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Abstract---MnO2 doped nanostructured zinc oxide was synthesized by solid state reaction route. The prepared material was 

characterized by X-ray diffraction, scanning electron microscope and UV-Vis absorption spectroscopy. The doping of MnO2 in 

ZnÒ enhanced the crystallization and decreased the crystallite size. Surface morphology of the sensing material showed that 

the hexagonal shaped particles were uniformly distributed in zinc oxide that left large number of pores. These pores acted as 

humidity adsorption sites. With increase in the concentration of MnO2, the pores also increased. The optical band gap of pure 

ZnO was 4.05 eV. The value of band gap decreased with increase in the MnO2 doping concentration. The average sensitivity of 

undoped zinc oxide was 3400 KΩ/%RH. The sensitivity of the sensing element increased with increase in the doping 

concentration. Sensitivity of MnO2 doped ZnO composite is more than four times the sensitivity of pure zinc oxide at annealing 

temperature 600
o
C. 
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I. INTRODUCTION 

 

Humidity plays an important role in human life. Its tremendous importance is due to the fact that its vapour consists of highly 

reactive dipolar molecules which get condensed on or evaporate from surface even with slight variation in temperature of the 

environment. It, therefore, becomes necessary to measure and control the humidity. The humidity is one of the most frequently 

measured quantities and its measurement is complex and an old problem too [1-2]. Humidity sensors convert the amount of 

water (H2O) vapour into a measurable parameter. Humidity sensors based on different working principles have been developed 

and utilized in various applications [3–4]. Surface morphology has an important role in sensing properties. Researchers are 

developing cutting edge humidity sensors that show superb sensitivity, low hysteresis, and other amazing properties. Scientists 

are focusing more and more on impedance or resistive type humidity sensors due to low cost and better performance. The 

nano-grained ceramic materials provide opportunities for enhancing the performance of sensors because of their high surface to 

volume ratio. To enhance the sensing properties, therefore, it is essential to manipulate and control surface morphology so that 

high surface to volume ratio is available for effective sensing. To enhance sensing efficiency, some additives are used that play 

catalytic role. In the past few decades, metal oxide ceramic materials have attracted much attention of researchers due to their 

significant applications in microelectronic circuits, fuel cells, sensors, catalysts, optoelectronic devices and coatings for the 

passivation of surfaces with rust [5-11].  

 

Zinc oxide (ZnO) is a versatile semiconductor with direct band gap of gap of ~3.37 eV and a large exciting binding energy of 

~60 meV [12-13] at room temperature (RT). For photonic crystals ZnO is a promising candidate as functional components, gas 

sensors [14-15], light emitting diodes , solar cells, varistors and photo electrochemical cells [16-20]. ZnO nanomaterials has 

been synthesized with various structures and properties viz, nanoparticles, nanorods, nanocombs, nanowires, and tetrapod 

nanostructures [21-25]. Doping of selective element into ZnO is the primary method for manipulating and controlling its 

properties such as band gap or electrical conductivity, carrier concentration, etc. Studies have focused on the doping of 

transition metals Mn, Ni, Fe, Co and Cr into ZnO due to the potential applications in spintronics [26]. ZnO materials are 

believed to be non-toxic, bio-safe and biocompatible [27]. Doped and undoped ZnO nanostructures have the possibility of 

being applied for nano devices to detect gas and humidity because the response to different gases is related to a great extent to 
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the surface state and morphology of the material. ZnO does not need costly noble metal catalyst to perform as a good sensor. 

ZnO has also good temperature dependent surface morphology [28]. It shows an n-type semiconducting nature. Humidity 

sensor-elements based on ZnO have been fabricated in various forms, including single crystals, sintered pellets, thick films and 

thin films. ZnO nanomaterial-based elements show various useful properties and applications as humidity sensors [29-32]. It 

has fascinated much attention as humidity sensor because of its chemical sensitivity to volatile and radical gases, high chemical 

stability, easy doping, non-toxicity, and low cost [33-35]. ZnO is available in various morphologies [36-37]. Investigations 

were also carried out by Jeseentharani et al. for analysing humidity sensing properties of the composites prepared by mixing 

