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Abstract: Nanostructured ferric oxides (A and B) were synthesized via chemical precipitation method using two different 
precipitating agents i.e. ammonium hydroxide and sodium hydroxide. X-ray diffraction proved the formation of ferric oxide. 
Crystallite sizes of the materials A and B were 40 and 18 nm respectively. Surface morphology of sample B reveals that it has 
more adsorption sites in comparison to A. Further the pellets and thick films of materials A and Bwere prepared and 
investigated with the exposition of humidity from 10%RH to 90 %RH. It was found that the thick film prepared with material 
B was most sensitive among all having maximum average sensitivity 8.12 MΩ/%RH. Good sensitivity, less hysteresis, and 
reproducibility identify that fabricated humidity sensor (B) is promising for the device application. 
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1. Introduction 

Effects of humidity on various materials are well known 
for a long time in many ways. It affects mankind directly or 
indirectly. The irreversible effect due to humidity eventually 
causes permanent damage to the exposed surfaces. Therefore, 
there is an urgent need to measure and control precisely the 
humidity in various environments [1]. Ferric oxide has a 
wide range of applications as magnetic material [2-8], but in 
recent years many researchers investigated Fe2O3 as humidity 
sensitive material [9-12]. It is considered to be the most 
promising highly sensing materials for sensors due to the 
temperature dependent surface morphology and stability 
[13]. 

Surface morphology plays an important role for enhancing 
the sensitivity and stability of the fabricated sensor [14-18]. 
Regarding this point of view, ferric oxide is challenging 
material for fabrication of humidity sensor. In many parts of 
the world, researchers have been trying to fabricate humidity 
sensor having most sensitivity, stability, low hysteresis, quick 
response and short recovery times. Synthesis and 
functionalism of nanostructured ferric oxide have attracted 
great interest due to their significant potential applications 

[19-23]. Consequently, ferric oxide nanostructures, such as 
nanowires, nanobelts, nanoflowers and other special 
nanostructures have been successfully synthesized using 
various approaches [24-28]. In applications for humidity 
sensor devices, lower density and higher surface area are 
required. With this intention, several methods of preparation 
of ferric oxides are known. Co-precipitation, micro-emulsion, 
pulsed wire discharge and hydrothermal processes were 
employed worldwide in order to obtain nano-sized powder 
[29-30]. 

Present work reported the application part as humidity 
sensing of nanosized ferric oxide (A and B). Sample A and B 
were synthesized by hydroxide precipitation method using 
two different precipitation agents. The synthesized materials 
were characterized by Scanning electron microscope and X-
ray diffractometer. Further, the solid state pellets and thick 
films were fabricated. The sensitivity of the film sensor was 
found better in comparison to the pellet sensor and is an 
advanced step towards the development of reliable humidity 
sensor. The sensitivity of the fabricated sensor (material B) 
was found better with respect to prior reported works [9, 31-
33]. 
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2.Synthesis of Materials 

We have synthesized two samples of ferric oxide and the 
samples were named as A and B. For the synthesis of 
material A, ferric sulphate was precipitated by drop wise 
addition of ammonium hydroxide. The solution with the 
precipitate was thoroughly stirred for 2h in the ambient 
environment. After filtration, the precipitate was dried and 
annealed at 400°C for 2 h. 

For the synthesis of the material B, sodium hydroxide was 
added drop by drop into 0.1 M ferric chloride solution with 
vigorous stirring for 6 h. The solution was cooled naturally to 
room temperature. The product thus obtained was washed 
successively with deionized water and then dried and 
annealed at 400°C in an electrical furnace for 2 h. 

The synthesized powder A and B were compacted into 
pellets having thickness 3 mm and diameter 9 mm at a 
pressure of 618 MPa using a hydraulic press (M.B. 
Instruments, Delhi). Also, the thick films of samples A and B 
were prepared by screen printing method on two separates 
alumina substrates. 

For the fabrication of the films, the synthesized powders 
were dissolved in isopropyl alcohol and these were sonicated 
for 15-20 min. The sonicated solutions were stirred at 80°C 
for 6 h. The obtained pastes were used for fabrication of thick 
films using screen printing technology. Took the paste of A 
and B and these paste were screen printed on to alumina 
substrate. The films were drying at 120°C for 4 h. This 
drying procedure stabilizes the films. Further, the films were 
annealed at 400°C which transforms the films as sensing 
materials. The silver contacts on two opposite ends of the 
films were made. Sensing films with silver contacts were 
used for humidity sensing measurements. 

