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ABSTRACT 

 

The effect on structural, morphological and optical characteristics towards 

humidity sensing capability was elucidated as humidity-sensitive sensing 

material that is made by composting zinc oxide nanostructured powder (ZN) 

nanoparticles with varying capacities of reduced graphene oxide (rGO). The 

ZN was successfully synthesized through the ultrasonicated solution 

immersion technique and the rGO/ZN (rZN) nanocomposite sensing material 

was spread on cellulose substrates employing a simple brush printing 

technique. XRD, FESEM and UV–Vis Diffuse Reflectance Spectroscopy were 

utilized to examine the morphological and optical properties of the pristine 

ZN and rZN nanocomposites. As per the FESEM assessment, ZN 

nanoparticles with variable sizes were evenly distributed, adhered to, and 

irregularly positioned on filter paper cellulose fibres. The average 

reflectance in the visible region declined substantially as the rGO content 

increased. According to the estimated Urbach energy, the defects in the 

sensing materials increased as the rGO content increased. The humidity 

response capability of the nanocomposites exhibits a significant reliance on 

the quantity of rGO integrated, with the maximum humidity sensitivity 

achieved for the 1.0 wt.% rGO dosage. At a high operating temperature (85 

°C), the humidity sensor based on rZN-1.0% nanocomposite exhibits an 

amplified humidity sensing response current value. These outcomes indicate 

that rZN nanocomposites have the potential to operate as a humidity-

sensitive sensing material with great sensitivity. 

 

Keywords: Zinc Oxide Nanoparticles; Reduced Graphene Oxide; Kubelka-

Munk; Flexible Humidity Sensor 

 

 

Introduction 
 

Humidity sensors are tremendously significant since they are utilized in a 

diversity of applications for instance climate forecasting, healthcare 

industries, food industry sectors, semiconductor fabrication fields, and 

agriculture [1]–[3]. Better sensitivity, reliance on processing temperature, 

shortest response/recovery time, strong reproducibility, minimal hysteresis 

value, prolonged shelf life durability, capability to tolerate contaminants, and 

cheaper production rate can all be used to specify an excellent humidity 

sensor [4]. Metal oxide (MOx) semiconductors are one of the most 

commonly used materials in humidity sensors. The reason for this is the 

significant surface ratio, green materials, low cost, improved sensitivity, ease 

of production, rapid reaction with enhanced sensitivity, and excellent 

durability towards temperature and chemical fluctuation. 
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Zinc oxide (ZnO) has piqued the interest of scholars studying its 

possibilities as a humidity-sensitive material due to its accessible and 

modifiable structure, huge resistivity spectrum, and great chemical and 

thermal stability [5]. ZnO is a non-organic semiconductor compound with 

ionicity that occurs on the border between covalent and ionic semiconductors. 

In ambient conditions, ZnO possesses a vast and linear energy bandgap, 

comprising 60 meV of moderately substantial exciton potential [6]. Graphene 

has arisen as a favourable sensing material due to its high conductivity, 

charge mobility, and mechanical and chemical robustness. Among graphene 

derivatives, reduced graphene oxide (rGO) has attracted considerable interest 

in the implementation of sensor devices, owing to its highly conductive sp2 

carbon atom film, which functions as an anchor to encourage electron 

transfer in metal oxide nanoparticles, resulting in improved sensing 

performance, exquisite electrical and mechanical attributes [7]. 

Unfortunately, humidity sensors based on pristine ZnO have a variety 

of drawbacks, involving a shorter storage lifespan, lengthy response/recovery 

duration, minimal linearity, and frail hysteresis, which limit their potential 

purposes [8]. Recent progressions have displayed that the addition of 

graphene elements and derivatives with MOx nanostructures is a reliable 

approach for constructing highly efficient sensors due to their conceivably 

huge surface vicinity, outstanding mobility, elevated conductance, plentiful 

deficiency domains, and remarkably elevated thermal conductivity and 

mechanical strength [9]. Worth to mention, that using graphene (G, GO, or 

rGO) as a sole sensing material, on the other hand, results in insufficient 

sensing performance for changes in relative humidity (RH). As a result of 

combining two or more semiconductor materials with different energy gaps, 

which allowed for the recombination of electron-hole pairs, which 

simultaneously modified material characteristics, the main objective of 

enhancing the effectiveness and performance parameters of resistive-type 

humidity sensors constructed from ZnO-sensitive sensing material is 

achievable as proved by previous works [10]–[12].  

