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A B S T R A C T   

Electronic textile-based gas sensors with a high response for NO2 gas were fabricated using 
reduced graphene oxide (rGO)-coated commercial cotton fabric (rGOC). Graphene oxide (GO) 
was coated on cotton fabric by simply dipping the cotton into a GO solution. To investigate the 
relationship between the degree of reduction and the sensing response, the GO-coated fabrics 
were thermally reduced at various temperatures (190, 200, 300, and 400 ◦C). The change in the 
amount of oxygen functional groups on the rGOCs was observed by x-ray photoelectron spec
troscopy, Raman spectroscopy, and x-ray diffraction patterns. The maximum sensing response of 
45.90 % at 10 ppm of NO2 gas at room temperature was exhibited by the rGOC treated at 190 ◦C, 
which was the lowest heat-treatment temperature. The high response comes from the greater 
amount of oxygen functional groups compared to other rGOC samples, and the tubular structure 
of the cotton.   

1. Introduction 

Interest in the real-time monitoring of harmful molecules has increased due to continuing efforts to monitor and address envi
ronmental pollution, and electronic textile (e-textile)-based gas sensors have attracted much attention for this application [1–7]. 
E-textiles not only have the inherent characteristics of textiles, being light weight, portable, flexible, with adaptable shapes but can also 
be electrically conducting. As a result, e-textiles are considered suitable for flexible, resistive gas sensors. 

Among such applications, e-textile-based wearable NO2 gas sensors using carbon nanotubes (CNTs) and graphene have been re
ported [8]. However, graphene and CNTs are presently not suitable for practical application, because of mass production difficulties, 
and relative cost-inefficiency [9]. In contrast, graphene oxide (GO) can be mass produced by Hummers’ method. And because GO 
contains numerous oxygen functional groups (OFGs) including hydroxyl, epoxy groups, and carboxyl groups [10], it can also be easily 
attached to commercial textiles. GO also has a notable advantage for detecting NO2 gas: the hydroxyl groups in GO are rotated to NO2, 
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which leads to a shorter distance between the carbon plane and NO2 molecules. In addition, they have a large binding energy with NO2 
molecules via hydrogen bonds, compared to other functional groups [11]. 

To make the GO-coated textiles electrically conducting, a reduction process is used to remove the OFGs, which act as a potential 
barrier. Two methods, chemical reduction and thermal reduction, have usually been adopted for this process [9]. The chemical 
reduction approach has the merit of being faster than thermal reduction. However, it uses harmful chemicals such as HI and acetic acid, 
and these chemicals also generate heteroatomic impurities on GO. In contrast, the thermal reduction process is simple, and it’s easy to 
control the remaining oxygen groups just by changing the annealing temperature and heating rates [12,13]. In previous studies, we 
synthesized NO2 gas sensors with rGO-coated commercial silk using thermal reduction at different temperatures (400, 500, and 
600 ◦C) and heating rates (1, 3, and 5 ◦C/min) [12,14]. We determined that there is a specific temperature and heating rate to use 
during thermal reduction to get an excellent response to NO2 gas. 

One of the commercial textiles, cotton, has an advantage in the gas sensor application because of its unique structure. A hollow 
canal called a lumen exists at the core of a cotton fiber [15]. This tubular structure can facilitate NO2 detection because it provides a 
potentially large number of active sites compared to other textiles. However, cotton is unstable at high temperatures. Cotton starts to 
thermally degrade at about 200 ◦C [16,17]. Hence chemicals were used to reduce the GO in rGO-based cotton (rGOC) gas sensors 
[2–5]. The responses of those chemically reduced rGOC sensors to NO2 gas were below 26 % in dry conditions [3], even though the 
maximum response was 38.07 % in 24 % humidity [4]. 

Here, we report an e-textile with a high response to NO2 gas prepared with thermally reduced GO-coated cotton fabric. We found 
that the suitable reduction temperature for maximum response was 190 ◦C. The gas-sensing performance was investigated from 500 
ppb to 10 ppm of NO2 gas. The highest response was 45.90 % for 10 ppm of NO2 when the rGOC was treated at 190 ◦C with a heating 
rate of 1 ◦C/min, rGOC190. (The samples were labeled according to their thermal reduction temperature, i.e., rGOC190 indicates rGOC 
prepared at 190 ◦C). This value was higher than the sensing responses of the rGO-silk thermally reduced at 400 ◦C with a heating rate of 
1 ◦C/min (20.50 % for 10 ppm) [12] and a mesoporous ZnO/rGO hybrid sensor (38.07 % for 10 ppm) [4]. 

