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Abstract
In this work, transparent and flexible humidity sensors based on graphene oxide film were prepared using the electrostatic 
spray deposition technique. Graphene oxide (GO) powder was synthesized using the modified Hummer’s method, which 
was used as a precursor for thin-film deposition. The properties of GO films were characterized by X-ray diffraction, 
field-emission scanning electron microscope, Raman spectroscopy, Fourier transform infrared spectroscopy, and UV–Vis 
spectrophotometer. The effect of substrate temperature on the sensor properties was observed. The impedance of the device 
exhibited a lower value when increasing the relative humidity level. In addition, the device showed high sensitivity of more 
than 1117.3, fast response with 5 s, more than 60% optical transparency, and flexible property more than 2000 cycles. In 
addition, the equivalent circuit models of the devices were evaluated from complex impedance measurements used to explain 
the sensing mechanisms of the device.

1  Introduction

Humidity plays an important parameter in many fields of 
application and industries such as agriculture, pharmaceu-
tical, and electronics [1]. Typically, the measurement and 
control of humidity value will be a factor in the manufactur-
ing process in such industries. The humidity response of a 
device is mainly due to changes in the electrical properties of 
the sensing material when the amount of moisture or water 
molecule content around the device changes. Normally, the 
materials used to fabricate humidity devices include sili-
con, ceramic, semiconductor nanoparticles, metal oxide, and 
carbon-based materials [2]. Among these materials, carbon-
based material possesses more advantages such as low cost 
and flexibility. Generally, there are many carbon-based struc-
tures used in the construction of humidity sensors, such as 
fullerene, nanotube, graphene, and graphite. One of those 

materials is graphene oxide (GO), which exhibits high sen-
sitivity for humidity measurement [3, 4].

GO is a one-family group of graphene material composed 
of graphene layers attached to functional groups. Therefore, 
the properties of GO are somewhat different from graphene 
materials, such as low electrical conductivity and optical 
property [5]. Moreover, GO has many functional groups 
from the oxidation reaction, meaning it has more hydro-
philic properties [6]. The hydrophilic behavior of GO shows 
good sensitivity in absorbing water and moisture molecules. 
Typically, GO can be synthesized by the oxidation process 
between graphite and various acids [7]. However, Hum-
mer’s method [8] can be used to synthesize GO with more 
safety and high yield product. The product of the Hummer’s 
method is in the form of GO powder, which can be dispersed 
in various solvents such as alcohol or organic solvents [9]. In 
the past, the process used to prepare a thin film of GO was 
based on a solution process such as spin-coating, drop-cast-
ing, and filtering [10, 11], which made it difficult to control 
the thickness of the produced films.

The electrostatic spray deposition (ESD) technique is a sim-
ple process for thin-film preparation. Normally, nanostructure 
thin films such as metal, metal oxide, and polymer [12–15] 
can be prepared by this method. In this technique, the precur-
sor solution is fed through a metal nozzle. A syringe pump 
can control the solution flow rate. A finely charged droplet of 
precursor is generated by applying high DC voltage between 
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the nozzle and substrate holder. The properties of the depos-
ited film are dependent on the deposition parameters such as 
substrate temperature and deposition times. In addition, the 
ESD technique uses a scalability system to prepare large-area 
films with more advantages such as low-temperature deposi-
tion, operation at ambient atmosphere, and repeatability [14]. 
In other reports, the ESD technique was used to prepare GO or 
reduced GO thin films for various applications such as super 
hydrophilic surfaces and energy storage. [16, 17]. Further-
more, many reports have confirmed their ESD technique in 
practical electronic applications. Joshi et al. [18] reported on 
graphene films decorated with bimetallic Zn-Fe oxide for lith-
ium-ion battery anodes. The precursor solutions were sprayed 
on stainless steel at the substrate temperature of 150 °C, while 
the battery properties were indicative of significantly improved 
lithium storage. In addition, highly conductive graphene paper 
was successfully fabricated on the nanofiber film/aluminum 
foil double-layer substrate by Yan et al. [19] and can be used 
in supercapacitors.

