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A B S T R A C T   

Humidity sensors are emerging in diverse technological areas in industrial and agricultural applications in 
diverse technological areas. Thus, the incorporation of desirable materials for acquiring enhanced performance is 
demanded. In this work, we have synthesized the PANI-TNT-rGO nanocomposite and applied it as a humidity 
sensor within the wide span of humidity levels. Incorporating PANI onto the structure increases the number of 
pores promoting the sensing possibilities. The synthesized TNT-rGO and PANI-TNT-rGO were prepared through 
two consequential processes, including hydrothermal and in situ polymerization methods. The synthesized TNT- 
rGO and PANI-TNT-rGO were characterized by X-ray diffraction, FTIR, Raman, scanning electron microscope 
(SEM), and BET surface area. The sensor's morphological, structural, and BET surface area affirm its quality for 
the humidity sensing areas. The fabricated sensor could propose a decent contribution in the sensing area with a 
quick response and recovery times. The sensitivity and sensing mechanism have been evaluated for both com
posites. The sensitivity of the PANI-TNT-rGO sensor was estimated to be 3.28 MΩ/RH%. The experimental ev
idence confirmed that the PANI-TNT-rGO exhibited a fast response time of 13 s.   

1. Introduction 

The measurement and control of humidity are emerging demands in 
different applications. The relative humidity causes a harmful effect if it 
exceeds a certain value. The humidity sensors are inherently employed 
in environmental parameter monitoring, especially in human comfort 
zones, industrial fabrication processes, agricultural sectors, and food 
storage [1–5]. The evaluation of humidity sensors is usually related to 
their sensitivity, response and recovery time, stability, reproducibility, 
low hysteresis, and fabrication cost. Various materials like ceramics, 
metal oxide semiconductors, polymers, and carbon nano-based mate
rials were explored to function as humidity sensors [6–9]. They have 
multiple advantages represented in low cost and fast response [10–13]. 
Despite these advantages, the obstacles of the current humidity sensor 
are represented in cross-sensitivity, response and recovery times, and 
reproducibility [14]. Polyaniline (PANI) is an ideal conducting polymer 
due to its unique characteristics like ease of preparation, thermal sta
bility, remarkable electrical conductivity, and poor sensitivity to 
different gases [15–18]. PANI was reported as an effective candidate for 

various applications such as sensors, actuators, corrosion inhibition 
[19], lithography, supercapacitor [20,21], and optoelectronic devices 
[22–24]. Despite its applicability in different directions, some limita
tions hinder its applications in many areas such as inferior mechanical 
stability, minimal processability, and insolubility in the conventional 
solvent [15,25]. Hence, the researchers have devoted their efforts to 
overcome these limitations via incorporating an organic-inorganic 
hybrid in humidity sensor devices [26]. The fabrication of PANI/rGO 
composite improves the thermoelectric properties due to the establish
ment of hydrogen bonding. Sodium titanate nanostructures with the 
general formula (Na2TinO2n+1, 3 ≤ n ≤ 6) have acquired considerable 
attention due to their desirable physical and chemical properties for 
employment in the areas of photocatalysis, chemical absorption, 
hydrogen storage, lithium and sodium batteries [27]. Inherently, the 
humidity sensors based on metal oxide suffer from some disadvantages 
represented in relatively large lag, poor response sensing performance, 
and long response/recovery time. Many solutions have been proposed to 
overcome these limitations. One effective approach comprises the 
combination of metal oxides with another organic polymer [28]. PANI is 
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a conjugated conducting polymer having favorable prospects such as 
low cost, effortless synthesis, good electrical conductivity, and photo
thermal conversion capability [29]. It has been examined as a pro
spective sensing material due to its well-regulated electrical 
conductivity, and good sensitivity. The disadvantages of PANI are lack 
of solubility and mechanical instability. Therefore PANI has been also 
combined with polymers such as carbonaceous matrix to improve me
chanical stability [30]. The combination of metal oxide and PANI pro
motes the adsorption sites along with improved thermal stability and 
electrical conductivity [31]. 

The incorporation of 2D graphene into sodium titanate and PANI 
resulted in a promising structure for several applications as demon
strated by several researchers [32–35]. Shuaihao Wang et al., [36] 
proved that Na2Ti3O7NT/g-C3N4/rGO ternary composite was success
fully synthesized by hydrothermal route. This exceptional structure has 
open porosity that enables the transport of Na+ and exhibited 
outstanding electrochemical performance. 

The PANI/ Holmium oxide composite has functioned as humidity as 
well as a pressure sensor as proposed by T. Ali et al., [37]. In their report, 
they have exemplified the facility of the in-situ chemical oxidative 
polymerization process to prepare the PANI/HO2O3 composite. The 
composite was applied as a humidity sensor at RT within 20–90% hu
midity. The acquired results reveal the decent sensitivity, stability, and 
reproducibility of the composite based on the PANI incorporation, the 
porous structure of the PANI is affirmed by the morphological studies 
which reinforce the humidity sensing capabilities. 

