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 Healable, Transparent, Room-Temperature Electronic 
Sensors Based on Carbon Nanotube Network-Coated 
Polyelectrolyte Multilayers 

   Shouli    Bai     ,        Chaozheng    Sun     ,        Hong    Yan     ,        Xiaoming    Sun     ,   *        Han    Zhang     ,        Liang    Luo     ,    
    Xiaodong    Lei     ,        Pengbo    Wan     ,   *       and        Xiaodong    Chen   

  1.     Introduction 

 Transparent and conductive fi lm (TCFs) based electronics, 

featured with robust portability, high transparency, and reli-

able fl exibility, are drawing substantial research attention 

due to their potential applications in various wearable and 

integrated electronic devices. Recently, various transparent 

electronic devices are well developed from TCFs, such as 

transparent displays, touch screens, ultrasensitive sensors, 

supercapacitors, and generators. [ 1–8 ]  However, the break-

down of transparent electronics due to mechanical fracture 

under bending, deformation over time, or accidental cutting 

in practical applications seriously limits their reliability and 

lifetime, resulting in abundant electronic waste, increased raw 

material consumption, and maintenance costs. [ 9–11 ]  Therefore, 

transparent electronics integrated with healability are desir-

ably developed to avoid these problems. 

 Transparent and conductive fi lm based electronics have attracted substantial 
research interest in various wearable and integrated display devices in recent 
years. The breakdown of transparent electronics prompts the development of 
transparent electronics integrated with healability. A healable transparent chemical 
gas sensor device is assembled from layer-by-layer-assembled transparent healable 
polyelectrolyte multilayer fi lms by developing effective methods to cast transparent 
carbon nanotube (CNT) networks on healable substrates. The healable CNT 
network-containing fi lm with transparency and superior network structures on self-
healing substrate is obtained by the lateral movement of the underlying self-healing 
layer to bring the separated areas of the CNT layer back into contact. The as-prepared 
healable transparent fi lm is assembled into healable transparent chemical gas sensor 
device for fl exible, healable gas sensing at room temperature, due to the 1D confi ned 
network structure, relatively high carrier mobility, and large surface-to-volume 
ratio. The healable transparent chemical gas sensor demonstrates excellent sensing 
performance, robust healability, reliable fl exibility, and good transparency, providing 
promising opportunities for developing fl exible, healable transparent optoelectronic 
devices with the reduced raw material consumption, decreased maintenance costs, 
improved lifetime, and robust functional reliability. 
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 Self-healing materials, indispensable components for 

enormous self-healable electronic devices, have recently 

attracted considerable research efforts because of potential 

applications in self-healing electronic skins, supercapacitors, 

and conductors with enhanced lifetime and durability. [ 12–14 ]  

Various reliable self-healing electronic devices have been 

well developed by using diverse extrinsic self-healing mate-

rials through the release of healing agents contained in the 

materials, [ 15,16 ]  and intrinsic self-healing materials through 

the inherent reversibility of dynamic covalent bonds and 

noncovalent bonds between the damaged interfaces. [ 17–29 ]  

However, except the healable transparent conductor fab-

ricated by casting silver nanowires on self-healing polymer 

substrates, most of the self-healing electronics are not 

transparent. Thus, it promotes the development of effective 

methods for fabricating healable, transparent, and conduc-

tive fi lm based electronics combined with high transparency 

in both functional materials and self-healing materials. Mean-

while, healable transparent chemical gas sensor device, with 

potential for being integrated into healable transparent opto-

electronic devices, such as transparent displays, touch screens, 

smart windows, and portable watches, and for timely sensing 

chemical vapor analytes in room-temperature operation, has 

rarely been demonstrated. In contrast, traditional gas sensing 

devices without reliable healability, transparency, room-tem-

perature operation, and relative wearability are mostly made 

from sensing-material-deposited ceramics tubes or inter-

fi nger probes, and cannot reach the growing demand for heal-

able transparent sensors. [ 30 ]  Thus, a repeatably healable and 

visually transparent gas sensor device with excellent sensing 

performance is still urgently desirable with potential for 

being integrated into transparent or invisible optoelectronic 

devices to meet the requirements of growing development 

of wearable electronic devices. When preparing healable 

transparent chemical gas sensor device, besides choosing 

the healable substrates or fi lms with high transparency, the 

sensing material layers deposited on the healable substrates 

should also be transparent. However, the detection limit rises 

for thicker fi lms as the inner sensing materials are prevented 

from interacting with targeted analytes, which promotes the 

development of thin, especially transparent, but well sensing 

networks. [ 31–33 ]  Thus, the combination of healability, transpar-

ency, and ultrahigh sensing performance for healable trans-

parent chemical gas sensor device remains to be addressed. 