As mentioned above, among the applications that can 
be fabricated by the ESD technique, the humidity sensor 
has been widely studied, and has potential applications in 
many fields. Zeeshan Yousaf et al. [20] used MoS2 as the 
humidity-sensing active layer on a glass substrate, and the 
relative humidity was presented in terms of resistance. The 
modified surface morphology of poly-vinyl alcohol (PVA) 
films using the ESD technique was fabricated by Ahmad 
et al. [21] and the relative humidity was also presented in 
terms of resistance. Although humidity sensor devices have 
been widely studied, they are restricted in properties of flex-
ibility and transparency. The flexible and transparent humid-
ity sensor has potential applications in many fields such as 
stretchable electronic devices for the agricultural and phar-
maceutical sectors, and in wearable devices. To the best of 
our knowledge, there have been few reports on flexible and 
fully transparent humidity sensor devices based on GO film 
prepared by the ESD method.

In this work, GO thin film was prepared by the electro-
static spray deposition technique on a flexible and transpar-
ent plastic substrate. The effects of substrate temperature 
during the deposition process on the properties of graphene 
oxide film and the properties of fabricated humidity devices 
were investigated. In addition, the impedance analysis, 
equivalent circuits, flexible and transparent abilities of the 
devices were also reported.

2 � Experimental

2.1 � Materials preparation

Graphite oxide powder was prepared using the modified 
Hummer’s method [8]. First, 1 g of graphite powder (Arcos 

Organics, USA) was mixed with 1 g of NaNO3 and 46 ml of 
H2SO4 in an ice bath to prevent the explosion process. Then, 
6 g of KMnO4 was slowly added into the mixture solution, 
after which it was removed from the ice bath. The solution 
was stirred at room temperature for 1 h. For the oxidizing 
process, 70 ml of distilled water was slowly added to the 
mixture solution at a solution temperature of 90 °C for 2 h. 
After that, the mixture turned to bright yellow, after which 
100 ml of distilled water was added, followed by 30 ml of 
H2O2 to stop the reaction process. The mixture solution was 
stirred for 20 min. After that, the solution was centrifuged at 
6000 rpm for 10 min to harvest residue particles. Next, the 
particles were washed by DI water several times and dried 
at 120 °C to collect graphite oxide powder. Graphite oxide 
was re-dispersed in methanol solvent at a concentration of 
0.2 mg/ml. Finally, the graphite oxide solution was sonicated 
for 1 h to exfoliate graphite oxide to GO. This solution was 
used as a precursor solution in the ESD process to prepare 
GO films.

2.2 � Humidity sensor device fabrication

The transparent electrode of indium tin oxide (ITO) film 
on polyethylene naphthalate (PEN) substrate (Peccell Tech-
nologues, Inc.) was used as an electrode. Initially, the ITO 
electrode was masked with parallel line patterns and chemi-
cal etching with aqua regia solution for 10 min. The spac-
ing gap between both planar ITO electrodes was 1 mm. 
Next, the substrate was cleaned using an alcohol process 
with soaking in a sonication bath following 15 min each 
for DI water, methanol, and isopropanol, respectively. The 
electrostatic spray deposition system was applied to prepare 
GO films. In this work, a syringe pump was fed precursor 
solution of the GO solution through a metal nozzle with a 
diameter of 0.1 mm. DC voltage was applied between the 
metal nozzle and substrate holder in order to disperse the 
liquid solution into small droplets that formed the GO film 
on the substrate. In the ESD experiment, 9 kV DC voltage 
was applied between the nozzle and substrate. The precur-
sor flow rate and distance between the nozzle and substrate 
were fixed at 3 ml/h and 4 cm, respectively. To fabricate the 
flexible and transparent device, the thermal properties of 
PEN plastic exhibit the glass-transition temperature (Tg) at 
120 °C. Moreover, the upper processing temperature of the 
PEN substrate for flexible electronics applications was found 
at temperatures below Tg [22]. In addition, the boiling point 
of methanol is about 64.7 °C. Therefore, the substrate tem-
peratures of RT, 60 °C, and 80 °C were used to fabricate the 
flexible humidity sensor device. The substrate temperatures 
at room temperature (RT), 60, and 80 °C were controlled by 
a temperature controller, while deposition time was fixed at 
45 min. The completed device had an active area of about 
20 × 20 mm2.
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The physical properties of GO films were character-
ized by X-ray diffraction (XRD: D8 Discover) with X-ray 
source wavelength of 1.5418 Å, Raman spectroscopy (DXR 
smart Raman), field-emission scanning electron microscope 
(FE-SEM: JSM-7001F), UV–visible spectrophotometer 
(UV–Vis: Thermoelectron), and Fourier transform infrared 
spectroscopy (FTIR: PerkinElmer) to explain the structural, 
morphology, and optical properties.