The hydrothermal synthesis of ZnO/PANI composite then the 
employment as a humidity sensor is also performed by W. Gu et al., [5]. 
The 4 times elevation in the impedance as a result of the humidity 
change (11–92%) was affirmed. The introduction of PANI promotes 
better growth of the crystal structure which raises the water adsorption 
ability. Further, it enhances the H+ conduction which benefits the hu
midity sensing abilities. Following these findings, we expect the suc
cessful role of the PANI in our proposed structure. 

The present study aims to explore the humidity sensing behavior of 
the PANI@TiO2 NT-rGO. The designed composite was achieved via two 
consequential processes including hydrothermal and in situ polymeri
zation. The TiO2 NT-rGO was prepared via the hydrothermal treatment 
of TiO2/GO composite in an alkaline solution. Subsequently, the in-situ 
polymerization route was introduced to synthesize PANI@TiO2 NT-rGO 
nanocomposite. The humidity sensing behavior of the structure was 
evaluated in a wide range of testing frequencies and under different 
humidity levels. The phase composition, and structure of composites 
were verified using XRD, SEM, Raman, FTIR, and surface area. The 
sensor exhibits noteworthy sensitivity and respectable repeatability 
with fast response and recovery times. 

2. Experimental 

2.1. Materials 

Ammonium persulfate ((NH4)2S2O8) (APS), Aniline (C6H5NH2), 
toluene, hydrochloric acid (HCl), Titanium (IV) Isopropoxide (Acros, 
98+ %), Ethyl alcohol (Fisher chemical, 99.5%), Glacial Acetic acid 
(Fisher chemical, 99.7%), Sodium hydroxide (Fisher chemical, ≥97%). 
The deionized (DI) Milli-Q water was used during this experiment. 

The above-mentioned chemicals have been exploited as it is without 
any applied treatment or purification. 

2.2. Synthesis of TiO2 nanoparticles 

The nanoparticles were synthesized using the sol-gel method which 
provides decent merits for the synthesized nanoparticles [38–42]. In a 
typical method, Titanium Isopropoxide (0.05 mol) were added dropwise 
to 50 ml of ethanol with sustained stirring for 15 min, followed by the 
addition of 60 ml of deionized water with stirring for 30 min. Acetic acid 

(5 ml) was added dropwise to the mixture then the mixture was kept for 
2 h with stirring at room temperature. 

2.3. Synthesis of TNT-rGO 

TNT-rGO was synthesized via the hydrothermal method. The as- 
prepared TiO2 Nanoparticles (1.2 g) were added to 10 M NaOH, and 
then add 0.3 g of the as-prepared GO was synthesized based on the 
modified hummer method [43–46] The mixture was sonicated via probe 
sonicator for 15 min at 600 W, then loaded to 100 ml Teflon-lined 
stainless steel autoclave and performs the hydrothermal reaction at 
180◦Ϲ for 24 h to produce TiO2 NT-rGO. The obtained material was 
separated using ultra-centrifugation at 8000 rpm then re-dispersed in 
deionized water, repeat this step several times till reaching pH 7. Finally, 
TiO2 NT-rGO suspension was divided into two portions; the first portion 
was dried at 80◦Ϲ overnight and denoted as (HD TiO2 NT-rGO). The 
second portion was lyophilized for 24 h using a freeze drier and desig
nated as (FD TiO2 NT-rGO). 

2.4. Synthesis of PANI @ TNT-rGO 

The in-situ polymerization route was followed to synthesize PANI @ 
TNT-rGO. 

Ideally, 1 ml of aniline was added into the suspension (200 mg) of 
TNT-rGO in a 40 ml aqueous solution of 1 M HCl. Then, the mixture was 
sonicated in a water bath for 30 min. In another glass, 2.5 g of APS was 
added to a 40 ml aqueous solution of 1 M HCl. In the second step, the 
suspension of TNT-rGO/aniline was kept in the ice bath at ~5 ◦C and 
was stirred vigorously. Then, the previously prepared APS solution was 
added dropwise into this suspension over 3 h. The obtained ‘dark green’ 
solution of PANI@ TNT-rGO nanocomposite was left overnight in the 
refrigerator and then washed with plenty of water to neutralize its pH. 
The same methodology was functioned to prepare polyaniline, 
excluding the addition of TNT-rGO (Fig. 1). 

2.5. Characterization techniques 

The X-ray diffraction (XRD) patterns of all prepared composites were 
acquired by Malvern Panalytical Empyrean 3 diffractometer to verify 
the phase composition and crystal structure. Raman spectra were 
measured using a confocal Raman microscope (Witec Alpha 300 RA, 
514 nm excitation). The surface morphologies of the synthesized com
posites were examined by Field-Emission Scanning Electron Microscopy 
(FE-SEM), model Quattro S, Thermo Scientific. FT-IR measurements 
verified the chemical bonding and interactions. The FTIR spectra were 
recorded in a spectral range of 4000–400 cm− 1 with a spectral resolution 
of 4 cm− 1 using FT-IR spectrometer (Vertex 70, Bruker). The Brunauer- 
Emmett-Teller (BET) surface area was determined using NOVA touch 
4LX by N2 adsorption. 