1:1 mole ratio of CuO-ZnO, CuO-NiO, and NiO-ZnO compound. The samples were sintered at 800°C for 5 h and then 

subjected to resistance measurements as function of relative humidity (RH) in the range of 5%–98% RH. It was noticed that 

CuO-NiO compound possessed the best humidity sensitivity. The response and recovery times of the CuO-NiO composites 

were 80 and 650 s, respectively [38]. Kutteyet al. have reported the varistor properties of polycrystalline ZnO:Cu [39]. Yawale 

et al. doped semiconducting materials SnO2 and ZnO with TiO2 and Al2O3 and screen printed them in the form of a film. DC-

electrical resistance of the films were measured in the presence of humidity. They found SnO2-5Al2O3 and ZnO-5Al2O3 to be 

good sensing materials for humidity. Rutile and hexagonal structures of SnO2, ZnO and Al2O3 and their nanometer grain sizes 

were found to be responsible for formation of nanometer sized pores, which ultimately adsorbed water. The adsorption of water 

(physisorbed water) on a hydroxylated surface caused electron injection [40]. Li et al. investigated the complex impedance 

spectra of the thin-film humidity sensors prepared using in situ synthesized inorganic/organic nanocomposites of sodium 

polystyrenesulfonate (NaPSS) and ZnO. The logarithm of the resistance of sensor based on composite film changed linearly by 

four orders of magnitude over the humidity range (11%–97% RH) [41]. Humidity sensors are also developed using capacitive 

technique. In this case the dielectric constant value of the thin film changes due to the change in the humidity level and in this 

way the relative humidity change is detected. The materials that are commonly used in the development of humidity-sensitive 

dielectrics are polyimide films. These materials provide high sensitivity, linear response, low response time, and low power 

consumption [42-45]. The performance of humidity sensing properties of the MnO2-ZnO sensors compared with some other 

works in Table 1.The hysteresis and aging in all cases [52-54] were within ±2%. Sensitivity of humidity sensor is defined as 

the change in resistance (ΔR) of sensing element per unit change in RH (Δ% RH).                            

Sensitivity = (ΔR)/(Δ%RH)   (1) 

The present work shows very high sensitivity results as compared to many reported works. Sensitivity of MnO2-ZnO 

composite is more than six times the sensitivity of Ag-WO3 nanomaterial  and nearly four times Cu2O-ZnO sensor, more than 

1.5 times WO3-SnO2  sensor.  

 

Table 1. Humidity sensing properties of the MnO2-ZnO sensor compared with previous works. 

Sensing Material Sensor fabrication 

Method 

Measurement range Sensitivity Reference 

NiO-SnO2 Electro spinning 

Technique 

0-100%RH 3.25 KΩ/%RH [46] 

Sb-SnO2 Vapour Liquid Solid 

Method 

22-44%RH 100.454KΩ/%RH [47] 

Bi6S2O15 Suspension Dripping 11-95%RH 118.929 KΩ/%RH [48] 

Black Phosphorus Spin Coating 10-90%RH 124.975KΩ/%RH [49] 

SnO2 Microwave Irradiation 5-95%RH 149.89 Ω/%RH [50] 

SnS2-TiO2 Layer-by-layer Self-

Assembly 

11-97%RH 442 KΩ/%RH [51] 

Ag-WO3 Solid State Reaction 10-95%RH 2140 KΩ/%RH [52] 

Cu2O-ZnO Solid State Reaction 10-95%RH 4780 KΩ/%RH [53] 

WO3-SnO2 Solid State Reaction 10-95%RH 8790 KΩ/%RH [54] 

MnO2-ZnO Solid State Reaction 10-95%RH 13610 KΩ/%RH Present Work 

 

II. EXPERIMENTAL PROCEDURE 

 

2.1 Synthesis of ZnO-MnO2 Composite Pellets 

The starting material was ZnO (Loba Chemie 98.0%). For binding the material 5% by weight of ethyl cellulose (LobaChemie) 

was used. The mixture was grinded for 3 hoursto homogeneity, and smaller crystalline size. The fine and grained powder of 

sample was pelletized with the help of hydraulic press machine (M.B. Instruments, Delhi, India) under an uniaxial pressure of 

4 M Pa at room temperature.  The dimensions of pellets were identical having 12 mm diameter and thickness 3 mm. The 
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pellets, then, were sintered for good nucleation and growth of the grains which were required for the sensing. This made 

surface to volume ratio higher. Sensing elements with 0%, 0.2%, 0.4%, 0.6%, 0.8% and 1.0% of MnO2 in ZnO are labelled as 

Z1, Z2, Z3, Z4, Z5 and Z6, respectively. 

