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Abstract  

This work aimed to study the preparation of graphene 

oxide (GO) and zinc oxide (ZnO) composited films by 

electrostatic spray deposition for use in fabricated 

humidity sensors. The physical properties of prepared 

films were examined with X-ray diffraction, Raman 

spectroscopy, and scanning electron microscope. 

Subsequently, a humidity sensor was fabricated using 

a low-cost interdigitated electrode pattern with the 

print circuit board. The humidity sensing behaviors 

were assessed with fixed humidity levels in a saturated 

aqueous salt solution in the humidity range of 11 – 

93%RH. The impedance value of the device was 

obtained with a precision LCR meter. It was found 

that the composited film of 0.50 %wt. GO 

demonstrated the highest humidity response with 

optimized humidity sensitivity, hysteresis error, and 

response/recovery times of 2.68 ´ 103, 4.89%, and 

228/19 s, respectively. Moreover, the equivalent circuits for the prepared device at various humidity levels were acquired with 

impedance spectroscopy to propose the mechanism for the humidity sensing of the device. 
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Introduction  

Humidity is an important physical value for 

environmental properties. Generally, the captured water 

vapor in the air resulted in a term of moisture for humidity 

value. The humidity level plays a significant role in many 

operations, such as electronic storage, pharmaceutical, and 

industrial applications. Therefore, the measurement of 

humidity levels is crucial. Humidity sensors are widely used 

to gauge the humidity level and can be prepared from 

various materials such as metal oxide [1], the polymer [2], 

carbon-based materials [3], etc. One of the most interesting 

materials used in fabricated humidity devices is 

nanomaterials. 

 Nanomaterials are the focus of fields of emerging 

material. Due to their exhibits more advantages properties 

such as simple process, low cost, high performance, etc. Zinc 

oxide (ZnO) is a crucial material with outstanding properties 

[1], such as direct energy band gap, good electron transport 

behavior, etc. Thus, ZnO has been studied extensively and 

used in various applications, including sensors [4], 

photodetectors [5], light-emitting devices [6], and solar cells 

[7].  Several processes using diverse physical and chemical 

methods can be used to synthesize ZnO material. The 

prepared process parameters tend to be affected by the 

properties of the synthesized particles. Usually, ZnO 

material can be used in the humidity device. Sensing 

properties have depended on pristine material properties, 

which can be modified with additive materials such as 

doping or composite [8 – 10].  

https://ph01.tci-thaijo.org/index.php/jmsae_ceae/index
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 Graphene is well known as one layer of atomically 

carbon sp2 bonding material with a honeycomb structure 

[11]. Graphene oxide (GO) is a derivative graphene material 

with attached functional groups (= O, -OH, etc.) on graphene 

sheets. The attached functional groups influence the 

solubility and dispersibility of GO in various solvents  

[12, 13]. The surface properties of GO material represent the 

hydrophilicity behavior, which favoured the moisture 

molecule absorption [14]. Moreover, the functional groups 

of GO can absorb the moisture molecules around the 

environment, making it applicable as a candidate for 

humidity sensor devices [15].  

 Electrostatic spray deposition is a facile technique for 

the preparation of nanomaterials. Various kinds of 

nanomaterials, such as metal nanoparticles and metal oxide 

films, can be deposited using this technique [16]. The ESD 

technique enables certain advantages such as low-cost and 

non-complicated systems, as well as easy control of the 

behaviors of prepared films and the non-vacuum 

requirement for preparation systems. Consequently, ESD 

has been applied to fabricate many electronic devices such 

as sensors, photovoltaic cells, and energy storage devices 

[17]. The basic operation of the ESD technique is the 

generation of fine droplets of precursor solution with applied 

high voltage. Fine droplets are accumulated on a substrate to 

form a prepared film. The influence of preparation 

parameters such as high voltage level, precursor flow rate, 

and substrate temperature affect the properties of deposited 

films. 

 For enhances of materials performance, the composite 

of ZnO and GO has attracted interest due to their beneficial 

properties. The ZnO-GO composite demonstrates the 

potential for various properties. Mei [18] reported the 

sunlight-catalytic performance of composite GO and ZnO 

materials. The performance of photocatalytic was enhanced 

in the composited material. Paul [19] reported on enhancing 

UV detection in the GO/ZnO composite thin films. Due to 

the defect state modulation and the carrier density was 

improved in composite thin films. Tao [20] reported the 

humidity sensor performance based on GO/ZnO/plant 

cellulose film.  The sensing layer of GO/ZnO films was 

prepared by hydrothermal process. The device exhibited 

high performance for use as a sensor for respiratory 

monitoring systems. Typically, the composite GO, and ZnO 

can be prepared by various methods such as sol-gel, 

hydrothermal, etc. So, those methods cannot be used to 

prepare composite films on flexible or plastic substrates. 