The humidity response of the device was measured at 
various control humidity values that can be achieved with 
saturated salt solutions by using saturated aqueous solvents 
of LiCl, CH3COOK, MgCl2, Mg(NO3)2, NaCl, KCl, and 
KNO3 for relative humidity values of 11, 23, 32, 52, 75, 
84, and 93%RH, respectively [15]. A precision LCR meter 
(Agilent: E4980A) was used to record the impedance values 
at room temperature. To perform the flexibility measure-
ment, the device was measured under bending conditions at 
various bending radii. Moreover, the endurance of the device 
after the bending cycles was demonstrated.

3 � Results and discussion

Figure 1 shows the optical transmittance spectra of GO films 
prepared at RT, which was measured by UV–visible spec-
trophotometer in transmittance mode. The optical transmit-
tance of the devices showed more than 60% in the visible 
region at a wavelength range of 400 to 800 nm. Typically, 
the optical properties of GO films depend on the physical 
properties of GO films, such as the thickness and reduction 
of GO [23]. The insets of Fig. 1 show the schematics for the 
GO device prepared by the ESD technique and a photograph 
of the fabricated device.

The XRD characteristics of the film can be used to per-
form the structural parameters such as d-spacing value, 
which was affected by the behavior properties of the depos-
ited film. The diffraction patterns of GO films prepared at 
different substrate temperatures are shown in Fig. 2a. The 
results show that the dominant diffraction peak occurred at 
about 10.6°, which corresponds to (001) plane of GO [24]. 
While a broad peak at about 25° was observed, which is 
related to the amorphous-like carbon, including the impu-
rities in the (002) plane of graphene film.[25]. Moreover, 
the diffraction peak occurred at 10.6° due to the effect of 
the functional group attached to the graphene layer, which 
expanded the spacing between the layers of graphene flakes. 
When depositing the film over a long time, the intensity 
of diffraction peaks also tends to be higher because of the 
more stacking of flakes of GO on the film, as shown in Fig. 
S1 of the supporting information. From the XRD pattern 
with various substrate temperatures, the XRD peaks exhib-
ited lower intensity when the GO films were prepared at 
higher substrate temperatures, which results from the effect 

of higher solvent evaporation damage on the GO stacking 
layer. In addition, the number of layers (N) in GO flake can 
be performed from XRD peaks following Scherer’s equation 
and Bragg’s equation [26, 27]:

where N is the number of GO layers, k = 0.94 is the shape 
factor, λ is a wavelength of the X-ray source, d001 is d-spac-
ing of GO layer, β is the full width half maximum, and θ is 
the angle between the incident X-ray beam and scattering 
plane. Table 1 shows the structure parameter values of GO 
films prepared at various temperatures. The films prepared at 
RT exhibited the highest number of GO layers. The chang-
ing of structural properties in the film might be due to the 
vaporization of the intercalation vapor in the GO sheet dur-
ing the deposition process [28].

The Raman characteristics of GO material can reveal 
the structural properties of the films. The Raman spectra 
exhibited three-band such as D peak at 1300 cm−1 (defected 
in the film), G peak at 1600 cm−1 that is the main peak for 
carbon material due to C–C or C=C bonding, and 2D peak 
at 2700 cm−1, which is harmonic of G peak. The Raman 
spectra of the film prepared at various substrate tempera-
tures are shown in Fig. 2b. The Raman peaks in the D–G 
band region (850–2000 cm−1) were de-convoluted into eight 
components. These components can be defined as D*, D, 
D”, D’, D’ + D3, D’ + D4, and G peaks at wavenumbers of 

(1)N =
k�

d001� cos �
+ 1,

Fig. 1   Transmittance spectra of GO films prepared at different sub-
strate temperatures (insets show a photograph and schematic structure 
of the fabricated humidity sensor device)
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1140, 1350, 1480, 1620, 1730, 1830, and 1580 cm−1, respec-
tively [29]. Moreover, two components at the 2D band in 
the region of 2500–3100 cm−1 were de-convoluted to 2D1 
at 2700 cm−1, and 2D2 at 2900 cm−1, as shown in Fig. S3 of 
the supporting information.

