased faster than that using a laser of 10 mJ.
This specic performance suggests its possible utilization in
a laser counter reconnaissance system.

How to eliminate the interference of other mechanical
stimulus is a common challenge for most exible sensors,
including temperature and force sensors. For our temperature
and proximity sensors, the non-contact sensing mode can
ensure the reliability of the signals. Compared with the detec-
tion distance of 2 mm for the dual-parameter sensors,60 our
sensors presented a larger detection distance of 9 cm which
could realize more practical applications. Furthermore, the
pressure sensing performance of the sensors was investigated
as shown in Fig. S8.† Compared with the high sensitivity for
temperature sensing, the resistance increased slowly with
respect to the pressure. The resistance change of the HF18-d2-
Ti3C2Tx sample was not obvious in a wide pressure range.
Therefore, we can reduce the interference through device
design and algorithm analysis in the contact sensing mode.

For full operational demonstration of e-skin, a 4 � 4 array of
the temperature sensors was fabricated by transferring 16
pieces of Ti3C2Tx lms to the PDMS substrate. Ag electrodes
were thermally evaporated through a shadow mask under
vacuum for electric connections. As the conductivity of Ag is
much higher than that of Ti3C2Tx, the inuence of the resis-
tance variations of electrodes on the sensing performance can
be ignored during the tests. To model the temperature mapping
on the sensor array, ngers, a vial containing warm water and
an ultraviolet lamp were placed close to the top of the temper-
ature sensor array as heat sources. The output resistance vari-
ation of each sensing pixel was recorded and plotted, displaying
ture distribution via the measurement of the resistance variation by
warm water (c), and an ultraviolet lamp (d).

This journal is © The Royal Society of Chemistry 2019
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spatial distributions of temperature through color contrast
mapping as shown in Fig. 6a–d. The spatial distribution ob-
tained was in accordance with the shapes of the heat sources,
conrming the effective temperature mapping capability of our
e-skin device. This precise temperature sensing performance of
the sensor array demonstrates its potential to be applied in
human–machine interfaces, prosthetics, and wearable skin
electronics for monitoring of approaching objects and temper-
ature variations during daily activities.
Conclusions

In summary, we proposed a facile fabrication strategy for highly
exible and sensitive temperature sensors based on Ti3C2Tx. As
the sensing units, Ti3C2Tx nanoparticles and Ti3C2Tx lamellae
were obtained simultaneously through controlling the process
conditions. The temperature sensors based on Ti3C2Tx with
diverse morphologies and structures exhibited highly tunable
sensing performances and a desirable combination of high
sensitivity, wide working ranges, fast response time, high
accuracies, and good cycling durability. In addition to the
monitoring of environmental temperatures, the sensors can
also be used as e-skin for proximity temperature detection. The
utilization of the e-skin for temperature monitoring was
demonstrated by a 4 � 4 sensing array, thus making our e-skin
sensor a highly promising candidate for future applications
such as human–machine interactions, smart prosthetics, and
humanoid robots.
Experimental
Synthesis of the TMA-Ti3C2Tx suspension

Ti3C2Tx was prepared by chemical liquid etching. The Al layers
in the precursor material Ti3AlC2 (200 meshes, from Forsman
Co., China) were selectively etched with hydrouoric acid (HF,
40 wt%, from China National Medicines Corporation Ltd.) or
tetramethylammonium hydroxide (TMAOH, from Sigma).
During the alkali etching process, Ti3AlC2 (1 g) powder was
treated with 10 ml 20% HF under stirring (30 min) to remove
the surface oxidant of Ti3AlC2. The resulting mixture was
washed with distilled water and centrifuged until the pH was
above 6. Then 12 ml 25% TAMOH was reacted with HF-treated
Ti3AlC2 (1 g) for 24 h. The suspension was washed and collected
by centrifugation to obtain TMA-intercalated Ti3C2Tx. The
sediment was dispersed in 300 ml distilled water, delaminated
by handshaking for 10 min, and centrifuged at 3500 rpm for 1 h
to obtain the completely delaminated and large-scale Ti3C2Tx