 Among the various self-healing materials, layer-by-layer 

(LbL)-assembled polyelectrolyte multilayer (PEM) fi lms 

exhibit comparable healability and optical transmittance to 

repair damage from the high fl owability and the interdif-

fusion of PEM fi lms by bringing the damaged surfaces into 

intimate and intermixed contact through 

the electrostatic interaction of freely 

charged groups in the fractured surfaces 

in the presence of water. [ 34,35 ]  Healing of 

electronic devices with deionized water is 

practicable due to the extensive usage in 

the electronics industry for cleaning elec-

tronic circuits during/after their manufac-

ture. [ 18 ]  Thus, healable transparent PEM 

fi lms could be potentially employed to 

work as the substrates for fabricating healable transparent 

chemical gas sensor device. Recently, 1D nanomaterial net-

work based fi lms present excellent optical transparency, 

effi cient charge transport and collection, chemical stability, 

high surface-to-volume ratio, and small dimensions. They 

facilitate the enhanced sensing performance in fast response 

and recovery by rapid adsorption/desorption kinetics of ana-

lytes on the materials and in high sensitivity by enhanced 

interaction between sensing materials and analytes, respec-

tively. Among them, carbon nanotube (CNT) fi lms have 

been widely exploited to act as chemical gas sensors at room 

temperature because of the sensitivity of electrical proper-

ties to charge transfer and chemical doping from adsorbing 

electron-donating (e.g., ammonia, NH 3 ) and electron-with-

drawing gas molecules (e.g., nitrogen dioxide). [ 36–40 ]  However, 

CNT fi lm sensors is lack of enough transparency and effi cient 

interaction between inner tubes in thicker fi lms and targeted 

molecules as they cannot penetrate into the network. By 

effectively decreasing the fi lm thickness and increasing the 

optical transparency to achieve a balance, CNT network fi lms 

could be potentially developed to detect analytes, demon-

strating superior sensing performance and high transparency. 

Therefore, the healable and transparent fi lms could be poten-

tially obtained by the integration of healability of PEM fi lms 

and 1D nanomaterial network of CNT fi lms by developing 

effi cient methods to deposit CNT network onto healable 

PEM fi lms. They could be employed for the high-perfor-

mance wearable healable transparent chemical gas sensing at 

room temperature, demonstrating relatively visual transpar-

ency, reliable healability, and low production cost. 

 Herein, we report the fabrication of a healable transparent 

chemical gas sensor device assembled from LbL-assembled 

transparent healable PEM fi lms by developing effective 

methods to cast transparent CNT networks on self-healing 

substrates. By employing the advantage of superior CNT net-

work structures on self-healing substrates, the healable CNT 

network-containing fi lm with transparency could be obtained 

via the lateral movement of the underlying self-healing layer 

to bring the separated areas of the CNT layer back into 

contact. The as-prepared healable transparent fi lm could 

be assembled into healable transparent chemical gas sensor 

device for the high-performance healable gas sensing at room 

temperature, owing to the 1D confi ned network structure, 

relatively high carrier mobility, and large surface-to-volume 

ratio ( Scheme    1   and  Scheme    2  ). The healable transparent 

chemical gas sensor demonstrates excellent sensing perfor-

mance, robust healability, reliable fl exibility, and good trans-

parency, providing promising opportunities for developing 

fl exible healable transparent optoelectronic devices with the 
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 Scheme 1.    Schematic illustration of the fabrication of CNT network-coated LbL-assembled 
transparent healable PEM fi lms by effectively casting transparent CNT networks on self-
healing substrates.
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reduced raw material consumption, decreased maintenance 

costs, improved lifetime, and robust functional reliability. 

     2.     Results and Discussion 

 PEM fi lms with excellent transparency and outstanding 

healability were fabricated by alternately assembling 

branched polyethylenimine (bPEI) and polyacrylic acid 

(PAA) with bPEI as the outmost layer on polyethylene 

terephthalate (PET) substrates, where hydrogen bonding 

and electrostatic interaction between carboxylic acid groups 

and amine were the main driving force for LbL-assembled 

fi lm fabrication. [ 34,35 ]  PET substrates were treated with O 2  

plasma to facilitate deposition of the PEM fi lm. As shown in 

 Figure    1  a, the PEM fi lm with a thickness of ≈2.0 µm and a 

layer number of 15.5 was obtained. Meanwhile, functionally 

multiwalled CNTs (FMWCNTs) with oxygenated functional 

groups (e.g., carbonyl, hydroxyl, and epoxy groups) were 

obtained after treatment with inorganic 

acid (Figure S1, Supporting Informa-

tion). [ 41 ]  This facilitates dispersibility and 

solubility of CNTs in aqueous solutions. 