 

2.2 Humidity Sensing Measurements 

For the relative humidity (RH) sensing a special humidity chamber was designed which consisted of Cu-pellet-Cu electrode 

system well connected to the protruding electrodes of multimeter. In order to evaluate the sensing behaviour, the pellet was 

placed between the two copper electrodes. Humidity chamber used in this investigation consisted of a steel container having an 

air tight and movable glass lid to cover it. Two glass bowls were kept inside it one by one; one contained saturated aqueous 

solution of KOH to dehumidify the chamber up to 10%RH and other contained saturated aqueous solution of K2SO4 to 

humidify the chamber up to 95%. Pellet was put within this system and sensing measurements were performed. Variations in 

humidity inside the chamber were recorded by a standard hygrometer associated with a thermometer (Huger, Germany) and 

corresponding variation in electrical resistance was measured by multi-meter (Model VC9808). The least count of hygrometer 

used here was ±1%RH. 

 

2.3 UV-Vis Spectroscopy 

UV–Vis absorption spectrophotometer (Model− V670, Jasco) in UV and visible ranges from 200-800 nm was used for optical 

measurements.The typical UV-visible spectra of MnO2 doped zinc oxide are  shown in the Figure 1.The spectrum of each 

composition shows a sharp intense absorption band at energies close to the optical band gap that manifests itself as an 

absorption edge (as shown in Figure 1a). The optical band gap is calculated by extrapolation of linear plot (Tauc plot) between 

absorption coefficient (α) and photon energy as described in given equation [55]:  

2/1
g )Eh()h(       (2) 

here, E is the photon energy and Eg is the optical band gap energy of the material. This equation shows a linear dependence of 

α
2
(hʋ) on photon energy (E). Figure 1(b) show the Tauc plots of α

2 
(hʋ) versus photon energy (hʋ). The optical band gap of 

undoped zinc oxide was found 4.05 eV. The value of optical band gap decreased with increase in MnO2 concentration. The 

decrease in the value of band gap in the present study shows the red shift with increase of MnO2 concentration. Value of optical 

band gap are 4.05, 4.05, 4.02, 3.95, 3.90 and 3.85 for 0.0%, 0.2%, 0.4%, 0.6%, 0.8% and 1.0% doping of MnO2 in ZnO, 

respectively. 

 

2.4 Scanning Electron Microscopy 

The surface morphology of well-polished samples were examined using scanning electron microscope (model LEO 430 

Cambridge Instruments Ltd., U. K.). Annealing process reduces the residual stress on the surface of the materials. The grains 

become ordered in a specific manner leaving some more spaces among them. Due to the annealing process, the size of pores 

increases. The re-crystallization process during the annealing has two stages, in the beginning; the re-crystallization is 

dominated by random orientation of the grains followed by a second process in which once again the crystallites tend to orient 

in a particular direction. Due to their particular orientation/alignment, the surface morphology changes. The typical 

microstructure of undoped and 0.2, 0.4, 0.6, 0.8 and 1.0 weight% MnO2 doped zinc oxide and annealed at temperatures 600˚C 

are shown in Figures 2 (a-f). Figure 2(a) reveals that nanoparticles of ZnO agglomerate with one another leaving some spaces 

as pores. These pores serve as humidity adsorption sites and humidity sensitivity of the sensor depends on the size of these 

pores. Most of the particles are hexagonal in shape leaving more space as pores, giving effective surface area due to nano-sized 

surface morphology. The microstructure of 0.2 weight% MnO2 doped zinc oxide shows almost similar pattern microstructure 

as that of pure ZnO, only a little bit difference of degree of crystallization and pores size [as shown in Figure 2(b)]. As the 

doping % of MnO2 was increased from 0.2 weight% to 0.4 weight%, the agglomeration of MnO2 becomes visible as shown in 