2.6. Sensor fabrication and evaluation 

The fluorinated tin oxide (FTO) substrate was functioned as a scaf
fold for the sensing material's deposition. The FTO substrate was cleaned 
carefully with acetone, then deionized water multiple times to remove 
unwanted impurities, and finally dried at 50 ◦C. The sensing materials 
were deposited over FTO substrate using a spin coater. Initially, a small 
quantity of sensing water was mixed with a minimal amount of deion
ized water and then grounded minutely to form past. The past was 
spread over FTO substrate via spin coating at 500 rpm for 3 min, then 
dried at 50 ◦C. The schematic diagram representing the sensor's fabri
cation procedures is displayed in Fig. 2. 

The fabricated sensor was subjected to controlled humidity levels 
from 7% up to 97% RH at room temperature (RT). The saturated salt 
solutions of LiBr, LiCl, K2CO3, NaBr, NaCl, KCl, and K2SO4 were stored in 
a closed vessel to generate a standard humidity level of 7%, 11%, 23%, 
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43%, 57%, 75%, 84%, and 97% respectively. The sensor was aged for 12 
h at a high level and low humidity level. The impedance variation as a 
function of humidity was measured by applying 1VAC at different 
testing frequencies. The impedance variation was recorded every 3 s by 
HIOKI-50 LCR connected to a personal PC. The data were visualized and 
analyzed in terms of sensitivity, hysteresis, response, and recovery time. 
The sensitivity was estimated using the following equation [47]: 

S =
ZL− ZH

RH− RL
(1)  

where, ZL is and ZH represents the impedance value at low and high 
humidity levels, and RH, RL denotes the high and low humidities. The 
response and recovery times are defined as the time required by the 
sensor to attain 90% of its maximum variation, respectively, in the case 
of adsorption and desorption. 

3. Results and discussions 

In this section, we investigate the structural specifications of the 
synthesized composite material. The XRD shed light on the structure and 
main parameters for the obtained composite. The XRD patterns are 
delivered in Fig. 3. 

The XRD pattern of the GO exhibited a diffraction peak at 12, cor
responding to (002) planes. Ideally, the polyaniline (PANI) possesses 
characteristic wide peaks around 15. 03◦, 20.50◦, and 25.19◦ which 

correlates to the diffraction planes of (010), (100), and (110) following 
the ICSD Card no. 00-065-0826, where the most intense peak occurs at 
~20◦. This also matches with prior reports [48,49]. 

Fig. 1. The schematic illustration for the PANI-TNT-rGO synthesis process.  

Fig. 2. Schematic illustration of the sensor fabrication process.  

Fig. 3. The XRD patterns of the PANI, rGO/TNT, and PANI/rGO/TNT.  
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The rGO/TNT exhibits sharper peaks ascribed to the TNT structure, 
while the rGO peaks are not clear, reflecting the successful coverage of 
the rGO using TNT. 

The apparent planes are noticed at the angles of 9.47◦, 12.9◦, 28.72◦, 
35.77◦, 39.80◦, 40.81◦, and 49.63◦ responding to (100), (0-11), (120), 
(202), (3-12),(-231), (3-13) planes accordingly. This coincides with the 
ICSD Card no. 01-084-8818 and the former results either [50]. The 
incorporation of broad peaked PANI onto the rGO/TNT matrix lessens 
the intensity of the peaks for TNT and reflects the successful formation of 
the composite as displayed in Fig. 3. [48] 

Fig. 4 displays The FTIR spectrum of the as-prepared TNT-rGO, PANI, 
and PANI-TNT nanocomposite. The spectra of TNT-rGO show a promi
nent peak at 1630, 700, 440 cm− 1 attributed to the stretching vibration 
of C––C of the rGO [23], Ti–O anatase phase of Titanate nanotubes 
(TNT), and Ti-O-Ti crystal phonons due to the tubular structure 
exhibited by TNTs [51], respectively. However, the weak intensity of the 
C––C, as well as the disappearance of the other peaks of rGO might be 
due to its lower concentration, and also might be due to growth, 
covering the PANI for the surface of the TNT which may prevent the 
appearance of the rGO in the FTIR. The FTIR spectrum of PANI reveals 
some characteristic peaks at 3227 cm− 1 is assigned for the N–H 
stretching mode [52]; stretching vibration modes of C––N and C––C 
bonds appears at 1570 cm− 1 and 1490 cm− 1 respectively for the quinoid 
and benzenoid rings [53]; the stretching vibration modes that attributed 
to C–N bond of the benzenoid ring appears at 1294 cm− 1 and 1238 
cm− 1. Furthermore, the in-plane bending vibration mode of the C–H 
bond of N=Q=N, which is characteristic of the protonated PANI appears 
at 1140 cm− 1, which confirms the successful doping of PANI [54]. In 
addition, the bending vibration mode attributed to aromatic C–H out- 
of-plane appears at 800 cm− 1 [52]. The FTIR spectrum of the PANI- 
TNT-rGO composite contains the characteristic peaks of both TNT-rGO 
and PANI. 