The Fourier transform infrared (FTIR) 

peak at 1635 cm −1  was attributed to the 

stretching vibration of the C O bond. 

The peaks at 2907 and 3119 cm −1  were 

assigned to stretching vibrations of the 

O–H bond within the –COOH, showing 

the functionalization of CNT with oxy-

genated functional groups (Figure S2, 

Supporting Information). [ 42 ]  Raman 

spectra of CNT before and after func-

tionalization exhibit two characteristic 

peaks at around 1348 cm −1  (D-band) 

and 1591 cm −1  (G-band) (Figure S3, Sup-

porting Information). [ 43 ]  FMWCNTs 

were dispersed in ethanol to prepare 

the ink for the effective coating with 

well spreadability and fi lm uniform-

ness. [ 44 ]  The hydrogen bonding and 

electrostatic interaction between oxy-

genated groups of FMWCNT and amine 

of bPEI at the outmost layer enable 

strong adhesion between the heal-

able substrate and FMWCNT network 

layer. Several methods were employed 

to prepare transparent FMWCNT network fi lms on 

PEM substrates, including drop coating, spray coating, 

and Meyer-rod coating. We explored the suitability of 

these methods for fabricating uniform and transparent 

FMWCNT fi lms on PEM fi lms in a reproducible and high 

yield manner. As demonstrated in Figure  1 b and Figure S4 

(Supporting Information), the FMWCNT network-coated 

PEM (FMWCNT/PEM) fi lm with uniformness and trans-

parency was achieved by adopting the most favorable 

Meyer-rod coating method. And the thickness of FMWCNT 

layer (the concentration of FMWCNT ink: 3.5 mg mL −1 ) is 

estimated to be ≈155 nm from the cross-sectional scanning 

electron microscopy (SEM) image (Figure  1 b). As revealed 

in Figure  1 c, the FMWCNT/PEM fi lm can afford large 

bending, displaying outstanding fl exibility due to the highly 

fl exible PEM fi lm and FMWCNT network layer, and their 

reliable adhesion.  

 FMWCNT/PEM fi lms with different transparency 

were obtained by adopting FMWCNT inks with different 

concentrations. The transparency of 

these fi lms at 550 nm for 2.5, 3.5, 5, and 

10 mg mL −1  CNT inks are 74.2%, 

58.6%, 53.9%, and 42.3%, respectively 

( Figure    2  a). The photographs of the 

corresponding fi lms were implied in 

Figure  2 b. And the fi lms varied from 

the nonconductive state for 2.5 mg mL −1  

CNT ink to the conductive states with 

the sheet resistance at 6384, 1836, and 

175 kΩ −1  for 3.5, 5, 10 mg mL −1  CNT ink 

fi lms. Meanwhile, the sensing property 
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 Scheme 2.    Schematic illustration of the fabrication of a healable transparent chemical 
gas sensor device assembled from CNT network-coated transparent healable PEM fi lms by 
effectively casting transparent CNT networks on self-healing substrates: a) the effective 
sensing from the assembled healable transparent chemical gas sensor; b) cut the assembled 
sensor; c) water-enabled healing and d) after healing.

 Figure 1.    a) Top view and cross-sectional (inset in (a)) SEM images of PEM fi lm. b) Top view 
and cross-sectional (inset in (b)) SEM images of FMWCNT/PEM fi lm. c) Photograph of bending 
FMWCNT/PEM fi lm. 
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of these fi lm devices for NH 3  was tested, as displayed in 

Figure  1 c. By balancing the transparency and the sensing 

performance, the 3.5 mg mL −1  CNT ink fi lm (FMWCNT3.5/

PEM) with excellent transparency (≈73% of transmittance 

compared to that of the original PEM fi lms at 80.7%) and 

relatively high sensing performance could be the potential 

candidates for fabricating the healable transparent chem-

ical gas sensor devices.  

 The healability of the PEM fi lm and FMWCNT3.5/PEM 

fi lm after damage was investigated. The cut with the gap in the 

LbL fi lm at ≈2.8 µm was created on the PEM fi lm by using a 

sharp blade ( Figure    3  a). When deionized water was dropped 

onto the cut for 30 min, the healing of the gap was observed 

(Figure  3 b), confi rming that deionized water enables healing of 

the PEM fi lm surface after cutting from the high interdiffusion 

and the fl owability of PEM fi lms by bringing the destroyed sur-

faces into intimate contact. A cut with the gap at ≈3.3 µm was 

also created on the FMWCNT3.5/PEM fi lm by using the sharp 

blade (Figure  3 c,e). After dropping the water onto the surface, 

the gap was fi nally healed (Figure  3 d,f). The sheet resistance 

after healing was 6979 kΩ −1 , which was slightly higher than 

that of the original fi lm. The complete healing of the cut of 

≈3.3 µm wide and 2 cm long requires 0.1 mL deionized water. 