2. Materials and methods 

2.1. Preparation of rGO-Cotton 

GO was synthesized by the Hummers’ method using graphite powder (99.9995 %, metals basis, Alfa Aesar). To make a 0.25 mg/ml 
GO solution, 75 mg of GO was dissolved in deionized water and sonicated for 3 h. Then, commercial cotton fabric was dipped in the GO 
solution for 30 min and dried in an oven for 1 h. This procedure was repeated three times to coat GO uniformly onto the cotton. The 
GO-coated cotton (GOC) was thermally treated at 190 ◦C with a 1 ◦C/min heating rate under N2 conditions. 

2.2. Characterization 

The morphology of the sample was observed by normal scanning electron microscope (SEM) (XL30 ESEM, Philps, Netherlands). 

Fig. 1. Optical images of (a) cotton fabric, (b) GOC, and (c) rGOC190. SEM images of (d) cotton fabric, (e) GOC, and (f) rGOC190. SEM images of 
the cross-section of (g) cotton fabric, (h) GOC, and (i) rGOC190. 
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Chemical components were investigated using X-ray photoelectron spectroscopy (XPS) (PHI 5000 Versa Probe II, Chigasaki, Japan) 
with an Al-Kα X-ray source. The structural characteristic was obtained by X-ray diffraction (XRD) (SmartLab, Rigaku, Japan) with Cu- 
Kα radiation (λ = 1.5412 Å) with a range from 5◦ to 90◦. Raman spectra (XperRF, Nanobase, Korea) were carried out using a 532 nm 
laser. Fourier-transform infrared (FT-IR) spectra were obtained by FT-IR (Vertex 80V, Hyperion2000, Bruker, USA). 

2.3. Bending cycle test and gas sensing measurements 

Bending-cycle tests were carried out using a homemade bending machine with KEITHLEY 6517A electrometer/high resistance 
meter. The resistance of the rGOC190 was measured during 5000 bending cycles with 10.0 V of bias voltage (Keithley Instruments, 
USA). Gas sensing measurements were obtained using a KEITHLEY 6517A electrometer/high resistance meter and a KEITHLEY 7001 
switch system (Keithley Instruments, Ohio, USA). The rGOC190 sensor was contacted using the two-probe method, using gold wire 
with silver paste. The resistance of the sample was measured under 10.0 V of bias voltage at 20 ◦C in dry condition. At first, we flowed 
air gas (N2 79 %, O2 21 %) 500 cc/min for 100 min. And then, the NO2 environment was maintained for 30 min followed by a recovery 
process for 1 h. These procedures were repeated with NO2 conditions from 500 ppb to 10 ppm. The response was defined as S (%) = (Ra 
– Rg)/Ra × 100, where Ra and Rg are the resistance in air and NO2 conditions, respectively. The sample size was about 2.0 cm × 0.5 cm. 

3. Results and discussion 

GO was easily coated on the cotton by dipping without any adhesive materials, with bonding provided by electrostatic interaction, 
van der Waals’ force, and hydrogen bonding with cotton [18,19]. The color of the cotton changed from white to brown due to the GO 
on its surface (Fig. 1a and b). After the thermal treatment even at 400 ◦C, the cotton fabric did not decompose and the color changed to 
black (Fig. 1c and f), which was due to the coated GO We focused on rGOC190 because it showed the best sensing performance, as will 
be discussed later. When GO was attached to the surface of the cotton fabric, wrinkles appeared not only on the cotton fiber but 
between the fibers (Fig. 1d and e). These remained after thermal reduction at 190 ◦C (Fig. 1f). The XRD patterns and FT-IR spec
troscopy also supported these results (Figs. S1 and S2, and Table S1, Supplementary material). In the SEM images, voids, known as 
lumen, were observed to exist at the center of the cotton fiber (Fig. 1g–i). It was possible to coat GO inside this tubular structure 
because the size of the GO used in this study was approximately 200 nm (Fig. S3, Supplementary material), which is much smaller than 
the tube size. This hollow structure in the cotton fiber provides more active sites for NO2 molecules. 

Fig. 2a shows the XPS C1s spectrum of pristine cotton. Cotton is composed of cellulose comprised of D-anhydroglucose units linked 
by β-1,4 glycosidic linkages. The hydroxyl groups (-OH) in cellulose can bond with adjacent hydroxymethyl groups (-CH2OH) through 
hydrogen bonds. The related peaks, which are C–C, C–OH, C–O–C, and C=O, appeared at 284.5, 286.06, 287.36, and 288.79 eV, 
respectively [20]. C=C bonds at 284.5 eV which were observed in the GOC, come from the sp2-carbon hexagonal structure of the GO 
(Fig. 2b). 