The Raman spectra were carried out to further investigate the 
chemical bonding of the prepared materials. The Raman spectra of 
PANI, rGO-TNT, and ternary composite PANI-TNT-rGO are represented 
in Fig. 5 For PANI, two characteristic bands at 1356 cm− 1 and 1571 
cm− 1 can be recognized. The band at 1356 cm− 1 is due to the C–N+

stretching, while the band at 1571 cm− 1 is originated from C––C 
stretching of the quinoid [55]. The carbon nano-based materials are 
characterized by two bands named D band and G band. The D band 
comes from the disorder or structural defect, while the G band corre
sponds to the first-order scattering of the E2g mode (in-plane vibration of 

sp2‑carbon atoms) [56]. In addition to D band at 1329 cm− 1 and G band 
at 1598 cm− 1, four bands at 682 cm− 1, 440 cm− 1, 278 cm− 1, and 171 are 
observed. Characteristically, the metal-containing titanates resulted in a 
sharp Raman peak; hence the identification of the various phases are 
presented in the prepared materials is achieved. According to the group 
theory, the predicted optical phonon mode can be expressed as follows 
[57]: 

Γopt = 24Ag+ 11Au+ 12Bg+ 22Bu (2) 

33 modes are IR active (11Au + 22Bu), and 36 modes are Raman 
active (24Ag + 12Bg). The bands at 682 cm− 1, 278 cm− 1 arise from 
Ti–O vibrations in edge-shared and corner-shared TiO6 octahedra. The 
band centered around 440 cm− 1 mainly originate from Na− O− Ti vi
brations [58,59]. For the ternary composite PANI-TNT-rGO, the same 
bands as pare PANI were observed. This is due to the full coverage of 
both TNT and rGO with PANI. as confirmed by SEM. 

The SEM micrographs of the prepared samples are displayed in 
Fig. 6. Fig. 6a exhibits a granular fibrous structure of PANI. The PANI 
granules are composed of agglomerated fibers. The TNT-rGO composite 
of Fig. 6b demonstrates 2D wrinkled graphene sheets and TNT. The TNT 
has a tubular structure with less agglomeration. The graphene sheets 
appear as thin multiple layers with crumpled and wrinkled aggregations. 
The PANI@TiO2 NT-rGO formed via the interaction between PANI and 
TNT-rGO. In this structure, the TNT and rGO sheets are coated with 
PANI fibers as well. 

The complete N2 adsorption-desorption isotherms of all prepared 
samples are displayed in Fig. 7. According to the International Union of 
Pure and Applied Chemistry (IUPAC) classification, all isotherms belong 
to type III. In the case of type III isotherm, the adsorbent-adsorbate in
teractions are relatively weak, and the adsorbed molecules are assem
bled all over the active sites on the surface of a material. The BET surface 
areas of PANI, rGO-TNT, and PANI-TNT-rGO were estimated to be 
104.233, 161.544, and 133.047 m2/g, respectively as represented in 
Table 1. Notably, the surface area of rGO-TNT is greater than pure PANI. 
On contrary, the estimated BET surface area of PANI-TNT-rGO is lower 
than the rGO-TNT composite. This could be due to the rGO sheets that 
have an elevated surface area that enhances the estimated BET surface 
area [60], Simultaneously, in the case of PANI-TNT-rGO, the PANI cover 
the TNT which may decrease the calculated surface area. The SEM im
ages in Fig. 6 demonstrated that PANI fully covers the rGO-TNT. The 
pore radius and total pore volume follow the above-described trend. The 
pore radius of all samples indicates the presence of micropores. Fig. 4. The FTIR outcomes for the varied synthesized composites.  

Fig. 5. Raman Spectra for the prepared PANI, PANI-TNT, and PANI-TNT- 
rGO composites. 
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3.1. Humidity sensing characteristics 

The humidity sensing behavior of the rGO-TNT and PANI-TNT-rGO 
composites was investigated in a big range of humidity from 7% up to 
97% using 1 VAC. The sensor has been tested at different frequencies to 
elucidate the effect of applied frequency on the response, as illustrated 
in Fig. 8. Remarkably, the impedance of the PANI-TNT-rGO is lower 
than rGO-TNT by two orders of magnitude due to the PANI presence. 