In this paper, the effect of various rGO dosages on the structural, 

morphological and optical properties of pristine ZnO and rGO/ZnO 

nanocomposites on humidity sensing capabilities has been discussed. Albeit 

the properties of ZnO nanoparticles have been thoroughly explored in the 

literature, the impacts of rGO insertion into ZnO have been scarcely 

discussed in detail, particularly for humidity sensing applications. As a result, 

it is worthwhile to investigate the structral, morphological, optical and 

humidity sensing characteristics of rGO incorporation into pristine ZnO. 
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Methodology 
 

To synthesize ZnO nanostructured powders (ZN), zinc nitrate hexahydrate 

[Zn(NO3)2·6H2O, 98.5%, Riendemann Schmidt] and hexamethylenetetramine 

(C6H12N4, 99% purity, Aldrich) were analytical grades. The pristine ZN was 

synthesized through the ultrasonicated solution immersion route by 

dissolving the equimolar concentration of Zn(NO3)2·6H2O and C6H12N4 in a 

beaker filled with deionized (DI) water, followed by the sonicated procedure 

for 30 min in an ultrasonic bath (Hwashin Technology). Afterwards, the 

homogeneity solution was poured into a Schott bottle (DURAN) and 

immersed in a water bath (Memmert) for 4 hours at 95 °C. Following the 

immersion procedure, the precipitates formed were collected and dried (40 

°C, 24 hours). The dehydrated sample was annealed in an ambient 

environment for 1 hour at 500 °C in a chamber furnace (Protherm). 

Before the deposition of sensitive sensing material, the nanocomposite 

of sensitive sensing material was first prepared. The standard procedures 

have been discussed elsewhere [13]. Later, the synthesized ZN (1 g) and rGO 

powder (1 mg) purchased from Suzhou Hengqiu were dispersed in a 5 ml 

binder agent (Clear glue, UMOE) and stirred to obtain a homogeneous 

solution. The formed paste-like nanocomposite slurry sensing material 

mixture was marked as rZN-0.1%. An analogous process was used to 

produce nanocomposites with various rGO powder compositions and 

corresponding samples were labelled as rZN-0.5%, rZN-1.0%, rZN-1.5%, 

and rZN-2.0%, respectively. To perform morphological, optical and humidity 

sensing performance characterization, cellulose-based paper (Whatman) was 

used as a substrate. Using the brush printing process, a sensing material 

(rZN-0.1%) homogeneous paste-like nanocomposite slurry was successively 

brushed on a cellulose substrate to construct the sensing membrane. The 

deposited paste was then cured at ambience condition for 15 min followed by 

the functioning electrode patterned over the sensing membrane. The crystal 

structure and peak identification were epitomized via multipurpose X-ray 

diffractometer analysis (XRD; PANalytical X’Pert Pro MRD). The 

morphological studies analysis for the PZN and rGO/ZN nanocomposite 

films were accomplished utilizing field emission scanning electron 

microscopy (FESEM; Hitachi SU-8030) while, the optical reflectance 

measurements, in the ultra-violet visible (UV–vis) range, were carried out 

using dual-beam ultraviolet, visible light and near-infrared, diffuse 

reflectance spectroscopy (DRS; Varian Cary 5000). The humidty response 

plot and data were obtained via electrical measurements using ESPEC-

SH261 humidity and temperature chamber with Keithley 2400 Source Meter 

unit. 

 



Elucidation of rGO Incorporation on Structural, Morphological and Optical Properties 

 

169 

Result and Discussion 
 
X-ray diffraction (XRD) assessment was employed to assess the crystal 

structure and peak identification attributes of the as-produced PZN and rZN 

nanocomposites and further validate the formation of the nanocomposite. 