Therefore, this work presents the application of the 

electrostatic spray deposition technique to deposit GO and 

ZnO composite film on the plastic substrate.  

 In this work, GO and ZnO composite films were 

deposited by electrostatic spray deposition. The influence of 

GO composition on the properties of composite films was 

examined, and the humidity sensing of composite GO and 

ZnO films was investigated. Moreover, the mechanism of 

humidity sensing for the prepared device was established 

with impedance spectroscopy. 

Materials and Methods 

 The waste cow's research process (Fig. 1) was processed 

 ZnO nanoparticles were synthesized by co-precipitation 

with an aqueous precursor of 0.40 M Zn(NO3)2 and 4 M 

KOH. Both solutions were mixed at a temperature of 60 °C 

with magnetic stirring at 100 rpm. The resulting white 

particles were collected and washed with DI water several 

times. The final powder was dried in an oven at 70 °C to get 

the ZnO nanoparticles, and the GO particles were prepared 

using a modified Hummer method [21]. Briefly, the graphite 

powder was oxidized with H2SO4, NaNO3, and KMnO3, 

while H2O2 and DI were used to stop the reaction, thus 

obtaining synthesized graphene oxide. Before that, the GO 

and ZnO nanoparticles at various compositions were mixed 

in ethanol with a 100 mg ml–1 concentration, which was used 

as starter material. The lab-made electrostatic spray 

deposition (ESD) technique was used to deposit GO, and 

ZnO composited films. Fig. 1(a) depicts the experimental 

setup of the ESD system, in which the stater material was 

fed from a syringe pump to deposit film onto the substrate. 

A syringe pump (NE1000) fed the starter material contained 

in a plastic syringe with a stainless nozzle to deposit the 

composited films. The parameters for ESD deposition, 

including precursor flowrate, a dc applied voltage, the 

distance of the metal nozzle to film substrate, and deposition 

time, were maintained at 0.50 ml hr–1, 10 kV, 4 cm, and 10 

min, respectively. The substrate for prepared films was soda-

lime glass. The physical properties of composited films were 

investigated by X-ray diffraction (Rigaku, SmartLab), 

Raman spectrophotometer (DXR Smart Raman), and 

scanning electron microscopy (Zeiss, EVO 15), 

respectively. A humidity sensor can be fabricated using a 

low-cost interdigitated electrode pattern with a printed 

circuit board. Aqueous saturated salt solutions of LiCl, 

CH3COOK, MgCl2, K2CO3, Mg(NO3)2, NaCl, KCl, and 

KNO3 in closed glass vessels were used at humidity value 

measurements of  11, 23, 32, 43, 53, 75, 84, and 93 %RH, 

respectively. The fabricated device was stored in each vessel 

of humidity values, and the impedance characteristics were 

measured using a precision LCR meter (Keysight,  
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E4980AL) with a program on computer control. Fig. 1(b) 

illustrates the humidity measurement setup diagram. 

Moreover, the sensing mechanism for the fabricated device 

was obtained with impedance spectroscopy. The impedance 

characteristics were presented with a frequency range of  

20 Hz – 1 MHz. The equivalent circuits for the device were 

proposed. 

 

(a) 

 

 

(b) 

Fig. 1 (a) the experimental setup of the electrostatic spray 

deposition system, (b) humidity measurement system 

diagram. 

 Results and Discussions 

 The XRD patterns for composited GO and ZnO films 

are shown in Fig. 2. In the case of ZnO nanoparticle film, the  

 

 

dominant diffraction pattern of (100), (002), (101) planes at 

diffraction peaks (2θ) of 31.80, 34.40, and 36.20 deg. 

(JCPDS No. 80-0075) were found [22], which can be 

indicated by the crystalline orientation plane of the 

hexagonal structure. Moreover, subtle diffraction peaks at 

47.60, 56.70, 62.90, and 68.10 deg. corresponded with 

orientation planes of (102, (110), (103), and (112), 

respectively, for hexagonal ZnO. Thus, the XRD results 

indicate the formation of c-axis hexagonal ZnO 

nanoparticles. For the structure of GO, a broadening peak at 

a diffraction angle of approximately 24 – 25 deg. can be 

seen. In another report [23], this broadening diffraction peak 

can be assigned as the (002) orientation plane of graphene 

oxide material with an interlayer spacing of 4𝐴̇. Usually, the 

GO was composed of graphene sheets with intercalated 

functional groups between stack layers of graphene sheets. 