Inherently, the impedance variation decreases as the frequency in
creases. This behavior is related to the polarizability of adsorbed water 
molecules. As the frequency increases the water molecules cannot follow 
the change in polarity; hence the impedance variation is lower. 
Accordingly, the prepared sensors will be tested at 100 Hz [10,61]. 
Fig. 8 demonstrates the variation of impedance as a function of relative 
humidity for rGO-TNT and PANI-TNT-rGO. It was demonstrated through 
experimental evidence for both sensors that the impedance increases as 
the relative humidity increase up to 23%, then decreases with increasing 
the humidity level. The PANI-TNT-rGO sensor, as compared to the rGO- 

TNT sensor, suffers from a dramatic decrease in its impedance when the 
humidity increases above 43%. The sensitivity of the PANI-TNT-rGO 
sensor was estimated to be 3.28 MΩ/RH%. A more detailed investiga
tion of the PANI-TNT-rGO sensor has been carried out (Fig. 9). 

The emeraldine base PANI contains oxidized (–N=) and reduced 
(__NH__) forms, as represented in Fig. 4. These two forms can be pro
tonated due to the presence of un-bonded electron pair on the nitrogen 
atom as described by the following equations [62]: 

NH→NH2
+ and N→NH+ (3) 

The conduction mechanism of the PANI is governed by the electron 
hopping from protonated reduced form (NH2

+) to the protonated 
oxidized form (NH+). Since (NH2

+) is incapable of leaving an electron 
without earlier leaving a proton; thus the electron hopping occurs 
conditionally before the transformation of a proton. This type of con
duction occurs in the presence of water molecules [63]. 

NH2
+ +H2O→NH+H3O+ (4) 

Thus, in other words, ionic and electronic conduction happens dur
ing humidity sensing [64]. 

The response and recovery times are defined as the time required by 
the sensor to attain 90% of its original value in the case of adsorption 
and desorption respectively. Based on this definition the response time 
and recovery times were calculated to be 13 s and 200 s, respectively, as 
represented in Fig. 10. The data revealed that the response time is 
greater than the response time. Famously, the desorption of water 
molecules requires more energy than adsorption, hence the desorption 
of water molecules from the sensor's surface takes much more time than 
the desorption of water molecules (Table 2). 

Complex impedance spectroscopy (CIS) is a powerful technique for 
explaining the sensing mechanism of the humidity sensor [71,72]. The 

Fig. 6. The scanning electron microscopy (SEM) results for (a) PANI, (b) TNT-rGO, and (c) PANI-TNT-rGO composites.  

Fig. 7. a) The adsorption response for the synthesized composite structures, and b) the desorption.  

Table 1 
The BET results for the synthesized composites.  

Sample 
name 

Average 
pore 
size, nm 

BET 
surface 
area, 
m2/g 

BJH 
surface 
area, 
m2/g 

BJH pore 
volume, 
cm3/g 

Pore 
radius, 
nm 

Total 
pore 
volume 

PANI  3.46  104.233  65.144  0.158  1.920  0.1803 
TNT- 

rGO  
3.379  161.544  95.496  0.239  1.931  0.2272 

PANI- 
TNT- 
rGO  

3.2740  133.047  79.9166  0.192013  1.91808  0.21780  
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CIS spectra for the fabricated sensors at different RH values and different 
frequencies from 100 Hz to 5 MHz were evaluated. The CIS curves of the 
rGO-TNT are depicted in Fig. 11. At a low humidity level, the CIS 
demonstrates a straight line, while a semicircle starts to appear with a 
further increase in the humidity level. A tail at the low-frequency region 
appears for humidity levels greater than 43%. At the beginning and 
under low humidity circumstances, the water molecule is chemically 
adsorbed via a double hydrogen bond, thereby hindering the movement 
of charge carriers, so the conductivity is originated from the intrinsic 
charge carriers. More water molecules are physically adsorbed with the 
further increment in humidity level, thereby initiating ionic conduction. 
A short line starts to appear in a lower frequency range at elevated 
humidity levels. This short line is related to the Warburg impedance 
(Zw) due to the diffusion process of charge carriers. At this stage of 
conduction, the water molecules form a continuous layer of water; 
thereby, the generated protons are transferred to the neighboring water 
molecules, known as the Grotthuss chain reaction [1]. 

The CIS curves for the PANI-TNT-rGO are depicted in Fig. 12. 
Remarkably, the semi-circle is apparent at humidity levels from 7% to 
75%. The semicircle indicates that the adsorbed water molecule on the 
sensor's surface is dissociated to OH− and H3O+ for ionic conduction. 

The appearance of the semicircle at a low humidity level is due to the 
presence of PANI as described by Eq. (4). For high humidity levels, a 
short line is observed at a lower frequency region. The curvature of the 
semi-circle decreases with increasing the humidity level. 

The sensing mechanism of humidity sensors relies on the chemi
sorption and physisorption of water molecules onto the sensor's surface. 
At relatively low humidity the water molecules are chemically adsorbed 
and dissociate on the sensor's surface to form protons (H+) and hydroxyl 
groups (OH− ). At this stage the water molecules are adsorbed on the 
sensor's surface via a double hydrogen bond; thereby the sensor reveals 
high impedance. With the growing humidity level, more water layers are 
physically adsorbed, then the water molecules interact with the gener
ated OH− group to produce hydronium ions. At this stage, the produced 
hydronium can move freely between adjacent water molecules known as 
Grotthuss chain reaction. 