Figure 1 depicts the XRD profiles of PZN, and rZN nanocomposites with 

varying rGO dosages. The XRD profile of PZN and all rZN samples exhibits 

an inheritance of diffraction peaks that are associated with the ZnO wurtzite 

hexagonal configuration [14]. Furthermore, the diffraction peak, 2 values for 

three major peaks and five minor peaks are found at 31.92°, 34.59°, 36.39°, 

47.69°, 56.74°, 63.02°, 68.08°, and 69.22°, which refer to the (100), (002), 

101) (102), (110), (103), (112), and (201) planes, respectively [15]. The 

occurrence of numerous distinctive peak positions with significant intensities 

indicates that the as-produced ZN is polycrystalline and retains well 

crystalline structures. Lacking impurity-associated diffraction amplitudes, 

confirming the synthesis of a pristine phase of ZN. After the hybridization of 

ZN with rGO, the diffraction profiles of the rZN nanocomposites are 

identical to one another and comparable to PZN, suggesting that the crystal 

structure of the ZN crystal was unchanged, implying that rGO was surface 

bonded with ZN. 

 

 
 

Figure 1: Diffraction profile of PZN and rZN nanocomposites at different 

rGO content 
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Using field emission scanning electron microscopy (FESEM), the 

surface morphological features of pristine ZN (PZN) and rGO/ZN (rZN) 

nanocomposites were examined, as well as the impact of rGO integration on 

the microscopic structure. Figure 2 portrays the morphology of PZN and rZN 

nanocomposites surface comprising 0.1 wt.%, 0.5 wt.%, 1.0 wt.%, 1.5, and 

2.0 wt.% of rGO amount deposited on cellulose substrate at magnifications of 

20000. The flattening surfaces of ZN nanoparticles vary in diameters and 

are identically distributed, affixed, and arbitrarily positioned onto the 

cellulose strands, as depicted in the micrograph in Figures 2a–f. Excitingly, 

raising the quantity of rGO dosage observably did not affect the morphology 

of ZN in rZN nanocomposites, but did marginally reduce the diameter of ZN 

nanoparticles. The mean diameter of consolidated ZN in rZN nanocomposites 

spans between 50 to 300 nm. Furthermore, the ZN nanoparticles are 

separated from their connected network and attached to the surface of rGO 

[16]. The rZN nanocomposite formation is validated by the binding of ZN 

nanoparticles to the rGO layers. Furthermore, the rGO sheet becomes denser 

and exemplify a tightly packed structure comprising ZN nanoparticles as the 

percentage of rGO content increase. As shown in Figures 2b–f, the surfaces 

and edges of the nanoparticles were less visible, verifying that the thin 

transparent rGO layers were wrapped and covered the ZN structure. These 

observations proved that the nanocomposite is created, comprising the rGO 

sheets and ZN nanoparticles.  

Geometrical porosity and particularly large surface area are essential 

properties in rZN nanocomposites for enhancing humidity sensing 

capabilities. The integration of nano-granulated formed ZN nanoparticles 

with rGO layers was observed to potentially offer a sensing material with 

porosity structure and high specific surface area. As for rZN nanocomposites, 

the rGO is disseminated across the ZN to construct a networked arrangement. 

It is observable that folded rGO layers encapsulate nano-granulated ZN 

nanoparticles, which have a superior specific surface area and make 

outstanding contact with neighbouring nanoparticles. This interlinked 

multilayered structure accelerates the transfer of electrons between ZN and 

rGO, improving the sensing film's surface area and thereby improving 

humidity sensing sensitivity [17]. Moreover, the porosity detected throughout 

all rZN nanocomposites is anticipated to enable adsorption sites for incoming 

water molecules. 

