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Dye-functionalized Sol-gel 
Matrix on Carbon Nanotubes 
for Refreshable and Flexible Gas 
Sensors
Jeongsu Kim, Haneul Yoo, Viet Anh Pham Ba  , Narae Shin & Seunghun Hong

We report a colorimetric dye-functionalized sol-gel matrix on carbon nanotubes for use as a refreshable 

and flexible gas sensor with humidity calibration. Here, we fabricated gas sensors by functionalizing dye 
molecules on the top of carbon nanotube networks via a sol-gel method. Using hybrid gas sensors with 
different dye molecules, we could selectively detect various hazardous gases, such as NH3, Cl2 and SO2 

gases, via optical and electrical signals. The sensors exhibited rather large conductance changes of more 
than 50% following exposure to gas species with concentrations even under the permissible exposure 
limit. Significantly, we could refresh used gas sensors by simply exposing them to fresh N2 gas without 
any heat treatment. Additionally, our sensors can be bent to form versatile practical sensor devices, 
such as tube-shape sensors for ventilation tubes. This work shows a simple but powerful method for 
building refreshable and selective gas sensors for versatile industrial and academic applications.

Selective gas sensors have been widely used to detect leakage of hazardous gases in living environments and 
industrial complexes1–17. One example is the colorimetric gas sensor, in which colorimetric dye molecules on a 
solid substrate react with speci�c gas species and exhibit color changes that can be used as a sensing signal9–12. 
Colorimetric gas sensors are usually very cheap and enable one to selectively detect a broad range of di�erent 
gas species. However, such sensors show some disadvantages, such as a rather slow response time and a low 
sensitivity. Additionally, colorimetric gas sensors cannot be used to quantitatively evaluate gas concentrations. 
On the other hand, electrochemical gas sensors have been utilized for fast and quantitative evaluation of speci�c 
hazardous gas species13–15. However, electrochemical sensors are rather expensive and can only be used for a 
limited range of gas species. Recently, semiconducting channels based on various nanostructures have been uti-
lized to build cheap and selective gas sensors for the sensitive and fast evaluation of hazardous gas species1–8,16,17. 
However, such nanostructure-based sensors o�en rely on rather non-speci�c interactions between gas molecules 
and nanostructure surfaces1,2,4,8. �us, these sensors usually exhibit a rather poor selectivity. In addition, environ-
mental conditions, such as humidity, can unpredictably a�ect the sensing signal, which makes it very di�cult to 
use these sensors for quantitative evaluation of gas concentrations. Moreover, many of these sensors require a heat 
treatment to refresh used sensors for repeated measurements16,17.

Herein, we built a hybrid nanostructure of a colorimetric dye-functionalized sol-gel matrix on carbon nanotubes 
(CNT) to develop refreshable and �exible gas sensors for selective and quantitative sensing. In this sensor, the selec-
tive and reversible binding of target gas molecules onto the colorimetric dye in the sol-gel matrix caused changes in 
the ion density on the layer, which was measured by an underlying semiconducting carbon nanotube-based tran-
sistor. Hazardous gas species with a concentration below the permissible exposure limit caused a large conductance 
change in the CNT-dye hybrid gas sensor of more than 50% compared to the original conductance. �is phenome-
non is presumably due to the sol-gel matrix providing an ideal environment for selective gas-dye reactions and elec-
trical signal transduction by a CNT device. To show the versatility of our strategy, we built gas sensors with di�erent 
dyes to selectively detect various hazardous gases, such as SO2, NH3 and Cl2. Signi�cantly, the sensor signals were 
recovered back to their original values without any heat treatment when the target gas was removed. Furthermore, 
the sensor signals exhibited a rather simple linear dependence on the environmental humidity conditions, enabling 
calibration of our sensor signals under varying conditions. Since our sensors provide a large signal and can be 
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refreshed without any high temperature treatment, they are an ideal device for versatile practical applications, such 
as hazardous gas monitoring in public areas and industrial complexes.