H2O→H+ +OH− (5)  

H2O+H+→H3O+ (6)  

H3O+ +H2O→H3O+ +H2O (7) 

Fig. 8. The resultant alteration of the impedance magnitude as a function of the relative humidity for rGO-TNT (left) and PANI-TNT-rGO (right) at varied 
frequencies. 

Fig. 9. The stability and repeatability of the sensor times within two dissimilar 
humidity levels. 

Fig. 10. The illustration of the response and recovery times for the synthesized 
PANI-TNT-rGO sensor. 
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The equivalent circuit of semi-circle (7% up to 75%) can be repre
sented by a resistor and capacitor in parallel. For a high humidity 
environment, the Warburg impedance (ZW) is predominant, and the 
equivalent circuit can be represented by resistor and capacitor in par
allel and then in series with the resistor. The presence of PANI in the 
structure plays an important role, where the PANI contains a huge 
number of N–H groups, Which in turn facilitates the transmission of the 
generated Protons (H+) and then increases the response and sensitivity. 
This behavior can be described using the following equations [28]: 

H+ +NH→NH+
2 (8)  

NH+
2 +H2O→NH+H3O+ (9)  

4. Conclusion 

This reports successfully synthesized the PANI-TNT-rGO composite 
via the feasible combination of hydrothermal treatment and polymeri
zation. The morphology of the prepared composite and its derivatives 
were evaluated. The spectral and the bands of the structures were 
determined. The XRD, FTIR, and Raman measurements confirm the 
successful incorporation of PANI, TNT, and rGO in a unified structure. 

Table 2 
The proposed sensor's performance compared to other reported sensors in previous works.  

Sensing material Fabrication method Measurement 
range 

Sensor response 
time (s) 

Sensor recovery 
time (s) 

Ref. 

GO/PANI/TNT In-situ chemical oxidative polymerization 23–97% RH 13 200 This 
work 

Orange dye-polyaniline 
composite 

Composite films were deposited on glass substrates between pre- 
deposited silver electrodes 

30–90% RH 34 450 [65] 

PANI/Pr2O3 composite In situ polymerization 15–95% RH 377 453 [66] 
Nanogranular (Ng) PANI-paper In Situ Synthetization 16–96% RH 1300 2809 [67] 
Spandex covered yarns (SCY)- 

PANI fibers 
The as-prepared SCYs were immersed in the polymerization 
solution of aniline 

27–98% RH 400-30 – [68] 

PANI-Nb2O5 Chemical polymerization of aniline without/with Nb2O5 25–95% RH 80 90 [69] 
Poly (lactic acid)/PANI–ZnO 

composite 
Hydrothermal and in situ polymerization followed by 
electrospinning 

20–90% RH 85 120 [70]  

Fig. 11. The propagation of the imaginary part of the impedance with the real part of the impedance for the rGO -TNT sensor at various humidity levels.  
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The PANI covered the TNT as indicated by SEM observations. The sen
sor's performance at varied frequencies and surrounding humidity levels 
is monitored. The fabricated sensors display a fast response and recovery 
times referred to as 13 s and 200 s for the former and the latter corre
spondingly. The sensing mechanism largely depends on the presence of 
PANI in the prepared structure. 
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X. Bokhimi, L. Escobar-Alarcón, T.E. Klimova, Novel heterogeneous basic catalysts 
for biodiesel production: sodium titanate nanotubes doped with potassium, Catal. 
Today 250 (2015) 187–196, https://doi.org/10.1016/j.cattod.2014.03.025. 

[59] T. Jiang, L. Zhang, M. Ji, Q. Wang, Q. Zhao, X. Fu, H. Yin, Particuology carbon 
nanotubes/TiO2 nanotubes composite photocatalysts for efficient degradation of 
methyl orange dye, Particuology. 11 (2013) 737–742, https://doi.org/10.1016/j. 
partic.2012.07.008. 

[60] S. Wei, Z. Shi, W. Wei, H. Wang, D. Dastan, M. Huang, J. Shi, S. Chen, Facile 
preparation of ultralight porous carbon hollow nanoboxes for electromagnetic 
wave absorption, Ceram. Int. 47 (2021) 28014–28020, https://doi.org/10.1016/j. 
ceramint.2021.06.132. 

[61] E.E. Ateia, M.M. Arman, M. Morsy, Synthesis, characterization of NdCoO3 
perovskite and its uses as humidity sensor, Appl. Phys. Mater. Sci. Process. 125 
(2019) 1–9, https://doi.org/10.1007/s00339-019-3168-6. 