The optical properties of the pristine ZN (PZN) and rGO/ZN (rZN) 

nanocomposites are shown in Figure 3. In the UV region spectrum (< 400 

nm), all of these samples exhibited intense light absorption, which is 

facilitated by electron transportation from the valence band to the conduction 

band. Compared to PZN, in the UV spectrum region, rZN nanocomposites 

indicate lower light absorption. The light absorption for rZN nanocomposite 

samples was significantly affected by the different amounts of rGO dosage. 

Therefore, as the amount of the rGO dosage increased, the intensity of visible 
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light absorption for rZN nanocomposites in the visible region (400–800 nm) 

was observed to increase significantly. This may be attributable to the 

relatively superior rGO absorption coefficient in the visible light spectrum 

and an improved surface electric charge related to oxides in the rZN 

nanocomposites, which are related to the electron-hole pairs formation 

process during light illumination [18]-[19]. The observed results were 

supported by previous reports [20]-[21].  

 

 

 

 
 

Figure 2: FESEM morphology (20000 magnifications; applied voltage of 5 

kV) of PZN and rGO/ZN nanocomposites at different amount of rGO 

deposited on cellulose substrate: (a) PZN, (b) 0.5 wt.%, (c) 1.0 wt.%, (d) 1.5 

wt.% and (e) 2.0 wt.% 
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(a) 

 

 
(b) 

 

Figure 3: Ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS) of 

PZN and rZN nanocomposites with a different weight percentage of rGO 

dosage; (a) the absorbance spectra, and (b) the reflectance spectra 

 

Kubelka-Munk method was used to calculate and estimate the direct 

optical band gap energy with decent accuracy from weakly absorbing 

samples. Kubelka-Munk's theory is based on a simplified assessment of 

incoming light's interaction with a specimen. This theory holds that the 

materials were homogeneous, isotropic, non-fluorescent, and opaque. The 

Kubelka-Munk function is described for any wavelength as Equation (1) 

[22]. 

 
𝐹(𝑅) =  

(1 − 𝑅)2

2𝑅
 =  

𝑘

𝑠
  (1) 

 

where F(R) denotes the Kubelka-Munk function and R is reflectance data. 

The k and s represent the molar absorption coefficient and scattering 

coefficient, respectively. With the purpose to estimate the optical bandgap 
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energy, Eg, of the direct bandgap of the PZN and rZN nanocomposites 

samples, the above equation was substituted into Tauc's relation and rewritten 

with the relationship as shown below [23]: 

 

[𝐹(𝑅) × ℎ]2  = 𝐴(ℎ −  𝐸𝑔) (2) 
 

where h represent photon energy, Eg denotes optical bandgap energy, and 

energy-independent constant is denoted as A. Figure 4a illustrates the 

modified Tauc's plot based on Kubelka-Munk function for bandgap energy 

approximation where the Eg values were produced at which the extrapolated 

linear region of (F(R)*hν)2 versus incident photon energy curves intersects 

the incident photon energy axis, producing (F(R)*hν)2 = 0. The average 

reflectance and Eg values are shown in Table 1.  

 

 
(a) 

 

 
(b) 

 

Figure 4: (a) Kubelka-Munk function plot of PZN and rZN nanocomposites, 

and (b) a plot for Urbach energy estimation 
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The Eg displayed a redshift with the expanding amount of rGO dosage 