Methods
Fabrication of CNT-dye hybrid gas sensors. Figure 1 shows a schematic diagram depicting a fabrication 
method for our CNT-dye hybrid gas sensor. First, single-walled CNTs (Sigma Aldrich Inc., (6; 5) chirality, ~93% 
semiconducting) were dispersed in a 1 mM Congo red dye solution via a sonication using a tip type ultrasonicator 
for 1 hour (0.005 mg/mL). Secondly, 100 µL of the dispersed CNT solution with the Congo red dye was drop-
casted onto a PET substrate. Here, Congo red dye was utilized to enhance the dispersion of CNTs in aqueous 
solution for drop casting CNTs on solid substrates18. Also, previous works show that the dye molecules on the 
drop-cased CNTs can be removed easily by organic solvent such as dimethylformamide. �irdly, the PET sub-
strate was heated on a hotplate to 100 °C for 30 min to dry out the CNT solution. Here, the CNTs were adsorbed 
onto the PET substrate without the co�ee ring e�ect. Fourth, the PET substrate was rinsed with ethanol and 
N,N-Dimethylformamide for 30 min, respectively. Here, the Congo red molecules were removed, and only the 
pure CNTs remained on the PET �lm18. �e removal of Congo red dye molecules was con�rmed by the optical 
absorbance data (See Fig. S1 in supplementary data). Note that, since the Congo red dye was used only as a dis-
persant for CNT solution and removed from the cased CNTs on the solid substrates, it did not participate in the 
operation of our gas sensors. Fi�h, copper tapes with a conductive adhesive were attached onto the PET substrate 
as electrodes. Finally, a dye-functionalized sol-gel matrix was coated onto the PET �lm via a previously-reported 
method9. In this method, the sol-gel matrix (Sigma Aldrich Inc.) was mixed with gas-speci�c dye such as methyl 
red or chlorophenol red, and it coated on the CNT �lms to functionalize the CNTs for a speci�c reaction with gas 
molecules19. Here, the dye molecules in the sol-gel matrix react with only a speci�c gas, altering the conductance 
of the CNTs on the substrates. Using this fabrication process, we successfully fabricated CNT-dye hybrid gas 
sensors without using lithography or vacuum processes. Note that, our gas sensors were composed of �exible 
materials; thus, the gas sensors can be bent to form versatile practical sensor devices.

Gas detection experiment. Gas detection experiments in this paper were performed using a homemade 
gas chamber. �e detailed structure of the gas chamber is described in the supplementary data (Fig. S2). In brief, 
we placed our gas sensors into a homemade gas �ow cell and passed a target gas into the cell using a digital mass 
�ow controller for gas detection experiments. Here, we mixed the target gas with a mixture of dry (0% relative 
humidity) and wet (100% relative humidity) N2 to control the concentration and humidity before injecting the 
gas into the cell. During the experiment, the relative humidity of the gas was monitored by a thermo-hygrometer 
placed in the cell. �en, changes in the conductance of our sensors due to di�erent concentrations of gas �ow 
were measured by a semiconductor analyzer (Keithley, 4200-SCS) with a DC bias condition and used as sensing 
signals. During the sensing experiment, the temperature inside the �ow cell was maintained at a room tempera-
ture of 23 °C ± 3 °C.

Result and Discussion
Figure 2(a) shows an optical image of a CNT-dye hybrid gas sensor. Here, we utilized methyl red dye molecules to 
functionalize a sol-gel matrix, and the CNT channel of the sensor was coated by the sol-gel matrix (yellow region). 
�e size of the sensor is 2 cm × 1.5 cm. Since we utilized PET polymer �lms as a substrate, the as-fabricated gas 
sensors are highly �exible.

Figure 2(b) shows the AFM image of a CNT network on a PET �lm a�er the removal of Congo red dye solu-
tion used for CNT dispersion. �e diameters of individual CNTs and CNT bundles were approximately 0.7~1.0 nm 
and over 5 nm, respectively. Note that, we utilized small-diameter semiconducting single-walled CNTs to fabricate 
the CNT transistors20. �e AFM image shows that the CNTs are uniformly coated onto the PET surface without 
forming bundles. �is indicates that we successfully assembled CNTs on the PET �lm.

Figure 1. Schematic diagram showing the fabrication process of a CNT-dye hybrid gas sensor. First, a PET �lm 
was coated by a CNT network via a drop-cast method. �en, electrodes were fabricated by using copper tapes. 
Finally, a dye-functionalized sol-gel matrix was coated onto the CNT network and cured.
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Figure 2(c) shows an SEM image of a sol-gel matrix surface. �e sol-gel matrix shows a highly porous struc-
ture with a rather uniform silica gel size. Since the thickness of the sol-gel matrix is approximately a few hundred 
micrometers, individual CNTs below the sol-gel could not be resolved in the SEM image. �is porous structure 
can hold dye molecules and allows the transmission of target gas molecules into our gas sensors, enabling sensi-
tive detection of gas molecules21,22.

Figure 2(d) shows the I–V curves of a CNT-dye hybrid gas sensor before and a�er coating with the sol-gel 
matrix. �e I–V curves were measured by a semiconductor characterization system (Keithley, 4200-SCS). �e 
bias voltage was varied from −5 V to 5 V. �e I–V curves show non-linear behavior23. �e conductivity of the sen-
sor measured a�er coating with the sol-gel matrix was increased by approximately 2.67 times at 5 V. To con�rm 
that the sol-gel matrix layer is insulating, we fabricated a gas sensor without a CNT network and found a negligi-
ble conductance (the blue line in Fig. 2(d)). �is result indicates that the sol-gel matrix was insulating, while the 
coating of the matrix on CNTs increased the conductivity of the CNT networks. Presumably, this phenomenon is 
due to the sol-gel matrix on the CNT transistor changing the pH value of the environment surrounding the CNT 
network. It was previously reported that a change of pH value could a�ect the conductivity of CNT networks.