[62] S. Manjunatha, T. Machappa, Y.T. Ravikiran, B. Chethan, A. Sunilkumar, 
Polyaniline based stable humidity sensor operable at room temperature, Phys. B 
Condens. Matter 561 (2019) 170–178, https://doi.org/10.1016/j. 
physb.2019.02.063. 

[63] F.-W. Zeng, X.-X. Liu, D. Diamond, K.T. Lau, Humidity sensors based on polyaniline 
nanofibres, Sensors Actuators B Chem. 143 (2010) 530–534, https://doi.org/ 
10.1016/j.snb.2009.09.050. 

[64] M.V. Fuke, A. Vijayan, M. Kulkarni, R. Hawaldar, R.C. Aiyer, Evaluation of co- 
polyaniline nanocomposite thin films as humidity sensor, Talanta 76 (2008) 
1035–1040, https://doi.org/10.1016/j.talanta.2008.04.064. 

[65] M.T.S. Chani, K.S. Karimov, F.A. Khalid, S.Z. Abbas, M.B. Bhatty, Orange 
dye—polyaniline composite based impedance humidity sensors, Chinese Physics B. 
22 (2013) 10701, https://doi.org/10.1088/1674-1056/22/1/010701. 

M. Morsy et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.matchemphys.2021.125554
https://doi.org/10.1364/ACPC.2012.ATh2F.4
https://doi.org/10.1364/ACPC.2012.ATh2F.4
https://doi.org/10.1016/j.jallcom.2021.162946
https://doi.org/10.1016/j.jallcom.2021.162946
https://doi.org/10.1016/j.sna.2021.113040
https://doi.org/10.1016/j.sna.2021.113040
https://doi.org/10.1002/pat.990
https://doi.org/10.1016/j.renene.2020.04.104
https://doi.org/10.1016/j.renene.2020.04.104
https://doi.org/10.1016/j.jallcom.2018.03.332
https://doi.org/10.1016/j.cap.2021.11.013
https://doi.org/10.1016/j.desal.2022.115612
https://doi.org/10.1016/j.snb.2020.128364
https://doi.org/10.1016/j.surfin.2019.100410
https://doi.org/10.1016/j.jallcom.2021.162227
https://doi.org/10.1016/j.jallcom.2021.162227
https://doi.org/10.1016/j.jece.2021.106006
https://doi.org/10.1016/j.jece.2021.106006
https://doi.org/10.1016/j.jpcs.2021.110081
https://doi.org/10.1016/j.jpcs.2021.110081
https://doi.org/10.1016/j.inoche.2018.08.008
https://doi.org/10.1016/j.inoche.2018.08.008
https://doi.org/10.1016/j.jeurceramsoc.2003.07.014
https://doi.org/10.1016/j.jeurceramsoc.2003.07.014
https://doi.org/10.1016/j.sna.2021.113040
https://doi.org/10.1016/j.sna.2021.113040
https://doi.org/10.1016/j.apt.2020.10.015
https://doi.org/10.1016/j.apt.2020.10.015
https://doi.org/10.1016/j.surfin.2021.101190
https://doi.org/10.1021/acs.langmuir.1c01706
https://doi.org/10.1021/acs.langmuir.1c01706
https://doi.org/10.1007/s10854-020-04387-3
https://doi.org/10.1016/j.jpcs.2020.109864
https://doi.org/10.1007/s11664-019-07550-7
https://doi.org/10.1007/s10904-018-1011-8
https://doi.org/10.1007/s10904-018-1011-8
http://refhub.elsevier.com/S0925-9635(22)00222-9/rf202204270343439907
http://refhub.elsevier.com/S0925-9635(22)00222-9/rf202204270343439907
http://refhub.elsevier.com/S0925-9635(22)00222-9/rf202204270343439907
https://doi.org/10.1007/s10904-020-01570-1
https://doi.org/10.1007/s10904-020-01570-1
https://doi.org/10.1016/j.diamond.2021.108754
https://doi.org/10.1016/j.diamond.2021.108754
https://doi.org/10.1088/0957-4484/21/17/175102
https://doi.org/10.1088/0957-4484/21/17/175102
https://doi.org/10.1007/s10008-019-04435-x
https://doi.org/10.1007/s10008-019-04435-x
https://doi.org/10.1007/s11356-019-06602-z
https://doi.org/10.1016/j.jece.2020.104726
https://doi.org/10.1016/j.jece.2020.104726
https://doi.org/10.3390/ma5101811
https://doi.org/10.1155/2012/202794
https://doi.org/10.1155/2012/202794
https://doi.org/10.1021/acs.iecr.5b02907
https://doi.org/10.1021/acs.iecr.5b02907
https://doi.org/10.1039/C7RA08794B
https://doi.org/10.1039/C7RA08794B
http://refhub.elsevier.com/S0925-9635(22)00222-9/rf202204270347080360
http://refhub.elsevier.com/S0925-9635(22)00222-9/rf202204270347080360
http://refhub.elsevier.com/S0925-9635(22)00222-9/rf202204270347080360
http://refhub.elsevier.com/S0925-9635(22)00222-9/rf202204270347150387
http://refhub.elsevier.com/S0925-9635(22)00222-9/rf202204270347150387
https://doi.org/10.1016/j.cattod.2014.03.025
https://doi.org/10.1016/j.partic.2012.07.008
https://doi.org/10.1016/j.partic.2012.07.008
https://doi.org/10.1016/j.ceramint.2021.06.132
https://doi.org/10.1016/j.ceramint.2021.06.132
https://doi.org/10.1007/s00339-019-3168-6
https://doi.org/10.1016/j.physb.2019.02.063
https://doi.org/10.1016/j.physb.2019.02.063
https://doi.org/10.1016/j.snb.2009.09.050
https://doi.org/10.1016/j.snb.2009.09.050
https://doi.org/10.1016/j.talanta.2008.04.064
https://doi.org/10.1088/1674-1056/22/1/010701