After coating with GO, the amount of C elements increased a little bit (Fig. S4 and Table S2, Supplementary material). During the 
thermal reduction, the OFGs in GO were removed and the peak for sp2-carbon hexagonal structure was relatively enhanced (Fig. 2c). As 
a result, the ratio of C=C bonds in rGOC190 dramatically increased from 28.18 % to 67.25 %, and the full width at half maximum 
(FWHM) was sharpened, while the ratio of C–C bonds and oxygen-related components decreased. 

Raman peaks for cellulose characteristics of cotton were clearly exhibited in the pristine cotton (Fig. S5, Supplementary material). 
After the GO coating, D and G bands appeared at 1324.5 and 1563.1 cm− 1, which originated from defects, disordered carbon structure, 
and the bond stretching of the sp2 carbon structure, respectively (Fig. 3a) [21]. Subpeaks related to defects, D *, D″, and D′ bands, were 
observed. The D * band is induced by disordered graphitic lattices, provided by the sp2-sp3 bonds at the edge. The D″ band is related to 
amorphous phases and the D′ band is due to sp3 hybridization [22,23]. When the GOC was thermally treated, the D and G bands were 
blue-shifted because of reduction (from 1324.47 cm− 1 to 1308.9 cm− 1 for the D band and from 1563.1 cm− 1 to 1553.9 cm− 1 for the G 
band, respectively, Fig. 3b). The ID/IG ratio decreased from 1.74 to 1.44 after the thermal reduction. The D * and D″ bands also changed. 
Both the ID */IG (from 0.58 to 0.41) and ID"/IG ratios (from 0.33 to 0.12) decreased after thermal reduction (Fig. 3c). 

Fig. 2. XPS C1s spectra of (a) cotton, (b) GOC, and (c) rGOC190.  
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Mechanical durability and electrical stability during bending are essential factors for a flexible gas sensor. To confirm these 
properties in rGOC190, we performed a 5000-cycle bending test as shown in Fig. 4a. The resistance (R0) of rGOC190 was 19 MΩ. The 
response S was less than 1 % even after 5000-cycles of bending and stretching. This indicates that the structure and electrical properties 
of rGOC190 remained even after applying physical stimuli such as bending and stretching. The flexibility of rGOC was also investigated 
using twisting and grabbing rGOC190. The rGOC190 had structural stability even under twisting (Fig. 4b) and repeated grabbing 
(Movie S1). This shows that the flexibility of rGOC190 is comparable to pure cotton (Movie S1). Based on these results, it is expected 
that rGOC190 is suitable for use in flexible NO2 gas sensors. 

Supplementary data related to this article can be found online at doi:10.1016/j.heliyon.2024.e24425 
NO2 molecules withdraw an electron from the rGO, which has p-type semiconducting behavior, generating holes in the rGO [1–7]. 

As a result, the electrical resistance of the rGO decreases. We prepared rGOCs reduced at different temperatures (190, 200, 300, and 
400 ◦C). The change in the resistance of rGOC190 during exposure to various concentrations of NO2 gas under dry conditions at 20 ◦C is 
shown in Fig. 5a (The sensing response of rGOC190 at 60 ◦C is displayed in Fig. S7, Supplementary material). When rGOC190 was 
exposed to NO2 gas, the resistance decreased, and then the resistance recovered to the initial condition under dry air. As the NO2 
concentration increased, the resistance decreased. Fig. 5b shows the response of rGOCs to different concentrations of NO2 gas under 
the same conditions. We found that the response increased as the thermal reduction temperature decreased. For example, the response 
was 9.5 % for rGOC400 but it increased up to 45.9 % for rGOC190. The gas sensing responses were 24.77 % at 0.5 ppm and 45.90 % at 
10 ppm of NO2 gas. In other words, it exhibited a superior NO2 gas sensing response not only at the ppm level but also at low con
centrations (ppb level). This value was 25.5 % and 19.9 % higher than our previous research with rGO-coated silk fabric [12], and than 
rGOC sensors reduced by chemicals [3], respectively. Moreover, the observed response of rGOC190 is the highest reported response 
among commercial textile-based gas sensors without any functionalization to the best of our knowledge. This performance was 
achieved by a low concentration GO solution and low thermal reduction temperature as well as the unique structure of cotton. The 
tubular structure of cotton fibers can effectively detect NO2 gas molecules because it provides a large number of active sites compared 
to other textiles as mentioned before. In previous research, we used a 1.0 mg/ml GO solution and thermal reduction at 400 ◦C with a 
heating rate of 1 ◦C/min, which was a denser GO solution and higher reduction temperature than were used in this study. At a high GO 
concentration, GO is thickly stacked on the cotton fabric, and NO2 molecules cannot penetrate rapidly to the inner space of the GO 
[24]. In addition, the amount of OFGs decreased more at higher temperatures, resulting in a decrease in active sites. This results in 
relatively lower sensitivity. 