Figure 3(a) shows a plausible sensing mechanism for our CNT-dye hybrid gas sensor. Bare CNTs under ambi-
ent conditions are known to behave as a p-type semiconducting channel with holes as a majority carrier. And gas 
molecules adsorbed onto the CNT surface can a�ect the conductance of the CNT channels di�erently depending 
on its electronegativity24. In our sensors, the CNT channels were functionalized with dye molecules in a sol-gel 
matrix layer with some adsorbed moistures due to its porous structures. For example, methyl red dye molecules 
have carboxylic acid groups and phenyl rings which have a rather strong a�nity to CNT surfaces25. �us, the 
methyl red dye molecules in sol-gel matrix layer can bind to the CNT surfaces and functionalize the CNT chan-
nels. When the sensor including sol-gel matrix layer methyl red dyes was exposed to gas molecules, some gas 
molecules were dissolved in the sol-gel matrix layer and altered the charge states of the dye molecules, which 
can a�ect the conductance of the CNT channels26,27. Previous reports show that when gas molecules with a high 
(acidic) or low (basic) electronegativity were dissolved in water or sol-gel matrix with dye molecules, the dye mol-
ecules were charged rather negatively or positively, respectively. Eventually, the negatively- or positively-charged 
dye molecules on CNT channels can capture or release hole carriers, resulting in the decreased or increased con-
ductance of the CNT channels. �us, depending on gas molecules, the conductance change of dye-functionalized 
CNT channels can be very di�erent.

Figure 3(b)-i,ii show optical images of our hybrid gas sensor before and a�er SO2 gas exposure, respectively. 
�e size of the sample was 2 cm × 1.5 cm. Here, methyl red molecules were utilized to functionalize a sol-gel 
matrix. �e concentration and exposure time of the SO2 gas was 5 ppm and 30 min, respectively. �e relative 
humidity in the gas chamber was 95% during the gas exposure. �e color of the sensor channel changed from 

Figure 2. Basic properties of the CNT-dye hybrid gas sensors. (a) Optical image of a CNT-dye hybrid gas 
sensor. Here, methyl red was used for the functionalization of the sol-gel matrix on the CNT channel. (b) AFM 
topography image of CNT networks on a PET �lm. �e gray scale bar represents the height in the image. (c) 
SEM image of the surface of a sol-gel matrix. (d) I–V curve of a CNT-dye hybrid gas sensor before and a�er the 
sol-gel matrix coating.
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Figure 3. Selective and refreshable gas sensing with humidity calibration. (a) Sensing mechanism of a CNT-
dye hybrid gas sensor. (b)-i Optical image of the CNT-dye hybrid gas sensor before gas exposure. (b)-ii Optical 
image of the CNT-dye hybrid gas sensor a�er SO2 gas exposure. (c) Real-time conductance measurement data 
obtained from a methyl red-functionalized CNT-dye hybrid gas sensor a�er the introduction of SO2 gases with 
varying concentration. (d) Sensor response (∆G/G0) of a CNT-dye hybrid gas sensor to various concentrations 
of SO2 gas. More than 5 samples were measured for each data point. (e) Noise characteristics for the bare 
CNT networks and CNT-dye hybrid gas sensor before and a�er SO2 gas exposure. (f) Real-time conductance 
measurement data obtained for a CNT-dye hybrid gas sensor a�er the introduction of SO2 and NH3 gases. (g) 
Sensor response (∆G/G0) of a CNT-dye hybrid gas sensor under varying relative humidity conditions. More 
than 7 samples were measured for each data point.
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yellow to red a�er gas exposure, indicating selective activation of the methyl red colorimetric dye molecules even 
in the sol-gel matrix on the CNTs. �is result is consistent with the previous report about the responses of the dye 
molecules in water10.