Diamond & Related Materials 126 (2022) 109040

10

[66] S.C. Nagaraju, A.S. Roy, J.B.P. Kumar, K.R. Anilkumar, G. Ramagopal, Humidity 
sensing properties of surface modified polyaniline metal oxide composites, J. Eng. 
2014 (2014), 925020, https://doi.org/10.1155/2014/925020. 

[67] S.S. Sandhu, S. Kumar, S. Augustine, U. Saha, K. Arora, S. Bayan, S.K. Ray, N. 
K. Puri, B.D. Malhotra, Nanoengineered conductive polyaniline enabled sensor for 
sensitive humidity detection, IEEE Sensors J. 20 (2020) 12574–12581, https://doi. 
org/10.1109/JSEN.2020.3001599. 

[68] Y.-N. Guo, Z.-Y. Gao, X.-X. Wang, L. Sun, X. Yan, S.-Y. Yan, Y.-Z. Long, W.-P. Han, 
A highly stretchable humidity sensor based on spandex covered yarns and 
nanostructured polyaniline, RSC Adv. 8 (2018) 1078–1082, https://doi.org/ 
10.1039/C7RA10474J. 

[69] S. Kotresh, Y.T. Ravikiran, S.C. Vijaya Kumari, H.G. Raj Prakash, S. Thomas, 
Polyaniline niobium pentoxide composite as humidity sensor at room temperature, 

advanced, Mater. Lett. 6 (2015) 641–645, https://doi.org/10.5185/ 
amlett.2015.5795. 

[70] H. Parangusan, J. Bhadra, Z. Ahmad, S. Mallick, F. Touati, N. Al-Thani, Humidity 
sensor based on poly(lactic acid)/PANI–ZnO composite electrospun fibers, RSC 
Adv. 11 (2021) 28735–28743, https://doi.org/10.1039/D1RA02842A. 

[71] K. Shan, F. Zhai, Z.-Z. Yi, X.-T. Yin, D. Dastan, F. Tajabadi, A. Jafari, S. Abbasi, 
Mixed conductivity and the conduction mechanism of the orthorhombic CaZrO3 
based materials, Surf. Interfaces 23 (2021), 100905, https://doi.org/10.1016/j. 
surfin.2020.100905. 

[72] N. Haghnegahdar, M. Abbasi Tarighat, D. Dastan, Curcumin-functionalized 
nanocomposite AgNPs/SDS/MWCNTs for electrocatalytic simultaneous 
determination of dopamine, uric acid, and guanine in co-existence of ascorbic acid 
by glassy carbon electrode, J. Mater. Sci. Mater. Electron. 32 (2021) 5602–5613, 
https://doi.org/10.1007/s10854-021-05282-1. 

M. Morsy et al.                                                                                                                                                                                                                                  

https://doi.org/10.1155/2014/925020
https://doi.org/10.1109/JSEN.2020.3001599
https://doi.org/10.1109/JSEN.2020.3001599
https://doi.org/10.1039/C7RA10474J
https://doi.org/10.1039/C7RA10474J
https://doi.org/10.5185/amlett.2015.5795
https://doi.org/10.5185/amlett.2015.5795
https://doi.org/10.1039/D1RA02842A
https://doi.org/10.1016/j.surfin.2020.100905
https://doi.org/10.1016/j.surfin.2020.100905
https://doi.org/10.1007/s10854-021-05282-1

	The humidity sensing characteristics of PANI-titania nanotube-rGO ternary nanocomposite
	Recommended Citation

	The humidity sensing characteristics of PANI-titania nanotube-rGO ternary nanocomposite
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis of TiO2 nanoparticles
	2.3 Synthesis of TNT-rGO
	2.4 Synthesis of PANI @ TNT-rGO
	2.5 Characterization techniques
	2.6 Sensor fabrication and evaluation

	3 Results and discussions
	3.1 Humidity sensing characteristics

	4 Conclusion
	Funding statement
	Ethics statement
	Declaration of competing interest
	References