in the nanocomposites. Initially, the bandgap energies decreased from 3.259 

eV to 3.195 eV with 1.0 wt.% of rGO dosage level loaded into rZN 

nanocomposites. The Eg values slightly increased to 3.201 eV and 3.207 eV 

for 1.5 wt.% and 2.0 wt.% of rGO content, respectively. It would be 

reasonable to conclude that the presence of rGO has a certain effect on the 

electronic energy level of pristine ZnO. With a narrower bandgap, electrons 

may be transported more efficiently and rapidly from the sensing film to the 

electrode, resulting in decreased resistivity and improved conductivity, hence 

increasing the overall sensitivity of the humidity sensor [24]. Similar findings 

regarding narrower direct bandgap of rZN nanocomposites have been 

reported in previous research. Rodwihok et al. reported that the decrease in 

bandgap is driven by the optical bandgap shifting to a higher wavelength as 

the surface charge between ZnO and rGO increases [25]. Meanwhile, based 

on the finding by Dehghan et al. [26], suggested bandgap narrowing is 

attributed to synergistic interfacial interaction between the ZnO nanoparticles 

and rGO sheets. This statement is also consistent with the findings by 

Darvishi and associates [27]. Furthermore, the variation in bandgap energy 

could be due to particle aggregation and the formation of large clusters that 

induced the agglomeration of particles, as documented by previous 

researchers [28]-[29]. As a result, our findings, and observations of a redshift 

in the absorption edge of rZN nanocomposite samples against pristine ZN are 

supported.  

Furthermore, structural defect estimation was studied using a variation 

of Urbach energy, Eu, as demonstrated in the given relation [30]: 

 

𝛼 =  𝛼0 exp (
ℎ

𝐸𝑢

) (3) 

 

where the absorption coefficient is denoted as α, the pre-exponential factor is 

represented as α0, hv is known as photon energy, and Urbach energy denotes 

as Eu, which is the localized state width. The Urbach energy, which 

corresponds to the tail width of the localized states within the optical band 

gap, is related to the absorption coefficient at the lower essential edge energy 

region. The variation in Eu is related to band bending, which arises as a result 

of structural deficiency [31]. The linear component's reciprocal gradient of a 

plot of ln(a) against photon energy, h, was used to estimate Urbach energy 

as portrayed in Figure 4b.  
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Figure 5: Bandgap and Urbach energy variation plot for PZN and rZN 

nanocomposites 
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energy suggests that the quantity of rGO content is important in the creation 
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et. al [32]. The highest value of Eu was achieved at an rGO concentration of 

1.0 wt.%, suggesting the prominent existence of defects/deficiency in 

rGO/ZN synthesized at 1.0 wt.% rGO.  Furthermore, as stated in Table 1, the 

increase in structural disorder may be the cause of the average reflectance 

significant decline. 
 

Table 1: Average reflectance, and optical bandgap energy of PZN and rZN 

nanocomposites at different rGO dosage 
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The PZN and rZN nanocomposites sensitivity towards humidity 

changes was examined via ESPEC-SH261 humidity and temperature 

chamber with Keithley 2400 Source Meter unit. During humidity sweeping 

analysis, a bias voltage (+ 5 V) was fed to the sensor with the temperature 

inside the chamber regulated at 25 °C to meet the temperature of the 

surroundings, during the measurement process. The measurement was 

performed for one complete cycle by stepping the RH from a baseline 

humidity (40 %RH) to a threshold humidity (90 %RH) and vice versa to 

examine the sensor response and recovery towards increasing and decreasing 

relative humidity. The sensitivity percentage, S, of the PZN and rZN 

nanocomposites was assessed using the accompanying relations, particularly 

concentrating on the ratio of resistance perturbations [33]: 
 

Sensitivity Percentage = (
R40%- RX

RX

)  ×100 (4) 

 

where R40% denotes the baseline humidity resistance and RX is the resistance 

when humidity levels change. The sensitivity plots at 40 %RH, 50 %RH, 60 

%RH, 70 %RH, 80 %RH and 90 %RH are presented in Figure 6 with the 

primary purpose of improving the sensitivity of the PZN by determining the 

optimal amount of rGO required is positively realized. The prevailing results 

observed on rZN-1.0% humidity sensor, which showed superior sensitivity 

compared to the other samples, were confirmed. This could be due to the 

lower energy bandgap reported earlier in conjunction with the highest Urbach 

energy recorded. According to Li [34], the incorporation of rGO increases the 

electrical conductivity behaviour of the rGO/ZnO composite, which enables 

high electrical propagation throughout the composite material, hence 

increasing the sensitivity of the composite as the relative humidity increases. 