From the de-convolution results of the Raman spectra, 
Table 1 shows the effect of substrate temperature on the ratio 
of D/G and 2D/G peaks. In other reports, the ratio of the 
intensity of D/G peaks corresponded to the degree of defects 
in the graphene sheet [30] and related to the inverse of crys-
tal size on the basal plane in the GO film [28]. Thus, the 
increase of ID/IG ratio corresponded with increased defects 
in the prepared GO films. Typically, the ratio of ID/IG corre-
sponds to the defects in graphene or graphene oxide films, in 
which these values are associated with the device sensitivity 
response properties. When comparing between graphene and 
graphene oxide with increased defects, the graphene oxide 
film will have a better sensitivity response [31–34]. Also, the 
characteristics of layers in graphene flake can be performed 
with the ratio of I2D/IG peaks. Therefore, the changes in char-
acteristics of the GO film at various substrate temperatures 
resulted from the effect of the reaction of the solvent and 
the functional groups in the GO sheet. This feature is found 
in GO and reduced GO films that are annealed at low tem-
peratures [35].

FTIR transmittance spectra of the film prepared at vari-
ous substrate temperatures are shown in Fig. 2c. The results 
exhibited more detail about the functional group in the film. 
Typically, a broad spectrum at a wavenumber region of 
about 3000–3700 cm−1 was observed due to the overlap-
ping of O–H stretching for moisture molecule, hydroxyl, 
and carboxyl groups [36]. The strong peak at 1627 cm−1 is 
a characteristic of the C=C bond in the polycyclic aromatic 
ring of the graphene structure [37]. Moreover, the peaks at 
a wavenumber of 2924, 1726, and 1409 cm−1 are defined 
as C–H, C=O, and C–O, respectively [38]. The C–O and 
C=O absorption peaks decreased with increasing substrate 
temperature.

The surface morphology of the GO films was obtained 
by FE-SEM measurement. Figure 3a–c exhibits the surface 
morphology of the film. The morphology of the film pre-
pared at RT exhibited small grains, whereas the surface mor-
phology for the film prepared at high substrate temperature 
showed large grains with discontinuous surfaces due to the 
effect of higher solvent evaporation during film deposition. 
The insets of Fig. 3 show high-magnification images of the 
morphology. The surface morphology of the films depicts 
the stacking of nanosheets with network structures of wrin-
kled GO flakes. Normally, a slow rate of solvent evaporation 
was observed at the low-temperature deposit that precursor 

Fig. 2   a XRD patterns, b Raman spectra, and c FTIR spectra of GO 
films prepared at different substrate temperatures

▸
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droplet has been dropped and slowly spread to form the film 
on the substrate. Contrarily, a fast rate of solvent evaporation 
was found when depositing film at a high substrate tempera-
ture. The droplets gather together with neighboring droplets 
to form larger grains on the surface of the film. The thick-
nesses of deposited GO films were evaluated by estimating 
from ten points of the cross-section image of the films, as 
shown in Fig. S4 of the supporting information. The thick-
ness of the films at substrate temperatures of RT, 60, and 
80 °C was about 254.3 ± 20.4, 168.6 ± 16.7, 220 ± 35.6 nm, 
respectively. The thickness of the GO films changed when 
preparing the film at a temperature higher than the boiling 
point of methanol solvent due to the influence of forming 
functional groups in the GO layer.

The humidity response of the device prepared at various 
substrate temperatures is shown in Fig. 4a. The results exhib-
ited the relation between relative humidity and the imped-
ance of the device. The sensitivity (S) of the sensor device 
was estimated from the following equation [39, 40]:

where ZL and ZH denote the impedances of the device under 
relatively low and high humidity conditions. The maximum 
sensitivity (S) of the device was about 1117.3, 122.8, and 
66.9 in the range of 11–93%RH, for GO device prepared at 
substrate temperatures of RT, 60 and 80 °C, respectively. 
From the results, the impedance of the device decreases, 
while the relative humidity increases due to the effect of 
the free transfer of ions on the moisture layer in GO film 
[41], the intercalation of water molecules into gaps between 
GO layers [4], and the effect of the GO structure [42–46]. 
The highest humidity sensitivity response of the device was 
found at RT, which corresponds to the highest number of 
GO layers evaluated from the XRD results. Also, the device 
prepared at RT substrate temperature was tested with vari-
ous gases of methanol, ethanol, acetone, and isopropanol 
with a fixed concentration of 5000 ppm [47]. The sensitivity 
response of the device is shown in Fig. 4b. The results con-
firmed that the humidity response of the device has dominant 
characteristics. From the results, the film prepared at room 
temperature exhibits the maximum humidity sensitivity 

(2)S =
Z
L

Z
H

,

Table 1   The structural parameters from X-ray diffraction and Raman 
spectroscopy of GO films prepared at different substrate temperatures

Substrate 
temperature

2θ (degree) at 
(001) plane

FWHM Layer ID/IG I2D/IG

RT 10.66 1.88 5.06 1.59 0.15
60 10.56 3.45 2.70 1.70 0.11
80 10.64 2.68 3.54 1.63 0.14

Fig. 3   a-c Surface morphology of GO films prepared at different sub-
strate temperatures a RT, b 60, and c 80 °C. Inset: 30,000 times mag-
nification
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response, in spite of it having the lowest ID/IG. Therefore, 
the defect does not dominate the main sensitivity response 
mechanism of the device. One of the mechanisms that can 
be explained is the hopping of ions between hydroxyl func-
tional groups [34], which will be discuss later.