Therefore, the increment of interplanar spacing resulted in 

the broadening XRD peak. Moreover, a broadening peak 

might also affect the disorder in stacking graphene oxide 

sheets. The prominent peaks of ZnO nanoparticles were 

observed for the diffraction patterns of composite GO and 

ZnO nanoparticles because the diffraction peak of GO is 

difficult to observe.   

 Raman spectroscopy is a common tool used to identify 

the structural characteristics of prepared composite films. 

The Raman spectra of GO can be demonstrated at 1300 and 

1580 cm–1, which are the D and G bands of carbon material, 

respectively. Typically, the G-band is the Raman active for 

carbon sp2 hybridized bonding, and the D-band is the defect 

band for GO material [24]. For the Raman spectra of ZnO, 

the prominent peak is observed at 1,151 cm–1, which is the 

ZnO E1(LO) phonon mode [25]. In the case of composite GO 

and ZnO nanoparticle films, it was found that the Raman 

spectra of GO were largely dominant until they covered up 

other signals of ZnO spectra. At the same time, the subtle 

Raman peak of ZnO can be observed at 1,151 cm–1 as the 

shoulder position of D-band GO. However, the XRD and 

Raman results confirmed the composite film formation of 

GO and ZnO. The surface morphologies of ESD films made 

of composite GO: ZnO is illustrated in Fig. 3. It can be seen 

that the particle-like morphology due to the start of ESD 

preparation comprised nanoparticles dispersed in an ethanol 

solvent without post-thermal treatment. In addition, this 

process can be used to prepare films on flexible substrates 

such as plastic or paper. 
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Fig. 2 (a) XRD pattern and (b) Raman spectra of GO composite ZnO nanoparticles films. 

  

  

Fig. 3 Surface morphologies of GO composite ZnO nanoparticles films at various concentrations of (a) ZnO, (b) 0.50% GO, 

(c) 1% GO, and (d) 1.50% GO. 
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 Fig. 4(a) depicts the fabricated device humidity 

response at various GO compositions. The inset of Fig. 4(a) 

exhibits the response of the fabricated sensor during 

measurement at various humidity levels and measurement 

times. The impedance of the fabricated device exhibited high 

impedance values at low humidity levels, which decreased 

at high humidity levels. It was due to the influence of 

moisture capture on the surface of composited films. It was 

found that the device with 0.50%wt. of GO has demonstrated 

the highest humidity response with a sensitivity of 2.68 × 103 

in a humidity range of 11 – 93%RH.   

 Typically, GO is a natural hydrophilic behavior. Thus, 

humidity sensing can be improved with the composite of GO  

in ZnO films. The optimum sensitivity was found with 

0.50% wt of GO. With the increasing GO loading in 

composite films, the performance of the device is improved. 

The sensitivity decrease might be due to the diminishing of 

active sites for humidity sensing. This behavior was found 

in other composite GO materials.[26, 27]  

 The device time response characteristics were evaluated 

with the device response behaviors between humidity values 

of 11%RH and 93 %RH, as shown in Fig. 4(b). The optimum 

time response for the device was observed with 0.50%wt of 

GO. The response and recovery times could be performed in 

approximately 228 s and 19 s, respectively. More discussion 

will be expanded and described later in complex impedance 

measurements.  

 
 

  

Fig. 4 (a) Humidity sensitivity, (b) response-recovery times, (c) repeatability response between 11 – 93 % RH and  

(d) hysteresis characteristic. 
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 In addition, the repeatability of the device was tested 

with repeated measurement sequences between humidity 

levels of 11%RH and 93%RH for five cycles, as shown in 

Fig. 4(c). The results exhibited the stability of the device 

under repeatability testing. Fig. 4(d) shows the hysteresis 

error of the prepared device with 0.50% wt. GO: ZnO films. 

The hysteresis error (H) can be estimated from  

H = ±(1/2)(Hmax/FFS) [28], where FFS is the full-scale 

output, and Hmax is the output at the largest difference in 

forward and backward measurement. The maximum 

hysteresis error is 4.89% at a humidity of 75 %RH. The 

cause of the hysteresis error might be due to the imperfect 

sensing characteristics from the swelling of moisture 

molecules in sensing material between adsorption and 

desorption processes [20]. Typically, the adsorption and 

desorption mechanisms differ from the influence of the 

adsorption of the capillary moisture molecule [29]. The 

humidity response relied on the imbalance between the 

capture and release of the capillary moisture molecule.

