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 We present a flexible humidity sensor comprising a reduced graphene oxide/polyaniline 
(RGO/PANI) composite film on a polypropylene filter paper substrate. Graphene oxide was 
reduced with sodium borohydride (NaBH4), then PANI was prepared by the oxidative 
polymerization of aniline to produce the RGO/PANI composite. The suspension of the as-
prepared RGO/PANI composite was simply filtered on the paper substrate for sensor fabrication. 
The structure and morphology of the obtained composite were investigated by SEM, Fourier 
transform IR spectroscopy, and Raman spectroscopy. The experimental results revealed that the 
RGO/PANI composite film on the paper substrate can be used for humidity sensing with low 
hysteresis, good repeatability, and a large response in a broad humidity range. Moreover, our 
sensor has the potential to be applied in wearable devices because of the flexible substrate.

1. Introduction

 In recent years, humidity sensing has played an important role in various applications, such 
as weather forecasting, industrial production, medical instruments, and agricultural planting.(1) 
The performance of a humidity sensor depends critically on the characteristics of its sensing 
materials. So far, a series of materials have been employed in humidity sensing, including metal 
oxides, polymer electrolytes, and carbon nanotubes.(2)

 Graphene, a very attractive 2D carbon nanomaterial with excellent mechanical flexibility, 
high surface area, and low manufacturing cost, has been widely used in fields such as biology, 
medicine, and gas sensing.(3) Graphene oxide (GO), an important derivative of graphene, has 
multiple chemical groups containing oxygen that can enhance the hydrophilicity and introduce 
abundant adsorption sites of water molecules, endowing GO with the ability to detect humidity. 
Nevertheless, these groups disrupt the sp2 structure of graphene and make it electrically 
insulating. Thus, the electrical characteristics of GO are difficult to measure, which is a 
hindrance for humidity sensing. Reduced graphene oxide (RGO) is a potential candidate for 
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various types of humidity sensors since chemical reduction processes can restore its conductivity 
while still keeping the chemically active defect sites.(4) However, RGO tends to aggregate and 
stack	 owing	 to	 π–π	 interactions	 and	 van	 der	Waals	 forces,	 severely	 decreasing	 the	 effective	
specific surface area. As a result, a pure RGO humidity sensor usually exhibits a low response 
even at high humidity.(5) 
 Many studies have shown that sensors based on two materials mixed together may show 
improved humidity-sensing properties due to the synergistic effect between the two 
components.(6) Wang et al. fabricated reduced graphene oxide–polyethylene oxide (RGO-PEO) 
nanocomposites for humidity detection. The humidity sensitivity of the RGO-PEO composite 
was found to be twice that of the pure PEO.(7) Li et al. synthesized a QC-P4VP/PANI humidity 
sensor, which exhibited lower hysteresis than that of a sensor based on only QC-P4VP.(8) These 
studies inspired us to design a composite to improve the humidity-sensing performance of RGO. 
 Electrically conducting polymers such as polyaniline (PANI) have been used to fabricate 
humidity sensors because their physical and chemical properties can be easily modulated by 
simple fabrication. However, pure PANI has limited applicability as a humidity sensor owing to 
its intrinsic instability under high humidity conditions and its large hysteresis.(9) Therefore, we 
decided to fabricate a humidity sensor based on an RGO/PANI composite to combine the 
advantages of both RGO and PANI. 
 The RGO/PANI composite has also been widely applied in research on supercapacitors. 
However, the effects of humidity on the performance of supercapacitors based on the RGO/
PANI composite have not yet been fully considered. In fact, humidity has a significant effect on 
the utilization of supercapacitors. For example, it has been reported that the capacity of a 
supercapacitor using RuO2 varies greatly with the humidity level, and the cycle lifetime of the 
supercapacitor is poor in a high-humidity environment.(10) Research on the humidity-sensing 
properties of the RGO/PANI composite could also provide guidelines for the application of 
supercapacitors based on this composite.
 At present, humidity sensor devices are usually manufactured on ceramic and crystalline 
silicon substrates with interdigitated electrodes. However, the interdigitated electrodes are 
usually fabricated via high-cost and sophisticated nanolithography techniques, which hamper 
the development and application of humidity sensors. At the same time, solid-state substrates 
suffer from poor mechanical flexibility, which restricts their application in flexible electronic 
devices such as wearable devices. Paper is considered a potential substrate for low-cost flexible 
electronics because of its multiple advantages including flexibility, portability, and low cost.(11) 
In this study, our humidity sensor is fabricated on a paper substrate, giving it the potential to be 
further applied in wearable devices.
 Although many humidity sensors have already shown a high response at a high relative 
humidity (RH) level, the response at a low RH level (<30%) has not been satisfactory.(12) 

Developing a cost-effective humidity-sensing material that exhibits a high response in the full 
range of RH is still a challenge.
 In this work, we aim to fabricate a flexible humidity sensor comprising an RGO/PANI 
composite film on a polypropylene filter paper substrate. The humidity-sensing properties of the 
as-prepared sensor are investigated and the experimental results indicate that the combination of 
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RGO and PANI leads to improved humidity-sensing performance, including a high response, 
low hysteresis, and good repeatability. More importantly, the RGO/PANI composite film is 
sensitive in almost the whole RH range (0–98%). 