Fig. 5c compares the NO2 sensing performance before and after bending rGOC190 (Fig. S8, Supplementary material). After 
bending, the NO2 sensing property was found to be similar to before bending, until 2.5 ppm of NO2 gas. From 5.0 ppm, a larger 

Fig. 3. Raman spectra of (a) GOC and (b) rGOC190. (c) The ratios of ID/IG, ID"/IG, and ID */IG of GOC and rGOC190.  

Fig. 4. (a) Resistance variation of rGOC190 during 5000 bending cycles. The upper and lower images in the inset show the stretched and bent 
rGOC190. (b) The optical image of twisted rGOC190. 
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response was observed, compared to the response of the unbent sensors. The maximum response of bent rGOC190 was only 50.47 % at 
10 ppm of NO2. The enhanced response is considered to originate from the tubular structure of the cotton. Generally, the gas molecules 
travel in a laminar flow on the flat surface, but this laminar flow is broken at bent regions inside the tube due to the collision of gas 
molecules. Therefore, a relatively large number of the molecules interact with the surface of a bent region in the hollow structure of 
cotton. In this study, we found that this effect occurred with 5.0 ppm of NO2 gas. Table 1 shows the sensing response, sensing con
ditions, sensing temperature, and synthesis method of rGO-coated textile sensors. The best sensing response is shown in rGOC190 
except the functionalized sensors with organic materials [2] and MoS2 [6]. This indicates that the low-temperature thermal reduction 
in this work seems to be important for the high response. In addition, the structural change of rGOC190 was investigated before and 
after the gas sensing process with XPS and FT-IR (Figs. S9 and S10, Supplementary material) to show the reusability. Although there 
was no structural change after the sensing process, the response time, recovery time, and repeatability need to be improved (Fig. S11, 
Supplementary material) and addressed in further studies. 

We also measured the response of rGOC190 with NO, CO, and SO2 gas using the same conditions as NO2 and the responses were 
plotted with that of NO2 to compare the sensing performance (Fig. 6a). The resistances of rGOCs decreased when rGOCs were exposed 
to all gases. For CO and SO2, the response was only half of the response to NO2 gas. Interestingly, many studies have reported that rGO 
without additional materials has no response to SO2 molecules but the response of rGOC190 is 22.06 % at 10 ppm of SO2 gas. This 
could be due to the numerous OFGs remaining after the low-temperature thermal reduction. It has been reported that the adsorption 
energy of SO2 increased when the degree of oxidation of the carbon basal plane increased. In particular, hydroxyl groups can enhance 
the charge transfer from the carbon basal plane to SO2 [25]. For NO, the response reached up to 48.4 % for 10 ppm of NO gas. This 
value is larger than the response for NO2 gas and than the previous report [26]. However, the sensing response at the low concentration 
of NO gas is much lower than the response for NO2 gas. 

In addition, the relative humidity (RH)-dependent resistance of rGOC190 was provided (Fig. 6b). At low RH (below 60 %), the 
hopping distance was increased by the swelling effect caused by the physisorbed water molecules. Hence, the resistance of rGOC190 
increased. In contrast, the absorbed water molecules were ionized, generating hydronium ions (H3O+) which act as charge carriers. 
This ionic conductivity lowered resistance at high RH [27–30]. We also investigated the NO2 gas sensing response of rGOC190 under 
various humid conditions, 20, 40, 60, and 70 % RHs (Fig. 6c). At 20 and 40 % RHs, the responses were about 20 % for 10 ppm of NO2 
gas. It was ascribed by a resistance increase below 60 % RH as shown in Fig. 6b. The response reached 30.18 % for 10 ppm of NO2 gas 
under 60 % RH. Although the variation of the response was smaller than that under dry conditions, the response increased as NO2 gas 
concentration increased until 60 % RH. However, the response was almost constant from 1.0 to 10 ppm at 70 % RH. The results show 
that the competition between the response to water molecules and NO2 molecules determines the gas-sensing property rGOC190 and 
rGOC190 is inappropriate for NO2 sensors under humid conditions. 