 Complex impedance spectroscopy is a versatile method 

used to scrutinize the mechanism of an electronic device. 

The technique can be used in many applications. Typically, 

complex impedance is composed of a real part (Z’) and an 

imaginary part (Z”) derived from the measured impedance 

and phase difference values. The plot of Z’ versus Z” is 

called the Cole-Cole plot. Fig. 5 depicts the Cole-Cole plot 

of 0.50 %wt. GO: ZnO fabricated humidity sensor at various  

humidity values from 11 – 93 %RH. In low humidity ranges, 

a semicircle graph shape can be seen. With increased 

humidity levels, the graph shapes comprise a semicircle 

graph with a linear tail line. Fig. 5(b) and 5(c) show 

equivalent circuits for low and high humidity regimes. 

Typically, the humidity sensing mechanism depends on 

water molecule adsorption on the material surface. The 

sensing mechanism of the humidity sensor is based on the 

two mechanisms regimes. In a low humidity regime, the 

moisture molecules were low. Thus, adsorption is the 

bonding between vapor moisture molecules and various 

sites, such as functional groups or vacancies of the sensing 

surface. The movement of moisture molecules is low with 

the influence of double hydrogen bonding between moisture 

molecules and the sensing layer, which results in low 

conductivity or high impedance value, as shown in Fig. 4(a). 

The dominant charge transfer was the hopping mechanism 

between neighborhood sites. So, the large intrinsic resistance 

of prepared films is dominant.  

 Moreover, in high humidity regime, the vapor moisture 

ions are more adsorbed on the surface of the sensing material 

with multilayer physisorption. Sequentially, the higher 

moisture molecules formed the multilayer of physisorption. 

The moisture molecules were bonded with single hydrogen 

bonding in the multilayers forming, resulting in the nearly 

free residue charge on the surface. The results of the surface 

charge are easy to transport. At the same time, the increasing  

 

 

(b) 

 

(c) 

Fig. 5 (a) Cole-Cole plot (b) an equivalent circuit in a low humidity range, and (c) an equivalent circuit in a high humidity 

range. 
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electrolytic conduction over the sensing layer reduces the 

semicircle graph of the Cole-Cole plot. In this regime, the 

physisorption molecule layers act as the liquid-like layer in 

which the charge in multilayers formed was the formation of 

hydronium ions (H3O
+) due to the ionized moisture 

molecules with an electrostatic force. The hydronium ions 

can generate conductivity in the device explained by the 

Grothuss chain reaction (H2O + H3O+ àH3O
+ + H2O )  

[30, 31]. Thus, the impedance of the device decreased when 

increasing the humidity levels. Commonly, the semicircle 

graph of the Cole-Cole plot is related to the sensing 

behaviors of the humidity sensor, which can be expressed as 

primary components of resistance and capacitance. The 

significant intrinsic resistance was found at low humidity 

regimes due to the low conductivity. Whereas, in high 

humidity regime, more charge carriers occurred with high 

conductivity due to the influence of multilayer 

physisorption. Therefore, the decreasing of semicircles 

graphs is found. Moreover, in high humidity regime, a 

Warburg component represents the effect of the diffusion 

and intercalation of moisture ions into the interlayer of the 

sensing material. 

Conclusion 

 An electrostatic spray deposition technique with starter 

materials of nanoparticles can prepare the composite films 

of graphene oxide and zinc oxide. The effect of GO 

concentration on the properties of prepared composite films 

was performed by XRD, Raman spectroscopy, and scanning 

electron microscope. The XRD results exhibited the 

dominant diffraction peaks of ZnO and the broadening peak 

of GO. The Raman spectra can be used to identify the 

characteristics of ZnO and GO materials. The surface 

morphology depicted the fine nanoparticles over the surface 

of composite films. The fabricated device exhibited the 

maximum humidity sensitivity of 0.50% wt. of GO in the 

humidity region between 11 – 93%RH. The maximum 

hysteresis error of the device, response, and recovery time 

are 4.89%, 228 s, and 19 s, respectively. The sensing 

mechanisms of the device can be performed with the Cole-

Cole plot of impedance spectroscopy. This can explain the 

dominant mechanism of physisorption in the lower regime 

of humidity level and chemisorption in the high level. 
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