Moreover, the characteristics of the device were tested, 
such as cyclic response and hysteresis errors. A hysteresis 
error is a performance parameter of a humidity sensor, the 
shift of sensor output between the absorption and desorp-
tion process. The device deposited at the substrate tempera-
ture of RT was measured at humidity levels from 11%RH to 

93%RH for absorption process and re-measured at humidity 
levels from 93%RH to 11%RH for the desorption process, as 
shown in Fig. 5a. The results can be calculated to a hyster-
esis error (γH) [15], which found maximum error at ± 1.27% 
at a humidity level of 84%RH. Normally, a hysteresis error 
in a humidity sensor device comes from imbalance in the 
moisture molecule absorption and desorption process dur-
ing measurement.

To identify the response and recovery properties of the 
device, the optimized device was measured at 11%RH, 
then changed to 93%RH for 200 s and returned to 11%RH. 

Fig. 4   a Humidity response of the prepared device at different substrate temperatures; the inset shows a humidity-sensing setup block diagram 
and b comparison of humidity and gas sensitivities from the device prepared at RT

Fig. 5   a Hysteresis characteristic and b cyclic response between 11 and 93%RH of the sensor device with GO films prepared at the substrate 
temperature of RT



12212	 Journal of Materials Science: Materials in Electronics (2020) 31:12206–12215

1 3

The results of the recovery properties are shown in Fig. 5b. 
The response and recovery times for this GO device were 
about 5 and 11 s, respectively. These results also showed 
rapid responses compared to other works [46]. The fast 
responses result from the high d-spacing in GO flake where 
the water molecules were easily diffused and removed into 
the intercalation layer of GO during measurement.

The flexibility of the device was demonstrated. The 
device was tested at an unbending condition called “flat 
condition”. After that, the device was measured under 
bending conditions at various bending radii, as shown in 
Fig. 6a. Comparisons of humidity response were shown 
in terms of normalized sensitivity following the relation 
below:

where Sflat is the humidity sensitivity of the device at flat 
condition, and Sbend is the humidity sensitivity of the device 
under bending conditions.

The device exhibited a sensing response drop to 80% 
of the flat condition at a bending radius of 10 mm, which 
indicated the device could be used in flexible sensor appli-
cations. Moreover, the endurance of the bending test with 
bending cycles was recorded by computer control with 
a motorized moving stage. The normalized sensitivity of 
the device after bending cycles is shown in Fig. 6b. After 
measurement up to 2000 cycles, the device still exhibited a 
sensitivity value of more than 75% of the initial condition. 
The inset of Fig. 6b shows the movable stage for bending 
measurement in the cyclic endurance test.

(3)Normalized sensitivity =

Sbend

Sflat

,

To test the sensing mechanism from the equivalent circuit 
models of the GO humidity sensor [44], the impedances of 
the device were measured at various frequency responses in 
each humidity level of 11, 23, 32, 52, 75, 84, and 93%RH, 
respectively. An AC signal (1 V amplitude, frequency range 
from 20 Hz to 2 MHz) was applied to assess the imped-
ance characteristics of the device. The relation between the 
real part and imaginary part of the impedance output of the 
device or Cole–Cole plot was obtained at various humid-
ity values, as shown in Fig. 7. From the results, semicir-
cles were observed in decreasing size when the humidity 
levels increased. In the case of humidity value of 93%RH, 
the Cole–Cole plot exhibits a semicircle shape comprising 
a linear tail. That linear tail in the Cole–Cole plot occurred 
in low-frequency measurement [45].