Figure 3(c) shows the real-time change of the sensor conductance G during exposure to SO2 gas with varying 
concentrations. �e applied bias was 0.1 V, and the relative humidity in the gas chamber was 95%. �e concentra-
tion of SO2 gas was varied from 0.5 ppm to 10 ppm. �e conductance of the gas sensor decreased following expo-
sure to the SO2 gas and was recovered a�er exposure to N2 gas. Moreover, the conductance variation increased 
when the concentration of the applied gas was increased. �is result indicates that we can estimate the concen-
tration of the applied gas via an electrical signal. Moreover, our gas sensor showed a large conductance change 
of over 50% when 5 ppm SO2 gas (permissible exposure limit of SO2 gas) was applied. �e similar response was 
also obtained in air environments (Fig. S3 in the supplementary data)28,29. �e responses of our sensors can 
be explained by the speci�c reaction between gas and dye molecules on the CNT channels. When the methyl 
red-functionalized CNT channels in our sensor were exposed to SO2 gas molecules with a rather high electron-
egativity and solubility, SO2 gas molecules dissolved in the sol-gel matrix produced bisul�te ions and H+ ions30. 
�en, the H+ ion interacted with the negatively charged methyl red molecules near the CNT channel, which 
caused a decrease in conductance. It should be mentioned that this response of our dye-functionalized CNT 
channels to SO2 gas was actually opposite to that of bare CNT channels reported previously31. Moreover, due to 
the porous structure of the sol-gel, the produced bisul�te ion was rapidly changed to an SO2 gas molecule when 
the �owing SO2 gas was changed to N2 gas. �is result led to the recovery of the conductance of our sensor21,22. 
�e rather quick recovery of our sensors when exposed to N2 gas support that SO2 gas did not produce strong acid 
like sulfuric acid and did not degrade the sensor chemically. �e interaction between SO2 gas molecules and dye 
molecules is relying on an acid-base interaction, and it is much stronger than the Van der Waals-type interactions 
between bare CNT surfaces and gas molecules in previous CNT-based gas sensors, resulting in a rather large 
sensor signals9,10. Also, a sol-gel matrix in our sensors can provide ions like liquid environments, which could 
provide an ideal environment for the gas-dye interactions and the following gating e�ects on the CNT transistor 
for a large electrical signal transduction.

Figure 3(d) shows the averaged sensor response, which is de�ned as ∆G/G0, for the CNT-dye hybrid gas sen-
sors at various SO2 gas concentrations. We repeated the gas sensing for more than �ve gas sensors to estimate 
average values and standard deviations. �ese sensor response data can be analyzed by the Hill equation (red solid 
line in Fig. 3(c))32. Here, we assumed that the sensor response (∆G/G0) is approximately linearly proportional to 
the surface density Cs of gas molecules adsorbed on the dye molecules. �en, the sensor response can be written as

∆
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where k, Cs,max, n, C and Kd are the sensor response coe�cient, maximum surface gas density, Hill coe�cient, concen-
tration of SO2 gas and dissociation constant, respectively. From the �tting curve, the Hill coe�cient and dissociation 
constant were estimated as 1.028 and 0.919 × 10−7 M, respectively. �e estimated dissociation constant is similar 
to the value reported for the case when gas molecules bind to dye molecules in water at 25 °C33. We can also esti-
mate the theoretical dissociation constant in our CNT-dye hybrid gas sensor structures. �e detailed chemical 
reaction process and calculation process are given in the supplementary data (Equations S1–S5). In brief, the 
dissociation constant in our device structures was estimated by multiplying the dissociation constant for the SO2 
acid hydrolysis reaction and the dissociation constant for the methyl red dye. �e estimated Hill coe�cient is 
close to 1, indicating that the a�nity of the SO2 molecules for the binding sites was not dependent on other SO2 
molecules bound on the sensor. �ese results show that our sensors can be used for reliable quantitative analysis 
of gas species based on the sensor signals.

Figure 3(e) shows the noise characteristics of a bare CNT channel and a sol-gel matrix-coated CNT channel 
(before and a�er exposure to 10 ppm SO2). �e noise characteristics were measured using a fast Fourier trans-
form network analyzer (SR 770). A bias voltage of 4 V was applied to the gas sensor for all noise measurements. 
�e bare CNT network and our sensors exhibited a typical 1/f noise behavior34,35. Interestingly, the noise power 
density of the gas sensor was signi�cantly increased a�er gas sensing, indicating that the sol-gel matrix, when 
exposed to SO2 gas, can act as a noise source. Presumably, when the SO2 gas binds to dye molecules, the number 
of positive ions in the sol-gel matrix is increased, and such positive ions can work as charge traps in the channel36.

Figure 3(f) shows the real-time response of our sensors to SO2 and NH3 gases. �e sensing graph was meas-
ured at a bias voltage of 0.1 V and a relative humidity of 95%. SO2 gas (5 ppm) was applied for a duration of 
500 seconds at intervals of approximately 6500 seconds (pink region). Subsequently, NH3 gas (5 ppm) was applied 
for a duration of 500 seconds (yellow region). Note that the conductance of the gas sensor decreased during 
repeated exposure to the SO2 gas. Furthermore, we could immediately apply our sensor to detect NH3 gas. It 
should be noted that all of these conductance responses were actually opposite to that observed for bare CNT 
channels, indicating that our sensors responded through the dye-gas molecular interactions even during repeated 
sensing experiments. �ese results clearly show that our gas sensor is reusable without any heat treatment.