It demonstrates that as the level of relative humidity rises, the resistance of 

the rZN nanocomposites falls roughly linear, implying that the humidity 

sensor based on rZN nanocomposite is sensitive to humidity compared to 

PZN. Moreover, this outcome might contribute by coordinated dispersion of 

ZN nanoparticles across rGO layers in humidity sensor based on rZN-1.0% 

nanocomposite, as well as the ideal synergetic reaction induced by ZN and 

rGO, which is in accordance with our FESEM analysis.  
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Figure 6: Sensitivity profiles of PZN and rZN nanocomposite-based humidity 

sensors at different humidity levels with varying weight percentages of rGO 

dosage at 25 °C 
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sensor. The standard deviation for rZN-1.0 was less than 2%, showing that 

the sensitivity was repeatable from measurement to measurement. However, 

when the amount of rGO injected was higher than 1.0 wt.%, the sensitivity of 

the sensors was significantly diminished. The findings of this study are 

contrasted with other relevant publications by other researchers [35]–[38]. 

According to our literature, we concluded that the performance of the 

humidity sensor attained in our investigation is equitable to or better than 

those found in prior reports. 
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Figure 7: The variation in sensitivity of humidity sensors based on PZN and 

rZN nanocomposite. The computed mean values and error bars are displayed 

from the datasets of five observations 

  

Figure 8 depicts the humidity response profiles of the rZN-1.0% based 

humidity sensor at various operational temperatures of 25 °C, 45 °C, 65 °C, 

and 85 °C. The results reveal that the humidity response curve patterns at 
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reduction in water molecules and oxygen molecules diffusion depth [39]. As 
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other hand, the humidity response signal amplifies, which is observed during 

the measurement procedure the current value increased substantially [40].  
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Figure 8: The rZN-1.0% humidity response profile at various operation 

temperatures 

 

 

Conclusion 
 

In this work, the facile ultrasonicated solution immersion approach was used 

to successfully synthesize ZN. Moreover, the PZN and rZN nanocomposites 

were successfully deposited on a cellulose substrate by employing the brush 

printing technique at different rGO concentration doses. The structural, 

morphological and optical characteristics of the sensing membrane have been 

explored. XRD investigation corroborated the polycrystalline arrangement of 

solid with crystalline hexagonal wurtzite of the PZN and rZN nanocomposite 

structure. The rGO adhered to the surface of the ZN, with no impurity-related 

peaks identified. Based on FESEM investigation, ZN nanoparticles of varied 

sizes were uniformly distributed, adhered to, and arbitrarily positioned onto 

the cellulose strands. In comparison to PZN, the composite with rGO dosage 

had less particle agglomeration and aggregation. All rZN nanocomposites 

possess a porosity structure, which is estimated to continue providing active 

sites for water molecule adsorption. The band gap determined from DRS 

spectra for PZN is 3.259 eV and observed to decrease to 3.212 eV with rGO 

content of 0.1 wt.% and reaches a minimum of 3.195 eV with rGO content of 

1.0 wt.%. The existent correlations among the Zn, C, and O atoms are the 

fundamental sources of the band gap reduction. The optical band gap and 
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Urbach energy were discovered to be inversely proportional to the amount of 

rGO inserted. Moreover, as the rGO amount increased, the average 

reflectance in the visible region decreased substantially. When the rGO 

concentration was increased, the calculated Urbach energy of the rZN 

nanocomposites soared indicating that the formation of defects and disorders 

is also accountable for the shrinking of the band gap. Furthermore, the 

enrichment of local disorders driven by the extrinsic element is associated 

with the increment of Eu. In terms of sensitivity, rZN nanocomposites-based 

humidity sensors surpassed PZN-based humidity sensor, with 1.0 wt.% rGO 

dosage exhibiting the maximum sensitivity towards humidity. The humidity 

response exhibits an increased current value at high operational 

temperatures, but a reduced sensitivity value was recorded as an impact from 

the baseline current value (40 %RH). Morphological, optical and humidity 

sensing analysis results indicate that the rZN nanocomposite material is 

advantageous for inexpensive and economical flexible humidity sensing 

applications. and manipulating the amount of rGO amount inserted in metal 

oxide is significantly important. 
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