2. Experiment

2.1 Materials and chemicals

	 Ammonium	 persulfate	 (APS,	 ≥98%),	 hydrochloric	 acid	 (HCl,	 37%),	 aniline	 (C6H7N, 
≥99.9%),	and	sodium	borohydride	(NaBH4, 98%) were purchased from Aladdin. GO (thickness: 
0.8–1.2	nm,	diameter:	0.5–5	μm)	was	obtained	from	Nanjing	XFNANO	Materials	Tech	Co.,	Ltd.	
All reagents were used as received without any previous treatment. Silver conductive paint 
(05001-AB,	sheet	resistivity:	<100	mΩ/square,	volume	resistivity:	3	×	10−5	Ω·cm)	was	purchased	
from SPI Co., USA.

2.2 Fabrication of sensor

 RGO was prepared by chemically reducing GO with NaBH4. Briefly, 55 mg of GO was 
dissolved in 200 ml of deionized water and then treated with ultrasonic waves for 0.5 h to obtain 
a homogeneous solution. Subsequently, 20 ml of deionized water containing 500 mg of NaBH4 
was added to the as-prepared GO solution, and the whole solution was magnetically stirred at 80 
°C for 1.5 h to obtain an RGO suspension. Finally, the RGO was collected by filtering and dried 
under vacuum at 60 °C for 5 h.
 PANI was prepared by chemical oxidative polymerization with APS used as the oxidant. 
Typically, the as-prepared RGO (5 mg), aniline (0.044, 0.093, or 0.191 mL), and HCl (1 M) were 
mixed and then APS (0.1099, 0.2322, or 0.477 g) was added. The weight feed ratio of aniline to 
RGO was 90:10, 95:5, or 97.5:2.5 and the resulting hybrids were named PRG10, PRG5, and 
PRG2.5, respectively. Next, the as-prepared solution was magnetically stirred for 1.5 h in an ice-
water bath (0–5 °C). Finally, the dark green precipitate was separated from the solution by 
filtration and the RGO/PANI nanocomposite was obtained after drying in vacuum at 60 °C for 
5 h.
 To prepare the humidity sensor, 5 mg of the as-prepared RGO/PANI composite with each of 
the different proportions was added to 20 mL of ethanol. Afterwards, the resulting solutions 
were ultrasonically stirred for 1 h to completely dissolve the composite. Subsequently, the as-
prepared solutions were filtered through a polypropylene filter paper with a pore size of 0.22 µm, 
forming an RGO/PANI composite film on the paper substrate. Figures 1(a) and 1(c) show a 
schematic diagram and a photo of the RGO/PANI humidity sensor, respectively. The electrodes 
were prepared by brushing conductive Ag paste onto the film and connecting copper wires. The 
distance between the Ag electrodes was about 2 mm to ensure ease of preparation and moderate 
resistance value of the RGO/PANI humidity sensor. The dimensions of the paper and the Ag 
electrode	were	about	10	×	10	mm2	and	2	×	8	mm2, respectively. 
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2.3 Experimental setup

 A schematic illustration of the humidity-sensing measurement setup is shown in Fig. 1(b). 
The electrical characteristics of the as-prepared RGO/PANI humidity sensor were measured 
using a Keithley 2400 sourcemeter. The humidity-sensing performances were studied by placing 
the RGO/PANI humidity sensor in a series of RH environments at room temperature (~25 
± 1 °C). A series of saturated salt solutions of LiCl, CH3COOK, MgCl2, K2CO3, Mg(NO3)2, KI, 
NaCl, KCl, and K2SO4 were used to achieve and maintain RH levels of 11, 22, 33, 43, 54, 69, 75, 
84, and 98%, respectively. P2O5 powder was used as a desiccant to generate 0% RH.
 The response R is an important parameter for evaluating the performance of the humidity 
sensor, which is defined as R = (IRH −	I0)/I0	×	100%,	where	IRH and I0 are the currents of the 
humidity sensor at a particular RH and 0% RH, respectively. The times needed to attain 90% of 
the total current change during the humidification and desiccation processes are defined as the 
response and recovery times, respectively.(13) 

3. Experimental Results and Discussion

3.1 Morphology and characterization

 The morphologies of the RGO/PANI film are shown in Fig. 2. Figure 2(a) shows that the 
PANI nanofibers have a porous structure. Figure 2(b) shows that the structure of the RGO/PANI 

Fig. 1. (Color online) (a) Schematic illustration of the paper substrate sensor. (b) Schematic illustration of 
humidity-sensing measurement setup. (c) Photo of the fabricated sensor.