Figure 3(g) shows the response of our gas sensors at di�erent relative humidity conditions. Here, the relative 
humidity was varied from 0% to 95%. �e concentration of the SO2 gas used for exposure was 2.5, 5 and 10 ppm, 
with more than 7 gas sensors measured for each data point. �e gas sensors exhibited no response at zero relative 
humidity, and the response linearly increased as the relative humidity increased. Previous studies using electro-
chemical sensors showed that when the relative humidity is increased, the thickness of the water layer on the 
sol-gel matrix is also increased, and as a result, the amount of dissolved SO2 gas and resulting sensor signals are 
also increased9,10,37. Note that some CNT-based gas sensors in previous studies showed a linear humidity depend-
ence38,39. Such a linear humidity dependence can be a signi�cant advantage for our sensors, which enables a rather 
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simple calibration of the sensing signal for quantitative measurement of gas concentrations. For an example, the 
response of the gas sensors at 10 ppm SO2 gas was given by

 ∆
= . ⋅

G
RH RH

g
0 53 (0 1)

(2)0

where RH is the relative humidity. We also measured the humidity dependence of the sensor response to NH3 
and Cl2 gases and found a similar proportional relationship between the relative humidity and sensor response 
(Fig. S5 in supplementary data).

Since our gas sensors were fabricated using only �exible materials such as PET �lm, copper tapes and CNTs, 
we could easily bend the sensors to build tube-shaped gas sensors (Fig. 4(a)). �e height, channel length and radius 
of the gas sensor are 20, 10 and 2.5 mm, respectively. Figure 4(b)-i,ii show photographic images of a tube-shaped 
CNT-dye hybrid gas sensor before and a�er exposure to SO2 (10 ppm), respectively. �e color of the sensor 
channel changed from yellow to red, indicating that the dye molecules in the sol-gel matrix still maintained their 
activity even under a highly bent condition.

Figure 4(c) and (d) show the I–V curves and noise characteristics of a CNT-dye hybrid gas sensor before and 
a�er bending. �e noise characteristics were measured using a fast Fourier transform network analyzer (SR 770). 
A bias voltage of 4 V was applied to the gas sensor during the noise measurement. Note that the I–V characteris-
tics of the CNT-dye hybrid gas sensor did not change much even a�er the sensor was bent into a tube shape. �e 
noise characteristics of the gas sensor exhibited a typical 1/f behavior, and they did not change much when the 
sensor was bent. �is implies that our sensors can operate under a highly bent condition.

Figure 4(e) shows real-time electrical measurement of SO2 gas using a tube-shaped CNT-dye hybrid gas sen-
sor. An applied bias of 0.1 V was used, with the relative humidity maintained at 95% during the measurement. 
�e SO2 gas (10 ppm) was applied for 400 s at intervals of 1000 s. �e conductance of the gas sensor decreased by 
70% following exposure to gas and was recovered when the gas chamber was vented in each process. �is result 
implies that our tube-shaped sensors operated properly and that our �exible gas sensors can be used for versatile 
applications requiring highly bent devices.

Figure 4. Tube-shaped gas sensors based on folded CNT sensors. We utilized methyl red-functionalized gas 
sensors. (a) Optical image of a tube-shaped CNT-dye hybrid gas sensor. (b)-i Optical image of a tube-shaped 
CNT-dye hybrid gas sensor before SO2 gas exposure. (b)-ii Optical image of a tube-shaped CNT-dye hybrid gas 
sensor a�er SO2 gas exposure. �e color of the sensor channel was clearly changed from yellow to red. (c) I–V 
curve of the CNT-dye hybrid gas sensor measured before and during bending. (d) Noise characteristics of the 
CNT-dye hybrid gas sensor before and during bending. (e) Real-time conductance measurement data obtained 
for the bent CNT-dye hybrid gas sensor a�er the introduction of SO2 (10 ppm).
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Conclusions
We have developed a highly �exible and refreshable CNT-dye hybrid gas sensor for selective and sensitive gas 
sensing. �e CNT-dye hybrid structure was fabricated by coating a colorimetric dye-functionalized sol-gel matrix 
layer onto a CNT network. �e CNT-dye hybrid gas sensor with di�erent dye species could be used to detect dif-
ferent gas species, such as SO2, NH3 and Cl2, with high sensitivity and selectivity. Additionally, the conductance of 
the CNT-dye hybrid gas sensors was easily recovered back to the original value following removal of the target gas 
molecules without any heat treatment. �e response of the gas sensor exhibited a linear dependence on relative 
humidity, enabling easy calibration of our sensor for quantitative analysis of gas species. Furthermore, our sensors 
can be easily bent into di�erent shapes for versatile device applications, such as tube-shaped gas sensors. �is 
work provides a simple but quite versatile strategy for building highly �exible and refreshable gas sensors that can 
be utilized for various practical applications, such as monitoring hazardous gas species in industrial complexes.