3. Characterizations of Materials 

3.1. X-ray Diffraction (XRD) Analysis 

The phase identification and crystallite size of the 
powdered material were analyzed using X-ray diffractometer 
(X-Pert, XRD system, Netherland) having CuKα radiations as 
a source with wavelength 1.5406Å. The XRD patterns of 
materials A and B show pure α-Fe2O3 phase for sample A and 
B [34]. The average crystallite size was 40 nm for A. For B, 
the broadening of the XRD peaks arises primarily due to the 
fine particle size of the powder. The diffraction peaks of Bare 
much broadened compared to A sample, indicating the 
presence of very fine crystallite size. The average crystallite 
size for material B was 18 nm. Miller indices (h k l) for each 
diffracted peaks for Aand Bare indicated on the diffraction 
pattern. 

3.2. Scanning Electron Microscopy Analysis 

The surface morphologies of the fabricated films were 
analyzed using scanning electron microscope (SEM, LEO-
Cambridge and JEISS). The surface morphology of the films 
of materials A and B were investigated [34]. The film of 

material B, shows more active sites, giving a largest effective 
surface area for adsorption of humidity which enhances the 
response of the sensor. The improved humidity sensing 
performance of B may be attributed to their porous spherical 
structure and crystallite size. 

4. Measurements of Humidity Sensing 

Properties 

Experimental set up for humidity sensing measurements 
is shown in Figure 1. In this arrangement, a saturated 
solution of potassium hydroxide was used as a dehumidifier 
and a saturated solution of potassium sulphate was used as 
ahumidifier. The humidifier/dehumidifier was kept in a dish 
on a stand. Variations in %RH (relative humidity) were 
measured with the help of hygrometer (Huger, Germany) 
and variations in resistance were measured using Keithley 
electrometer (Model: 6514). The temperature of the 
chamber remained the same throughout the observations. 
The prepared pellets were put within a conductivity-
measuring holder having Ag-pellet-Ag electrode 
arrangement. The silver contacts on two opposite ends of 
the films were made. 

The prepared sensing thick films were put within the 
humidity chamber. Initially, the chamber was dehumidified up 
to 10% RH and the corresponding resistance of the sensing 
element was recorded. Later the humidification inside the 
chamber was carried upto 90% RH using a saturated solution 
of potassium sulphate and corresponding variations in 
electrical resistance were recorded. It was observed that 
as %RH inside the chamber increases from 10-90%RH, the 
resistance of the sensing material decreases over the entire 
range of RH. 

The sensitivity of humidity sensor is defined as the change 
in resistance (∆R) with per unit change in %RH as given in 
below: 

∆R
S M /%RH 

∆%RH
Ω=  

 

Figure 1. Experimental set up for humidity sensing measurements. 
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5. Results and Discussion 

5.1. Study of Humidity Sensing Properties 

Figure 2 (a) illustrates the variations in resistance 
with %RH for the pellet and film prepared using material A. 
The film prepared from A shows large variation of resistance 
and maximum average sensitivity 12.8 MΩ/%RH in lower 
humidity range 10-35% RH in comparison to pellet of Aas 
shown in Figure 2(a).The average sensitivity for a film of A 
was 5.92 MΩ/%RH for entire range RH i.e. 10-90%RH. 

The Humidity sensing properties of pellet and film sensor 
fabricated from B was shown in Figure 2 (b). Figure 2 (b) 
shows a rapid decrease and fast changes of resistance for 
afilm of B and reveal more sensitivity 25.82 MΩ/%RH in the 
range 10-35%RH. The average sensitivity calculated for a 
film of B was 8.12. 

The comparative humidity sensing properties of pellet 
sensors prepared from A and B is shown in Figure 3 (a). The 
average sensitivity of pellets of A and B were 4.37 MΩ/%RH 
and 6.61 MΩ/%RH respectively. Figure 3 (b) shows 
comparative humidity sensing of films fabricated from A and 
B. The representation of average sensitivities for pellets and 
film sensors through bar diagram was shown in Figure 4. The 
average sensitivities of Pellet A, Film A, Pellet B and Film B 
were 4.37, 5.92, 6.61 and 8.12 MΩ/% RH respectively. 

 

 

Figure 2. (a) Variations in resistance with %RH for pellet and film prepared 

using sample A. (b) using sample B. 

For all the Pellet/film sensors a decrease in resistance is 

observed with increasing humidity levels. At low relative 
humidity, water adsorption on the sample surface is likely the 
dominant factor for electronic conduction [35]. Adsorbed 
water increases the surface electrical conductivity of the 
ceramic due to the increased charge carrier, protons in the 
ceramic/water system [36]. 