As shown in Figure  3 d,f, the FMWCNTs are fi nely connected 

again by water-enabled healing and thoroughly drying for 

FMWCNT3.5/PEM fi lm, demonstrating the reliable healability 

for healable transparent chemical gas sensor devices.  

  Figure    4  a displays the real-time change of resistance sensi-

tivity from the healable transparent chemical gas sensor device 

of FMWCNT3.5/PEM fi lm, upon exposure to different con-

centrations of NH 3  from 5 to 100 ppm at room temperature. 

The sensitivity  S  is defi ned as the normalized change of fi lm 

resistance,  S  = ( R  g  −  R  0 )/ R  0  × 100% = Δ R / R  0  × 100%, where  R  g  

is the resistance of the FMWCNT/PEM fi lm after exposure to 

gas analytes and  R  0  is the resistance in ambient air. The sen-

sitivity of the healable and transparent FMWCNT3.5/PEM 

fi lm device increased gradually with the increase of NH 3  con-

centration, indicating that the fabricated healable transparent 

chemical gas sensor had reliable gas sensing performance. The 

observed performance for NH 3  sensing is consistent with the 

charge-transfer mechanism between p-type semiconductor of 

multiwalled carbon nanotubes (MWCNTs) and reducing ana-

lyte of NH 3  with a lone electron pair. On exposure to NH 3 , 

the donation of electrons from NH 3  into p-type MWCNT 

causes the depletion of holes, leading to the raised resistance. 

Therefore, with the increasing NH 3  concentration, the sensi-

tivity of MWCNT sensor increases. [ 45–48 ]  Meanwhile, the heal-

able transparent chemical gas sensor device of FMWCNT3.5/

PEM fi lm also had a specifi c response with better repeat-

ability (Figure S5, Supporting Information) to NH 3 , compared 

to that for other volatile organic compounds, as shown in 

Figure  4 b. The sensitivity to 100 ppm NH 3  was 26 times higher 

than that for acetone, 41 times higher than that for ethanol, 

34 times higher than that for water, 58 times higher than 

that for dichloromethane, and 17 times higher than that for 

toluene. The higher selectivity from NH 3  to water is essential 

to the healable transparent chemical gas sensor devices for 

the healing process accomplished under water. Meanwhile, the 

chemical gas sensing performance did not exhibit apparent 

changes after 500 bending/extending cycles, revealing the 

excellent fl exibility of the device (Figure  4 c). It is important 

for the healable sensor device to keep the gas sensing ability 

after the surface damage and the healable process. We tested 

the gas sensing performance of the FMWCNT3.5/PEM fi lm 

device to 25 ppm NH 3  after cutting and healing (Figure  4 d). 

Although, a little drop for the sensitivity of the device after 

healing for several cycles was observed, the fi lm device gener-

ally maintained the sensitivity.   

  3.     Conclusion 

 In conclusion, a fl exible healable transparent chemical gas 

sensor device is assembled from FMWCNT network-coated 

PEM fi lm with healability and fi lm uniformness by effective 

Meyer-rod coating. The LbL-assembled PEM fi lms success-

fully imparted healability to the FMWCNT network layer 

by the lateral movement of the underlying healable layer, 

bringing the separated areas of the FMWCNT layer back 

into contact. With the superior CNT network structures on 

self-healing substrates, it exhibits robust fl exibility, good 
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 Figure 2.    a) Transmittance spectra of PEM fi lm and FMWCNT/PEM fi lms 
obtained by adopting FMWCNT inks with different concentrations: 2.5, 
3.5, 5, and 10 mg mL −1 . b) The sensing property of these FMWCNT/PEM 
fi lms devices for NH 3  (5 ppm). c) Photographs of the corresponding PEM 
fi lm and FMWCNT/PEM fi lms.
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transparency, and reliable water-enabled healability of gas 

sensing performance at room temperature damaged by cuts 

after dropping water onto the cuts and fi nally drying. It is 

anticipated that this line of research can be further extended 

to other fl exible healable transparent optoelectronic devices, 

creating opportunities in developing healable transparent 

nanoelectronics with the reduced raw material consumption, 

decreased maintenance costs, improved lifetime, and robust 

functional reliability.  