References
 1. Perkins, F. K. et al. Chemical Vapor Sensing with Mono layer MoS2. Nano Lett 13, 668–673, https://doi.org/10.1021/nl3043079 

(2013).
 2. Rumyantsev, S., Liu, G. X., Shur, M. S., Potyrailo, R. A. & Balandin, A. A. Selective Gas Sensing with a Single Pristine Graphene 

Transistor. Nano Lett 12, 2294–2298, https://doi.org/10.1021/nl3001293 (2012).
 3. Na, C. W., Woo, H. S., Kim, I. D. & Lee, J. H. Selective detection of NO2 and C2H5OH using a Co3O4-decorated ZnO nanowire 

network sensor. Chem Commun 47, 5148–5150, https://doi.org/10.1039/c0cc05256f (2011).
 4. Star, A., Joshi, V., Skarupo, S., �omas, D. & Gabriel, J. C. P. Gas sensor array based on metal-decorated carbon nanotubes. J Phys 

Chem B 110, 21014–21020, https://doi.org/10.1021/jp064371z (2006).
 5. Liu, J. F., Wang, X., Peng, Q. & Li, Y. D. Vanadium pentoxide nanobelts: Highly selective and stable ethanol sensor materials. Adv 

Mater 17, 764-+, https://doi.org/10.1002/adma.200400993 (2005).
 6. Asad, M., Sheikhi, M. H., Pourfath, M. & Moradid, M. High sensitive and selective �exible H2S gas sensors based on Cu nanoparticle 

decorated SWCNTs. Sensor Actuat B-Chem 210, 1–8, https://doi.org/10.1016/j.snb.2014.12.086 (2015).
 7. Wang, B., Cancilla, J. C., Torrecilla, J. S. & Haick, H. Arti�cial Sensing Intelligence with Silicon Nanowires for Ultraselective 

Detection in the Gas Phase. Nano Lett 14, 933–938, https://doi.org/10.1021/nl404335p (2014).
 8. Jeong, H. Y. et al. Flexible room-temperature NO2 gas sensors based on carbon nanotubes/reduced graphene hybrid �lms. Appl Phys 

Lett 96, https://doi.org/10.1063/1.3432446 (2010).
 9. Feng, L. A. et al. Colorimetric Sensor Array for Determination and Identi�cation of Toxic Industrial Chemicals. Anal Chem 82, 

9433–9440, https://doi.org/10.1021/ac1020886 (2010).
 10. Janzen, M. C., Ponder, J. B., Bailey, D. P., Ingison, C. K. & Suslick, K. S. Colorimetric sensor Arrays for volatile organic compounds. 

Anal Chem 78, 3591–3600, https://doi.org/10.1021/ac052111s (2006).
 11. Lim, S. H., Feng, L., Kemling, J. W., Musto, C. J. & Suslick, K. S. An optoelectronic nose for the detection of toxic gases. Nat Chem 1, 

562–567, https://doi.org/10.1038/Nchem.360 (2009).
 12. Rakow, N. A. & Suslick, K. S. A colorimetric sensor array for odour visualization. Nature 406, 710–713, https://doi.

org/10.1038/35021028 (2000).
 13. Dossi, N. et al. An electrochemical gas sensor based on paper supported room temperature ionic liquids. Lab Chip 12, 153–158, 

https://doi.org/10.1039/c1lc20663j (2012).
 14. Plashnitsa, V. V., Elumalai, P., Fujio, Y. & Miura, N. Zirconia-based electrochemical gas sensors using nano-structured sensing 

materials aiming at detection of automotive exhausts. Electrochim Acta 54, 6099–6106, https://doi.org/10.1016/j.
electacta.2008.12.040 (2009).

 15. Breedon, M. & Miura, N. Augmenting H-2 sensing performance of YSZ-based electrochemical gas sensors via the application of Au 
mesh and YSZ coating. Sensor Actuat B-Chem 182, 40–44, https://doi.org/10.1016/j.snb.2013.02.108 (2013).

 16. Sharma, S., Hussain, S., Singh, S. & Islam, S. S. MWCNT-conducting polymer composite based ammonia gas sensors: A new 
approach for complete recovery process. Sensors and Actuators B: Chemical 194, 213–219, https://doi.org/10.1016/j.snb.2013.12.050 
(2014).

 17. Mishra, P., S. Harsh, S. & Islam, S. S. Trace level ammonia sensing by SWCNTs (network/�lm) based resistive sensor using a simple 
approach in sensor development and design. Vol. 3 (2013).

 18. Sundramoorthy, A. K., Wang, Y. C. & Gunasekaran, S. Low-temperature solution process for preparing �exible transparent carbon 
nanotube �lm for use in �exible supercapacitors. Nano Research 8, 3430–3445, https://doi.org/10.1007/s12274-015-0880-1 (2015).