(a)

(b) (c)
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film is meshed and that the fiber dimension belongs to the nanometer range. The meshed 
nanofibers of PANI are closely combined with the RGO nanosheets, and the RGO nanosheets 
are homogeneously surrounded by PANI nanofibers.(14) 
 The structures of the as-prepared pure PANI and the RGO/PANI composite were examined 
by Fourier transform IR (FTIR) spectroscopy. As can be seen in Fig. 3(a), the spectrum of the 
RGO/PANI composite clearly shows absorption at 1562 and 1481 cm−1 due to C=C stretching of 
the quinoid and benzenoid rings, respectively. The characteristic peaks observed at 1295 and 
1133 cm−1 correspond to C–N stretching of secondary aromatic amines and C=N stretching 
vibration, respectively. The band characteristic of the benzene ring out-of-plane bending 
vibration of the C–H group is located at 802 cm−1.(15) The characteristic peaks of PANI are 
similar to those of the RGO/PANI composite, which suggests that both have similar structures 
because the content of PANI is higher than that of RGO. In addition, compared with PANI, 
almost all the absorption peaks of PANI/RGO have a small shift in the IR direction. This may be 
due to the formation of hydrogen bonds between PANI and RGO, which demonstrates the 
successful incorporation of RGO in the RGO/PANI composite.(16) 
 To further determine the structures of PANI and the RGO/PANI composite, Raman spectra 
were measured, as displayed in Fig. 3(b). For pure PANI, the peaks centered at 1583 and 1460 
cm−1	are respectively attributed to C–C stretching of the benzoid and C=N stretching of the 
emeraldine base. The relatively weak peak at 1331 cm−1 is ascribed to C–N stretching. The bands 
at 1211 and 1161 cm−1 are related to in-plane ring deformation and C–H bending of the quinoid 
ring, respectively. The peaks observed at 813, 517, and 416 cm−1 are assigned to bipolaronic 
quinoid ring deformation, out-of-plane C–H wag, and C–N–C torsion, respectively. The RGO/
PANI composite has almost the same peaks as pure PANI with slight shifts. In addition, it can be 
seen from Fig. 3(b) that the Raman peaks of the RGO/PANI nanocomposite at 1330 and 
1589 cm−1, which are respectively related to the D and G modes of RGO, are more pronounced 
than those of pure PANI.(17) 

3.2 Humidity-sensing properties

 The variations in the responses of the RGO/PANI humidity sensors with increasing RH are 
shown in Fig. 4(a). The response increases with increasing RH at the same applied voltage of 

Fig.	2.	 SEM	images	of	(a)	pure	PANI	film	and	(b)	RGO/PANI	film.
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1 V. In addition, the content ratio of RGO to PANI has an important influence on the humidity 
response of the sensors. It can be seen that the curve of the PRG5 humidity sensor is the steepest, 
indicating the best response. Therefore, the PRG5 humidity sensor was selected in the subsequent 
measurements.
 Figure 4(b) shows the current–voltage (I–V) relationships of the PRG5 humidity sensor after 
exposure to a wide range of RH levels (0–98% RH). The I–V curves clearly exhibit linear 
behavior, indicating that the electrode and the RGO/PANI composite film formed a good ohmic 

Fig. 4. (Color online) (a) Comparison of changes in responses of the PRG10, PRG5, and PRG2.5 humidity sensors 
in the RH range of 11–98%. (b) Electrical characterization of the PRG5 humidity sensor. (c) Sensing transient 
currents of the RGO/PANI humidity sensor at various RH levels. (d) Response of RGO/PANI humidity sensor as a 
function of RH in the range of 11–98%.