SEM image Figure 2(c). This agglomeration may increase the conductivity which decreases resistance more rapidly with 

adsorption of moisture. With further increase of doping concentration from 0.4 weight% to 0.6 weight%, the crystallization of 

zinc oxide was found to be higher as compared to lower doping concentration of MnO2. This increase in size and number of 

pores are helpful for sensing the humidity (Figure 2d).  The shape of crystallite also changes from hexagonal to rectangular 

shaped crystallites. As shown in Figure 2(e) at 0.8 weight% doping of MnO2 in zinc oxide, the shape of crystallites becomes 

mixed of spherical and rectangular, the higher degree of pores is may be attributed in the sample to the distribution in grain 

size. The better crystallization is observed at this doping concentration of 1.0 weight% of MnO2, as reflected in Figure 2 (f). 

The grain size for a fixed percentage of doping decreased when annealing temperature was increased. When annealing 

temperature was increased from 500
o
C to 600

o
C the grain size for 0.2% doping from 268 nm to 218 nm, for 0.4% doping from 

251 nm to 208 nm, for 0.6% doping from 228 nm to 198 nm and for 1.0% doping from 223 nm to 192 nm. However, no 

definite trend was observed in the grain size measurement from SEM when doping percentage was increased for fixed 

annealing temperature. 
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2.5 X-ray Diffraction 

The well prepared undoped and doped zinc oxide were characterized by X-ray powder diffraction (XRD) employing Rigaku 

Miniflex-II X-ray diffractometer using Cu-K1 radiation having wavelength λ = 1.5406 Ǻ. The intensity was recorded over 2θ 

range 20–80° for phase identification. The average crystallite size of powdered samples were calculated by Debye-Scherer 

equation. The surface morphology of prepared samples were polished with 100, 600, 1000 mesh SiC powder as well as 1/0, 

2/0, 3/0 and 4/0 grades sand paper, etched with 30% HNO3 + 20% HF solution and coated with silver-palladium (Portion Sc-

7640 Sputter). The typical X-ray diffraction patterns of undoped and 0.2, 0.4, 0.6, 0.8, 1.0 weight% MnO2 doped zinc oxide are 

shown in the Figure 3. These patterns are well matched with standard JCPDS file No. 79-2205. The results clearly indicate that 

the prominent peaks in the patterns correspond to hexagonal wurzite structure of zinc oxide [56].  

Crystallite size was calculated using the broadening of XRD peaks by the Debye-Scherer formula which is as follows: 





Cos

K
D      (3) 

Where β is the full width at half maximum (FWHM) of the peak, λ is X-ray wavelength, θ is the Bragg angle and K = 0.94, a 

dimensionless constant. The crystallite sizes were found to be 49.7, 46.5, 43.3, 40.9, 35.0 and 31.7 nm for 0.0, 0.2, 0.4, 0.6, 0.8 

and 1.0 weight% MnO2 doped zinc oxide, respectively. The crystallite size decreased with increasing the concentration of 

MnO2. The sharp intense peaks of ZnO confirms the good crystalline nature of ZnO and the diffraction peaks can be indexed to 

a hexagonal wurtzite structured ZnO; for the MnO2 doped ZnO the centres of all diffraction peaks have a slight shift compared 

to undoped sample.  

 

III. RESULTS AND DISCUSSION 

 

The change in the value of resistance has been recorded with change in the %RH for different annealing temperatures. With 

change in %RH the fall in the value of resistance is very sharp; ranging from 200-300 MΩ to 0-10 MΩ over 10 to 99% RH. 

Hence, a graph between the logarithmic resistance value and %RH has been plotted. Figure 4 shows graphs for the pure ZnO, 

0.4% MnO2 doped ZnO and 1.0% MnO2 doped ZnO, for the annealing temperature of 600˚C. Figure 4 also shows trend line of 

graphs for the 0.4% and 1.0% MnO2 doped ZnO. Both of these trend lines match polynomial of degree 3 as depicted in the 

figure itself.  