The conductivity further increased by the presence of pores 
on the sample surface. In the first stage of water adsorption, a 
few water vapor molecules chemisorbs on the grain surfaces 
by a dissociative mechanism to form two surface hydroxyls 
per water molecule. In this chemisorbed layer charge transport 
occurs by the hopping mechanism [37]. 

With increasing humidity levels, water is physisorbed on 
top of the chemisorbed layer. Conduction probably occurs by 
the Grotthus transport mechanism [37]. At these high 
humidity levels, the layers of physisorbed water molecules 
tend to condense in capillary pores, with a radius below rk, 
the Kelvin radius, given by [38], 

2
r

ln( / )
K

s

M

R T P P

γ
ρ

=  

Where P is the water-vapour pressure, Ps is the water 
vapour pressure at saturation, and γ, ρ and M are the surface 
tension, density and molecular weight of water, respectively. 

 

 

Figure 3. (a) Comparative humidity sensing of pellet sensors prepared using 

A and B. (b) Comparative humidity sensing of film sensors fabricated using 

A and B. 
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An electrolytic conduction in condensed water will take 
place in addition to the protonic transport in the physisorbed 
layers [39]. This succession of mechanisms leads to a rapid 
increase in conduction (decrease in resistance) with 
increasing humidity content. 

 

Figure 4. Representation of average sensitivities for pellets and film sensors. 

5.2. Hysteresis Measurement 

Further experiments have been conducted to determine the 
hysteresis of the ferrite samples. The humidity chamber was 
increased from 10-90%RH and then cycled down to 10%RH 
(indicated in the plots by the dashed line). 

 

 

Figure 5. (a) Hysteresis measurement of a thick film fabricated from A (b) 

Hysteresis measurement of a thick film fabricated from B. 

Figure 5 (a) and 5 (b) show measurement of hysteresis for 
thick films fabricated from A and B. The thick film prepared 
from material B shows less hysteresis (±2%) as compared to 
the pellet of B. 

5.3. Reproducibility of Humidity Sensing 

Results were found to be reproducible after one month. 
The Film fabricated from material B was most reproducible 
among all sensors. The reproducibility curve for film sensors 
of B was shown in Figure 6. 

 

Figure 6. Reproducibility curve of a thick film fabricated using B. 

5.4. Humidity Sensing Mechanism of Ferric Oxides 

The adsorption of moisture through Ferric oxide surfaces 
can be understood as follows: The ferrite is porous in nature 
and has surface oxygen atoms which essentially arise due to 
the sample preparation technique. When the material adsorbs 
the humidity, its resistance decreases due to the increase of 
charge carriers, protons, in the ferrite and water system [40]. 
The adsorption of water on the surface of the material leads 
to the dissociation of hydrogen ions. These hydrogen ions 
bonded with the surface lattice oxygen atom forms the 
hydroxyl groups [41] as shown in the equation: 

H++ Oo↔ [OH]- 

Where Oo corresponds to oxygen at lattice sites. The 
hydroxyl groups thus produced are bonded with the lattice 
iron atoms and liberate the free electrons [9]. 

[OH]- + Fe↔ [OH –Fe] + e- 

This electron is responsible for electrical conduction. 
When porous material comes in to contact with the water 
vapour /moisture, adsorption takes place through different 
layers and this phenomenon is totally responsible for 
modulations in conductivity of sensing material. As the 
sensing material is porous and nanostructured, it provides 
more free surfaces for adsorption [42]. 

Thus the experimental results demonstrate that nano-sized 
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ferric oxide (B) without incorporation of dopants appears to 
be a promising material for the Humidity sensing. 

6. Conclusions 

In the present investigation, we have successfully 
investigated Fe2O3 as humidity sensors. The maximum 
average sensitivities of films prepared as A and B were found 
5.92 MΩ/%RH and 8.12 MΩ/%RH respectively. Improved 
sensing performance of ferric oxide (B) may be attributed to 
their porous spherical structure and minimum crystallite size 
as 18 nm. These provide many sites to absorb the water vapor 
molecule and show the good sensing property. The Fe2O3 
(sample B) shows maximum sensitivity, less hysteresis, good 
reproducibility and smaller activation energy at room 
temperature. These are basic fundamental properties for 
manufacturing excellent humidity sensor. Thus humidity 
sensor based on ferric oxide synthesized via hydroxide 
precipitation is user-friendly, cost effective, easy to fabricate 
and operable over the entire range of %RH. 
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