4. Conclusions 

NO2 gas sensing responses of 45.90 % and 50.47 % were respectively obtained with unbent and bent rGOC190. This gas-sensing 
performance is superior to the performance previously reported using textile-based NO2 sensors. Based on systematic heat treatment 
and structural investigations with XPS, Raman spectroscopy, and XRD, the high response of rGOC190 could be attributed to the large 

Fig. 5. (a) The resistance variation of rGOC190 exposed to 500 ppb–10 ppm of NO2 gas. (b) Responses of rGOCs reduced at different temperatures. 
(c) Comparison of sensing response before and after bending (black circle: before bending, red triangle: after bending). The blank test is shown in 
Fig. S6. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Table 1 
The response of the rGO-based e-textiles NO2 sensors.   

Sensing 
Material 

GO coating method 
(adhesive material) 

Synthesis Method (chemical agent and reduction 
temperature) 

Concentration 
(ppm) 

Response 
(%) 

NO2 Expose 
Time 

RH 
(%) 

Temp. 
(◦C) 

Ref. 

Cotton yarn rGO Dipping Chemical Reduction (Hydrazine) 3 25 300 s 25 R.T. [2] 
HFBA-GO Functionalized with organic materials 45 
MPP-GO 55 
KBIP-GO 65 

Cotton yarn rGO BSA Chemical reduction (HI, acetic acid, NaHCO3) 0.45 6 30 min 45 R.T. [6] 
2.5 ~20 

rGO/MoS2 Chemical reduction (HI, acetic acid, NaHCO3) 
Dipping MoS2 solution 

0.45 28 45 
2.5 40 
4.5 25 Dry 

48 45 
40 80 

Cotton yarn rGO BSA Chemical reduction (HI, acetic acid, NaHCO3) 1.25 ~12 30 min – R.T. [5] 
Polyester yarn 
Cotton thread rGO/ZnO NSs APTES Synthesize ZnO NWs (ZnO powder, NaOH) 

Chemical reduction (Hydrazine, Ammonia) 
15 44 ~140 s Dry ~23 [3] 

Cotton/spandex 
fabric 

rGO/Pd–ZnO NRs/ 
AgNWs 

Dipping Synthesize AgNWs (AgNO3, CuCl2, PVP) 
Synthesize ZnO NRs (Zn(NO3)2•6H2O, HMTA) 
PdNP decorated-ZnO NRs (PVP, Na2PdCl4) 
Chemical reduction (Hydrazine) 

100 12 ~600 s Dry R.T. [31] 

Cotton yarn rGO Dopamine Chemical reduction (HI, acetic acid, NaHCO3) 100 46 15 min 24 23 [4] 
Polyester sheet rGO Dopamine Chemical reduction (HI, acetic acid, NaHCO3) 100 36.01 ±

0.63 
4 min 20 19 [32] 

Spandex/ 
polyester 
yarn 

rGO BSA Chemical reduction (HI, acetic acid, NaHCO3) 10 ~60 30 min Wet R.T. [33] 
~30 Dry 

Nylon6 mesh 
fabric 

rGO BSA Chemical reduction (HI, acetic acid, NaHCO3) 8 26.5 30 min 80 R.T. [1] 

Nylon fiber rGO/ZnO QDs Dipping Thermal reduction (800 ◦C, 10 ◦C/min) 
Synthesize ZnO QDs (Zn(CH3COO)2•2H2O, KOH, 
anhydrous methanol) 

100 49.6 ~4 min – R.T. [34] 

Silk fabric (satin) rGO Dipping Thermal reduction (400 ◦C, multi-step) 10 10 30 min Dry 27 [14] 
Silk fabric (satin) rGO Dipping Thermal reduction (400 ◦C, 1 ◦C/min) 10 20.4 30 min Dry 25 [12] 
Cotton fabric rGO Dipping Thermal reduction (190 ◦C, 1 ◦C/min) 10 45.9 30 min Dry 20 This 

work  
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amount of oxygen functional groups, as well as the tubular structure of the cotton fibers. Based on the results of this study, we expect 
that cotton-based e-textiles prepared with low-concentration GO solution and fabricated at low reduction temperature can be a 
promising wearable NO2 gas sensor. 
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