Typically, there are several types of equivalent circuit 
used to explain the mechanisms in the electrochemical pro-
cess [45]. The basic circuit for low humidity levels is com-
posed of resistance and capacitance components. In the case 
of a semicircle graph of the Cole–Cole plot, the prediction 
equivalent circuit of a sensing mechanism is shown in the 
inset (a) of Fig. 7, while the resistance and capacitance of the 
device are defined as Rp and Cp, respectively. Rs is the con-
tact resistance of the GO film. In the region of low humid-
ity value, the moisture molecule was adsorbed of GO films 
which physisorption process with hydrogen bonds between 
oxygen atoms of GO and hydrogen atom of moisture mol-
ecule or hydrogen atom of function group of GO and oxygen 
atom of moisture molecule to stack layer of water. The inter-
action between moisture molecules and sensing layer in the 
device might affect a reduction in the size of the semicircle 
graph when the humidity levels are increased.

Fig. 6   a Normalization sensitivity of the device under bending conditions and b normalization sensitivity of the device after the bending cycle 
test
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The combination of the resistances and capacitances 
of the sensing layer, as well as the effect of ion diffusion 
and charge transfer characteristics, will change the electri-
cal conductivity of the device when changing the humid-
ity levels. Prior to the adsorption of water, moisture ions 
(H3O+) on the GO surface were conducted with the hop-
ping of ion between hydroxyl functional groups of graphene 
oxide. Then, the water adsorption makes the ions hop easily 
between closer moisture molecules. Therefore, the imped-
ance of GO decreased when humidity levels changed to a 
higher value [45]. In addition, Guo et al. [48] reported the 
interactions between moisture molecules and oxygen func-
tional groups on the graphene surface by the density func-
tional theory (DFT). They demonstrated that the hydroxyl 
groups play a role in absorbing moisture molecules more 
than the epoxy groups, which corresponded to the results of 
the FTIR spectra.

In the case of the highest humidity level of 93%RH, 
the equivalent circuit is shown in the inset (b) of Fig. 7. 
The special component of the Warburg element (ZW) was 
added into the circuit with serried to Rp of the device. The 
Cole–Cole plot exhibited a semicircle shape with a linear tail 
that has an equivalent mechanism. In this case, the charge in 
transport mechanisms depends on the moisture molecules, 
which can be explained by Grotthus’ chain reaction [45]. 
When the moisture content is higher, the hydrolysis process 
of functional groups in the film occurs, and the size of the 
semicircle comprises a linear tail. At this point, the War-
burg element was added to the equivalent model due to the 
effect of moisture molecules intercalated into the GO layer 
in the film. These intercalations make the films exhibit lower 
conductivity.

A comparison of other reports on the properties of humid-
ity sensors is shown in Table 2. The humidity sensor device 
fabricated by the ESD technique exhibited high sensitivity. 
Moreover, the device can be used for flexible and transparent 
electronics applications.

4 � Conclusion

GO films were prepared by electrostatic spray deposition 
on a flexible substrate at various substrate temperatures for 
humidity sensor applications. This technique can be used to 
fabricate humidity sensor devices with facile repeatability 
and scalability. The fabricated device exhibited high sen-
sitivity, fast response, and high optical transmittance. The 
device exhibited maximum sensitivity (S) of 1117.3 in the 
range of 11 to 93%RH. Response time and recovery time for 
this GO device were about 5 and 11 s for humidity adsorp-
tion from 11 to 93%RH and humidity desorption from 11 
to 93%RH, respectively. The maximum value of hysteresis 
error was found at ± 1.27%, at a humidity level of 84%RH. 
Moreover, the complex impedance measurement at various 
humidity levels was used to analyze the mechanisms of the 
GO device, which comprised physisorption and chemisorp-
tion mechanisms.

Fig. 7   Cole–Cole plot of GO device prepared at RT. Inset: equivalent 
circuits of the device

Table 2   Example comparison of humidity sensors

Sensing layer (technique) Type of sens-
ing response

Sensitivity (formula) Response/
recovery times 
(s)

Flexibility Transparency Refs

Graphene (CVD) Resistance 0.31%/%RH (ΔR/R/%RH) 0.6/0.4 Cannot bend Opaque [49]
Graphene/TiO2 (sol–gel) Impedance 151 (ZL/ZH) 128/68 Cannot bend Opaque [50]
Graphene/methyl-red (printing) Resistance 96.36% ((ΔR/R) × 100) 0.25/0.35 Can be bent 80% [51]
Partially rGO (drop-casting) Resistance 105% ((ΔR/R) × 100) 4.2/3.6 Can be bent Opaque [52]
Partially rGO (dried foam) Impedance 33.254% ((ΔZ/Z) × 100) 50/79 Can be bent 80% [46]
GO (ESD) Impedance 1117.3 (ZL/ZH) 5/11 Can be bent 60% This work
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