 19. Lin, D. & Xing, B. Adsorption of Phenolic Compounds by Carbon Nanotubes: Role of Aromaticity and Substitution of Hydroxyl 
Groups. Environmental Science & Technology 42, 7254–7259, https://doi.org/10.1021/es801297u (2008).

 20. Green, A. A. & Hersam, M. C. Nearly Single-Chirality Single-Walled Carbon Nanotubes Produced via Orthogonal Iterative Density 
Gradient Ultracentrifugation. Adv Mater 23, 2185-+, https://doi.org/10.1002/adma.201100034 (2011).

 21. Zhang, J., Guo, J., Xu, H. Y. & Cao, B. Q. Reactive-Template Fabrication of Porous SnO2 Nanotubes and �eir Remarkable Gas-
Sensing Performance. Acs Appl Mater Inter 5, 7893–7898, https://doi.org/10.1021/am4019884 (2013).

 22. Li, X. B. et al. Porous spheres-like ZnO nanostructure as sensitive gas sensors for acetone detection. Materials Letters 100, 119–123, 
https://doi.org/10.1016/j.matlet.2013.02.117 (2013).

 23. Lee, J. et al. Floating electrode transistor based on purified semiconducting carbon nanotubes for high source-drain voltage 
operation. Nanotechnology 23, https://doi.org/10.1088/0957-4484/23/8/085204 (2012).

 24. Gou, P. et al. Carbon Nanotube Chemiresistor for Wireless pH Sensing. Sci. Rep. 4, 4468, https://doi.org/10.1038/srep04468, https://
www.nature.com/articles/srep04468#supplementary-information (2014).

 25. Özcan, Ö., İnci, İ. & Aşçi, Y. S. Multiwall Carbon Nanotube for Adsorption of Acetic Acid. Journal of Chemical & Engineering Data 
58, 583–587, https://doi.org/10.1021/je301064t (2013).

 26. Chikara, E., Yoshiki, S., Okihiro, S., Hisashi, F. & Naomichi, O. Wide Range pH Fiber Sensor with Congo-Red- and Methyl-Red-
Doped Poly (Methyl Methacrylate) Cladding. Japanese Journal of Applied Physics 36, 2902 (1997).

 27. Xavier, Ma. P. et al. Fiber optic monitoring of carbamate pesticides using porous glass with covalently bound chlorophenol red. 
Biosens. Bioelectron. 14, 895–905, https://doi.org/10.1016/S0956-5663(99)00066-4 (2000).

 28. Lee, G., Kim, S., Jung, S., Jang, S. & Kim, J. Suspended black phosphorus nanosheet gas sensors. Sensors and Actuators B: Chemical 
250, 569–573, https://doi.org/10.1016/j.snb.2017.04.176 (2017).

 29. Heilmann, A., Müller, M., Hamann, C., Lantto, V. & Torvela, H. Gas sensitivity measurements on NO2 sensors based on lead 
phthalocyanine thin �lms. Sensors and Actuators B: Chemical 4, 511–513, https://doi.org/10.1016/0925-4005(91)80160-L (1991).

 30. Siegfried, B. & Dennis, L. Remarks on the rate of formation of bisul�te ions in aqueous solution. AIChE Journal 21, 402–404, https://
doi.org/10.1002/aic.690210229 (1975).

 31. Yao, F. et al. Humidity-assisted selective reactivity between NO2 and SO2 gas on carbon nanotubes. Journal of Materials Chemistry 
21, 4502–4508, https://doi.org/10.1039/C0JM03227A (2011).

http://dx.doi.org/10.1021/nl3043079
http://dx.doi.org/10.1021/nl3001293
http://dx.doi.org/10.1039/c0cc05256f
http://dx.doi.org/10.1021/jp064371z
http://dx.doi.org/10.1002/adma.200400993
http://dx.doi.org/10.1016/j.snb.2014.12.086
http://dx.doi.org/10.1021/nl404335p
http://dx.doi.org/10.1063/1.3432446
http://dx.doi.org/10.1021/ac1020886
http://dx.doi.org/10.1021/ac052111s
http://dx.doi.org/10.1038/Nchem.360
http://dx.doi.org/10.1038/35021028
http://dx.doi.org/10.1038/35021028
http://dx.doi.org/10.1039/c1lc20663j
http://dx.doi.org/10.1016/j.electacta.2008.12.040
http://dx.doi.org/10.1016/j.electacta.2008.12.040
http://dx.doi.org/10.1016/j.snb.2013.02.108
http://dx.doi.org/10.1016/j.snb.2013.12.050
http://dx.doi.org/10.1007/s12274-015-0880-1
http://dx.doi.org/10.1021/es801297u
http://dx.doi.org/10.1002/adma.201100034
http://dx.doi.org/10.1021/am4019884
http://dx.doi.org/10.1016/j.matlet.2013.02.117
http://dx.doi.org/10.1088/0957-4484/23/8/085204
http://dx.doi.org/10.1038/srep04468
https://www.nature.com/articles/srep04468#supplementary-information
https://www.nature.com/articles/srep04468#supplementary-information
http://dx.doi.org/10.1021/je301064t
http://dx.doi.org/10.1016/S0956-5663(99)00066-4
http://dx.doi.org/10.1016/j.snb.2017.04.176
http://dx.doi.org/10.1016/0925-4005(91)80160-L
http://dx.doi.org/10.1002/aic.690210229
http://dx.doi.org/10.1002/aic.690210229
http://dx.doi.org/10.1039/C0JM03227A