(TMA-Ti3C2Tx).
Synthesis of the HF-Ti3C2Tx suspension

During the acid etching process, the Ti3AlC2 powder was slowly
immersed into 40% HF at a ratio of 1 g : 10 ml under contin-
uous stirring for 6 h or 18 h at room temperature. The resulting
mixture was washed with distilled water and centrifuged until
the pH was above 6. The precipitates were then collected by
vacuum ltration and dried using a vacuum freeze dryer, to
This journal is © The Royal Society of Chemistry 2019
obtain multilayer Ti3C2Tx powder. Aerwards, 1 g of multilayer
Ti3C2Tx was added to 12 ml dimethylsulfoxide (DMSO, from
China National Medicines Corporation Ltd.), and the mixture
was stirred for 18 h. Subsequently, the DMSO was removed by
centrifugal washing. Finally, the as-resulted sediment was
added to 300 ml distilled water, which was followed by 3 or 2 h
sonication and 1 h centrifugation at 3500 rpm. The supernatant
containing delaminated Ti3C2Tx (HF-Ti3C2Tx) was achieved in
the nal step.

Fabrication of the Ti3C2Tx based temperature sensor

A certain amount of the as-prepared TMA-Ti3C2Tx and the HF-
Ti3C2Tx suspension was vacuum ltered to form conductive
lms on mixed cellulose ester (MCE) membranes (diameter of
47 mm, pore size of 220 nm, from Merck Millipore Ltd.).
Initially, the concentration of as-prepared TMA-Ti3C2Tx and HF-
Ti3C2Tx was calibrated using the UV-visible spectrum to keep
the same dosage of the Ti3C2Tx suspension for each piece of the
conductive lm. The resulting lm was dried under vacuum at
25 �C for 12 h. Polydimethylsiloxane (PDMS, a 10 : 1 mixture of
the pre-polymer and curing agent, Sylgard-184, Dow Corning)
was pre-polymerized by keeping at 80 �C for 5–15 min. Aer-
wards, the Ti3C2Tx/MCE membrane was attached onto the
surface of PDMS with the Ti3C2Tx side facing PDMS. The PDMS
with the membrane was completely cured aer a post-poly-
merization process (80 �C for 2 h). Subsequently, the Ti3C2Tx/
PDMS composite lm was prepared aer dissolving the lter
membrane in acetone. Finally, silver electrodes were coated on
both ends of the Ti3C2Tx lm to complete the fabrication of the
Ti3C2Tx based temperature sensor.

Characterization and measurements

The phase composition and crystalline structure of samples
were analyzed using a high-resolution multi-function X-ray
diffractometer (D8 Discover Davinci, German). The concentra-
tion of the Ti3C2Tx suspension was calibrated using an ultravi-
olet-visible spectrophotometer (PerkinElmer Lambda 950, USA).
The size distribution of the Ti3C2Tx suspension was obtained
using an atomic force microscope (NTEGRA, NT-MDT, Russia).
The morphologies at room temperature were characterized
using a eld emission scanning electron microscope (SU8220,
Hitachi, Japan) and the in situ heating characterization was
accomplished using an environmental scanning electron
microscope (Quattro, Thermo Scientic). For testing the
sensing performance, the temperature sensor was heated using
a thermostatic hot plate and a digital thermometer was applied
to measure the real-time temperature of the sample.

For testing the temperature-sensing properties, the sample
was placed on a thermostatic heating stage and the probes of
a digital thermocouple were brought into contact with the
surface of a pure PDMS substrate to accurately detect the real-
time temperature variation of the sample. The current signal
was acquired using an electrochemical workstation (PARSTAT
2273, Princeton Applied Research). Then we increased the
temperature of the stage with a heating rate of 1 �C s�1 and
recorded the resistance and temperature change of the sample
J. Mater. Chem. A, 2019, 7, 25314–25323 | 25321
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to evaluate the sensing performance of the temperature sensor
(Fig. S9†). The temperature measurements were also performed
with an infrared imaging device (Fig. S10†). Because the
infrared imaging is easily affected by the operating environ-
ment, the resistance variation is a little different from that
measured using the thermocouple. To make the test results
more precise, the temperature sensing performance is subject
to the measurements of thermocouples.

Informed consent was obtained for the experiments
involving human participants as shown in Fig. 5 and 6.
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