  4.     Experimental Section 

  Materials : MWCNTs were obtained from XF NANO company 
(XFM02, outside diameter <8 nm, length: 10–30 µm). bPEI 
( M  w  ≈ 750 000) and PAA ( M  w  ≈ 100 000) were purchased from 
Sigma-Aldrich. All chemicals were used without further purifi ca-
tion. Deionized water was used for all experiments. The concentra-
tion of aqueous polyelectrolyte solutions used for fi lm fabrication 
was 2 mg mL −1 , and pH was adjusted with either 1  M  HCl or 1  M  
NaOH. Polyethylene terephthalate (125 µm) fi lm was commercially 
available from Hui Zhixing Company (Hangzhou, China). 

  Preparation of Healable PEM Films : The water-enabled heal-
able bPEI/PAA fi lms were fabricated by alternately dipping oxygen 

plasma treated PET substrates in aqueous 
solutions of bPEI (2 mg mL −1 , pH 10.5) and 
PAA (2 mg mL −1 , pH 3.0) for 15 min each 
time, with intermediate washing with water to 
remove physically adsorbed polyelectrolytes. 
The (bPEI/PAA)*15.5 fi lm with a thickness 
of ≈2.0 µm was fabricated by repeating the 
above dipping and water-washing steps in a 
cyclic fashion. The drying step was only used 
in the last layer. 

  Preparation of Healable Gas Sensing Films : 
To acidify MWCNTs, 25 mg MWCNTs were 
added to 60 mL H 2 SO 4 :HNO 3  (v/v: 3:1) solu-
tion and ultrasonicated in a water bath at 40 °C 
overnight. [ 49 ]  Then, the MWCNTs were fi ltrated 
through Millipore membrane and washed with 
deionized water to neutrality and dried at 60 °C. 
Ethanol is a kind of low boiling-point solvent 
with low surface tension; [ 41 ]  thus, FMWCNTs 
were redispersed in ethanol to prepare the ink 
for the effective coating with spreadability and 
fi lm uniformness. FMWCNT-network-coated 
PEM fi lm with uniformness and transparency 
was achieved by adopting the most favorable 
Meyer-rod coating method, and drying at room 
temperature. The complete healing of a cut of 
≈3.3 µm wide takes ≈30 min. The drying con-
dition for PEM and FMWCNT/PEM fi lms is at 
ambient atmosphere (temperature: ≈20 °C, 
relative humidity: 40%). [ 34,35 ]  

  Gas Sensing Measurement : The gas sensing 
measurement was carried out according to a 
previous report. [ 50 ]  Basically, the gas sensing 
was performed in a WS-30A measuring system 
(Zhengzhou Winsen Electronics Technology, 

China). Ammonium hydroxide (weight percent of ammonia was 25%) 
was used as the source of ammonia, and 5, 25, 50, and 100 ppm 
NH 3  were generated in the chamber, respectively. After exposure to 
a certain concentration of NH 3 , the functional fi lms were exposed to 
air by removing the chamber. To test gas sensing selectivity of the 
functional fi lms, it was also carried out with ethanol, acetone, water, 
dichloromethane, and toluene by the same method. 

  General Techniques : SEM images were obtained from a Zeiss 
Supra 55 instrument at a voltage of 20 kV. UV–vis transmittance 
spectra of the samples were recorded by a Shimadzu UV-3150 UV 
spectrophotometer. Fourier transform infrared spectra were col-
lected on a Nicolet 6700 FTIR spectrometer. The sheet resistance 
was measured by four-probe tester (RTS-8). Raman spectra were 
collected from a Jobin Yvon Lab RAM HR Raman microscope with 
an excitation wavelength of 532 nm. Transmission electron micro-
scopy (TEM) characterization was performed on a JEOL 2100F.  

  Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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 Figure 3.    SEM images of PEM fi lms with a cut a) before and b) after being healed. FMWCNT/
PEM fi lms with a cut c,e) before and d,f) after healing, respectively.



full papers
www.MaterialsViews.com

5812 www.small-journal.com © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim small 2015, 11, No. 43, 5807–5813

  Acknowledgements 

 This work was fi nancially supported by the National Key Tech-
nology Support Program of China (2012BAC25B06), National 
Natural Science Foundation of China, Beijing Natural Science 
Foundation (2152023), the 973 Program (2011CBA00503 and 
2011CB932403), and the Fundamental Research Funds for the 
Central Universities.   

[1]     C. W.    Hsu  ,   B.    Zhen  ,   W.    Qiu  ,   O.    Shapira  ,   B. G.    DeLacy  , 
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