The average sensitivity of the MnO2 doped ZnO sensor increases with increase in the annealing temperature as well as the 

doping concentration of MnO2. When annealing temperature is increased from 300˚C to 600˚C for pure ZnO the sensitivity 

increased from 2.1 MΩ/%RH To 3.4 MΩ/%RH. Similarly, when the annealing temperature is increased from 300˚C to 600˚C 

for 1.0% doped sample the sensitivity increased from 10.41 MΩ/%RH to 13.61 MΩ/%RH. As the annealing temperature is 

increased the larger pores are created on the surface of sensing pellets. When the doping of MnO2 is increased better 

crystallization of zinc oxide takes place which creates more pores on the sensing pellet surface. As pore size increases on 

annealing the pellet adsorbs more moisture from the air which causes change in the resistance of the sensing material. The 

change in resistance of samples depends upon the active surface sites for the adsorption of moisture. If more sites of adsorption 

are found more will be the sensitivity of the sensor. 

Sensitivity increases with increase in the percentage of the doping. With increase in the concentration of MnO2 the XRD peaks 

slightly shifted to higher Bragg angles compared to those for the pure ZnO sample. The diffraction angle for the ZnO peak 

[101] at 2-theta value of 35.1097 shifted to 35.2528 for 0.4 weight % MnO2 doped ZnO and to 35.2844 for 1.0 weight % MnO2 

doped ZnO. Such changes are indeed expected if some of the Mn ions replace Zn ions in the lattice, as the Mn ions have 

smaller ionic radii [Mn
4+

 (0·056 nm) and Mn
3+

 (0·062 nm)] than Zn ions (0.74Å). The shift indicates decrease of lattice 

parameters [57]. Some mechanisms were proposed to explain the surface conductivity change in the presence of water vapour 

[58-60]. The surface first experiences the chemisorption of monolayer water with proton transfer among hydronium (H3O+). 

Here, the electrical response depends on the number of water molecules adsorbed on the surface. The chemisorption is 

followed by physisorption of multilayer water with increase in humidity. Here, H3O
+
 appears in the physisorbed water and 

serves as a charge carrier. H
+ 

ions can move freely in the physisorbed water according to Grotthuss’s chain reaction [61-62]. At 

high humidity, electrolytic conduction replaces protonic conduction. Doping Mn ions into ZnO leads to higher charge density 

on the surface. In this case, a strong electric field is induced around the surface of Mn-doped ZnO. This strong electric field 

augments ionization of water molecules and further affects the deeper physisorbed water. As the doping % increases more Mn 

ions get incorporated into ZnO lattice. This leads to higher charge density in the vicinity resulting in creation of a stronger 

electric field near the surface. When water vapours interact with the surface this high field causes ionization of water molecules 
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leading to high conductivity. Thus the sensitivity increases with increase in concentration of MnO2 in ZnO [63]. Figure 5 shows 

graph for the change in the sensitivity of the samples both for the increase in the annealing temperature and the change in 

percentage of the MnO2 in ZnO. A linear trend line is the best match for the sensitivity versus % RH graphs as shown in the 

figure for each annealing temperature. For annealing temperature 300˚C the sensitivity increases from 2.1 MΩ/%RH to 10.41 

MΩ/%RH when the doping is increased from 0.0% to 1.0%. For annealing temperature 600˚C the sensitivity increases from 

3.4 MΩ/%RH to 13.61 MΩ/%RH when the doping is increased from 0.0% to 1.0%. 

Hysteresis in metal oxides is attributed to the initial chemisorptions on the surface of the sensing elements. This chemisorbed 

layer is generally irreversible and can’t be easily removed by decreasing %RH. This layer can be desorbed using thermal 

means only. The physisorption is reversible and the layer can be easily desorbed. Hence, in the decreasing cycle of % RH, the 

initially adsorbed water is not removed completely leading to hysteresis. Metal oxides and binary systems of metal oxides 

show deviation in their behaviour in the decreasing cycle of %RH from those in increasing cycle of %RH. Minimization of this 

hysteresis behaviour is a condition a priori for sensor applications. To determine the hysteresis effect in the sensing elements, 

the humidity in the chamber has been increased from 10% RH to 99% RH and then cycled down to 10% RH and the values of 

resistance of the sensing elements recorded with change in % RH. All sensing elements manifest acceptable hysteresis values 

in the range ±2% to ±5%, which is comparable to the commercial sensors.  