www.nature.com/scientificreports/

8SCIENTIFIC REPORTS |  (2018) 8:11958  | DOI:10.1038/s41598-018-30481-y

 32. Lee, M. et al. 100 nm scale low-noise sensors based on aligned carbon nanotube networks: overcoming the fundamental limitation 
of network-based sensors. Nanotechnology 21, https://doi.org/10.1088/0957-4484/21/5/055504 (2010).

 33. Chang, C. S. & Rochelle, G. T. SO2 Absorption into Aqueous-Solutions. Aiche J 27, 292–298, https://doi.org/10.1002/aic.690270217 
(1981).

 34. Soliveres, S., Gyani, J., Delseny, C., Ho�mann, A. & Pascal, F. 1/f noise and percolation in carbon nanotube random networks. Appl 
Phys Lett 90, https://doi.org/10.1063/1.2709853 (2007).

 35. Kim, J. et al. Large Scale Assembly of Pristine Semiconducting Carbon Nanotube Network-Based Devices Exhibiting Intrinsic 
Characteristics. J Phys Chem C 117, 19721–19728, https://doi.org/10.1021/jp406100n (2013).

 36. Chermiti, J., Azzouzi, S., Ali, M. B., Trabelsi, M. & Errachid, A. Modeling and Analysis of Low Frequency Noise in Ion-Field-E�ect 
Transistors Sensors. MNSMS 4, 119–127 (2014).

 37. Hu, J., Xiao, X. D., Ogletree, D. F. & Salmeron, M. Imaging the Condensation and Evaporation of Molecularly �in-Films of Water 
with Nanometer Resolution. Science 268, 267–269, https://doi.org/10.1126/science.268.5208.267 (1995).

 38. Zhang, T. et al. Poly(m-aminobenzene sulfonic acid) functionalized single-walled carbon nanotubes based gas sensor. 
Nanotechnology 18, https://doi.org/10.1088/0957-4484/18/16/165504 (2007).

 39. Guo, X. S., Jian, J. M., Lin, L. W., Zhu, H. Y. & Zhu, S. M. O-2 plasma-functionalized SWCNTs and PEDOT/PSS composite �lm 
assembled by dielectrophoresis for ultrasensitive trimethylamine gas sensor. Analyst 138, 5265–5273, https://doi.org/10.1039/
c3an36690a (2013).

Acknowledgements
�is work was supported by the National Research Foundation of Korea (NRF) grant funded by the Ministry 
of Science, ICT & Future Planning (MSIP) of Korea (No. 2013M3A6B2078961, 2014M3A7B4051591, and 
2017R1A2B2006808) and the European Research Council (ERC) under the European Union’s Horizon 2020 
research and innovation programme (grant agreement No 682286).

Author Contributions
J.K. performed the experiments, data analysis and wrote the manuscript. H.Y. performed data analysis and wrote 
the manuscript. V.P. and N.S contributed to analysis of the data. S.H. designed and supervised the project. All 
authors discussed the results and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30481-y.

Competing Interests: �e authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2018

http://dx.doi.org/10.1088/0957-4484/21/5/055504
http://dx.doi.org/10.1002/aic.690270217
http://dx.doi.org/10.1063/1.2709853
http://dx.doi.org/10.1021/jp406100n
http://dx.doi.org/10.1126/science.268.5208.267
http://dx.doi.org/10.1088/0957-4484/18/16/165504
http://dx.doi.org/10.1039/c3an36690a
http://dx.doi.org/10.1039/c3an36690a
http://dx.doi.org/10.1038/s41598-018-30481-y
http://creativecommons.org/licenses/by/4.0/

	Dye-functionalized Sol-gel Matrix on Carbon Nanotubes for Refreshable and Flexible Gas Sensors

	Methods

	Fabrication of CNT-dye hybrid gas sensors. 
	Gas detection experiment. 

	Result and Discussion

	Conclusions

	Acknowledgements

	Figure 1 Schematic diagram showing the fabrication process of a CNT-dye hybrid gas sensor.
	Figure 2 Basic properties of the CNT-dye hybrid gas sensors.
	Figure 3 Selective and refreshable gas sensing with humidity calibration.
	Figure 4 Tube-shaped gas sensors based on folded CNT sensors.