Fig. 3. (Color online) (a) FTIR spectra of PANI and RGO/PANI composite. (b) Raman spectra of PANI and RGO/
PANI composite.
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contact. Therefore, the resistances of the humidity sensor at different RH levels can be obtained 
from the reciprocal of the slope of the I–V curves. As shown in Fig. 4(b), water adsorption 
decreases the resistance of the humidity sensor. For example, the resistance is reduced by about 
89%	when	RH	increases	from	0%	(388033	Ω)	to	54%	(41841	Ω).
 Figure 4(c) shows the time-dependent response–recovery characteristic of the PRG5 humidity 
sensor to different RHs. During the test, the humidity sensor was switched between 0% RH and 
the tested RH. As can be seen, upon switching to a higher RH, the current of the sensor is 
greater.	For	example,	the	current	increases	from	2.58	to	17.53	μA	when	RH	is	increased	from	0	
to 98%. In addition, a higher RH leads to a greater response, with the greatest response of 
around 580% obtained at 98% RH. The response of the PRG5 humidity sensor shows 
an exponential dependence on RH, as shown in Fig. 4(d). The fitting equation of the response (y) 
versus RH (x) can be expressed as 2612 46xy e= +  and the coefficient of determination R2 is 
0.9972, indicating a very strong exponential trend.
 To investigate the reversibility of the sensor, the transient current of the PRG5 humidity 
sensor was measured through humidity-increasing and humidity-decreasing cycles. In the 
humidity-increasing measurement, the sensor was switched between 0 and 11, 22, 33, 43, 54, 69, 
75, 84, and 98% RH in turn, with the opposite sequence followed in the humidity-decreasing 
measurement, as shown in Fig. 5(a). In this process, the current of the sensor increased with 
increasing RH level and decreased with decreasing RH level, leading to the approximate 
symmetry of Fig. 5(a). The maximum humidity hysteresis is about 3% RH at 75% RH, indicating 
the good reversible property of the humidity sensor.

Fig. 5. (Color online) (a) Dynamic shift of current of the PRG5 humidity sensor when exposed to RH in the range 
of 0–98%. (b) Hysteresis of the PRG5 humidity sensor. (c) Response and recovery curves of the PRG5 humidity 
sensor at 43% RH. (d) Repeatability of the PRG humidity sensor exposed to 33, 43, and 69% RH.
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 Figure 5(c) shows the response and recovery behavior of the PRG5 humidity sensor toward 
43% RH . The response time is about 70 s when RH is increased from 0 to 43%, whereas the 
corresponding recovery time is about 139 s when RH is decreased from 43 to 0%. These times 
are shorter than those of previously reported humidity sensors.(18–20) 

 Repeatability is also an important performance index for a sensor, with a lower repeatable 
error value indicating better repeatability. Figure 5(d) shows the repeatability of the PRG5 
humidity sensor at 33, 43, and 69% RH over five cycles. There is no evident change in the 
current cycles of the sensor under the same testing condition, and the stable-state currents are 
about	 6.7	 μA	 (33%	 RH),	 8.16	 μA	 (43%	 RH),	 and	 13.70	 μA	 (69%	 RH),	 indicating	 that	 the	
humidity sensor has good repeatability.
 Table 1 presents a comparison of the sensitivity of the proposed sensor with those of other 
previously reported humidity sensors. The response of the RGO/PANI composite film is greater 
than those of the other humidity sensors. By comparing the measurement range, hysteresis, and 
response, it is clear that the RGO/PANI nanocomposite film in our study shows good humidity-
sensing performance.

3.3 Mechanism of humidity sensing

 The Grotthuss mechanism can be used to explain the humidity sensing mechanism of the 
RGO/PANI composite sensor. When the humidity sensor is exposed to a low RH, only a few 
water molecules are physisorbed on the surface of the RGO/PANI composite via double 
hydrogen bonding, forming the first layer of physisorbed water molecules. At this stage, water 
molecules cannot move freely because of the constraint imposed by double hydrogen bonding, 
Therefore, the RGO/PANI composite exhibits a lower current at a lower RH. At a high RH, the 
adsorbed water molecules are in a multilayered, liquid-like configuration, and charge transport 
between neighboring water molecules by protons becomes feasible, which is known as the 
Grotthuss mechanism (H3O+ + H2O	→	H2O + H3O+). Ionic transfer is the main conduction 
mode in this process, and the current increases with the RH. As a result, the rapid transfer of 
ions on the water layer sharply reduces the resistance.(25)

Table 1 
Performance comparison of the proposed humidity sensor with other previously reported sensors.
Sensing material Range Hysteresis Response Reference
rGO/WS2 0–91.5% RH ~3% RH ~17% 21
RGO/LS 22–97% RH ~5.6% RH ~298% 4
PANI/WO3 10–85% RH ~6% RH ~200% 22
SiNWs 11.3–93% RH ~8.1% RH ~180% 23
KC/MWCNTs 10–90% RH ~4% RH ~90% 24
RGO/PANI 0–98% RH ~3% RH ~580% Our work
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4. Conclusions

 We demonstrated a high-performance humidity sensor based on an RGO/PANI composite 
film. GO was reduced by NaBH4, and then PANI was deposited in situ on RGO nanosheets by 
polymerizing aniline with APS to produce the RGO/PANI nanocomposite. The humidity-
sensing properties of the sensor were investigated over a wide RH range (0–98%) at room 
temperature, and the sensor exhibited good adsorption and desorption characteristics when 
exposed to different RH levels, as well as excellent repeatability and reversibility. The good 
humidity-sensing behavior can be attributed to the synergistic effect between RGO and PANI.
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