Ageing is a significant problem in the sensing devices based on metal oxides. In humidity sensors ageing mechanisms may be 

due either to prolonged exposure of surface to high humidity, adsorption of contaminants preferentially on the cation sites, loss 

of surface cations due to vaporization, solubility and diffusion, or annealing to a less reactive structure, migration of cations 

away from the surface due to thermal diffusion. Generally, more sensitive a material is to humidity more is the effect of aging 

on sensing elements. After the study of humidity sensing properties, sensing elements were kept in laboratory environment and 

the characteristics of humidity sensing were regularly monitored. For analysing the effect of ageing, sensing properties of these 

elements were examined again in the humidity control chamber after six months and variation of resistance with % RH 

recorded and analyzed. For all the sensing elements annealed at 600°C, values were generally repeatable within ±2% in the 

10%–99% RH range after six months. Response/recovery time is defined as the time taken to achieve 90% of the initial total 

resistance variation during the humidification and desiccation processes. As the annealing temperature increased the 

response/recovery time decreased. Response and recovery time for the sensing element of 1% MnO2 doped ZnO for the 

annealing temperature 600°C were 64 and 162 seconds, respectively. The response and recovery time for the sensing element 

of undoped ZnO annealed at 600°C were 89 and 312 seconds, respectively. 

IV. CONCLUSIONS 

 

X-ray diffraction study confirmed the presence of zinc oxide and its minimum average crystallite size was 47.5 nm. The doping 

of MnO2 enhanced crystallization and decreases the crystallite size. The minimum average crystallite size was 31.7 nm for 1.0 

weight% MnO2 doped zinc oxide. With increase in the concentration of MnO2 the pores increased. The optical band gap of the 

undoped zinc oxide was found to be 4.05 eV. The value of band gap decreased with increase in the MnO2 doping 

concentration. The sensitivity increased with increase in annealing temperature. The sensitivity for the pure sample of ZnO 

increased from 2100 KΩ/%RH to 3400 KΩ/%RH when the annealing temperature was increased from 300 to 600 ºC. For 1.0% 

MnO2 in ZnO the sensitivity increased from 10410 KΩ/%RH to 13610 KΩ/%RH when the annealing temperature was 

increased from 300 to 600 ºC. The sensitivity increased with increase in doping % of MnO2 in ZnO. The sensitivity of undoped 

ZnO for the annealing temperature 600ºC was 3400 KΩ/%RH whereas the sensitivity of the 1.0% MnO2 doped ZnO was 

13610 KΩ/%RH for the same annealing temperature 600ºC. The hysteresis was within ±2 to ±5% and aging within ±2%. 

Response and recovery time for the sensing element of 1% MnO2 doped ZnO for the annealing temperature 600°C were 64 and 

162 seconds, respectively. 
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Figure 1. UV-Visible spectroscopy of ZnO-MnO2 in the wave number 200-800 annealed at 600˚C (a) for sensing elements Z1, 

Z2, Z3, Z4, Z5 and Z6. (b) Tauc plots of α
2 
(hʋ) versus photon energy (hʋ) for sensing elements Z1, Z2, Z3, Z4, Z5 and Z6. 
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Figure 2. Surface microstructure of ZnO and ZnO-MnO2 composite at 600
o
C, (a) Pure ZnO, (b) ZnO-0.2  weight % MnO2 and 

(c) ZnO-0.4  weight % MnO2 (d) ZnO-0.6  weight % MnO2 (e) ZnO-0.8  weight % MnO2 and (f) ZnO-1.0 weight % MnO2. 
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Figure 3. XRD Pattern of ZnO and ZnO-MnO2 Composite in scanning range 20
o
-80

o
 annealed at 600

o
C, (a) Pure ZnO, (b) 

ZnO-0.2 weight % MnO2 and (c) ZnO-0.4  weight % MnO2. (d) ZnO-0.6  weight % MnO2 and, (e) ZnO-0.8  weight % MnO2 

and (f) ZnO-1.0 weight % MnO2. 
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Figure 4. Logarithmic Plot of resistance values versus variation of % RH for sensing elements Z1, Z3, and Z6. 

 

 
Figure 5. Change in sensitivity with change in annealing temperature and % doping of MnO2 in ZnO. 
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