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Orange dye polyaniline composite based impedance humidity
sensors
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This study presents the fabrication and investigation of humidity sensors based on orange dye (OD) and polyaniline
(PANI) composite films. A blend of 3 wt.% OD with 1 wt.% PANI was prepared in 1 ml water. The composite films
were deposited on glass substrates between pre-deposited silver electrodes. The gap between the electrodes was 45 µm.
The sensing mechanism was based on the impedance and capacitance variations due to the absorption/desorption of water
vapor. It was observed that with the increase in relative humidity (RH) from 30% to 90%, the impedance decreases by
5.2×104 and 8.8×103 times for the frequencies of 120 Hz and 1 kHz, respectively. The impedance–humidity relationship
showed a more uniform change compared to the capacitance–humidity relationship in the RH range of 30% to 90%. The
consequence of annealing, measuring frequency, response and recovery time, and absorption–desorption behavior of the
humidity sensor were also discussed in detail. The annealing resulted in an increase in sensitivity of up to 2.5 times, while
the measured response time and recovery time were 34 s and 450 s, respectively. The impedance–humidity relationship
was simulated.
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1. Introduction

The measurement and control of humidity are very im-
portant not only for human comfort but also for manufactur-
ing processes and industrial products.[1,2] The use of humid-
ity sensors for environmental monitoring, safety, building air
conditioning, civil engineering, and in the semiconductor, au-
tomobile, medicine, pharmacy, healthcare, textile, paper, agri-
culture, and food industry is well known.[2–4]

Conventional sensing materials like alumina, ceramics,
and electrolytic metal oxides are used for the fabrication of
commercially available humidity sensors.[3] To make the sen-
sor suitable for commercialization, a wide range, sensitivity,
linear response, small hysteresis, short response and recovery
time, low cost, low power, and long term physical and chem-
ical stability are required.[5,6] Depending upon the nature of
materials, commercially available sensors may be expensive
or require high operational power/temperature and have a high
maintenance cost.[4,7] Due to their low cost, light weight, flex-
ibility, large surface area, and simple technology, organic ma-
terials are very promising for their use in humidity sensors.
Depending on the basic sensing principle, those humidity sen-
sors are classified as capacitive and resistive type sensors.[2]

In the last few decades, a lot of research on polymer based
humidity sensors has been done and applied in industry.[3] As
a result of extensive investigations, polymers like polypyrole,
polythiophene, and polyaniline have gained significant atten-

tion as humidity sensing materials.[3,7,8] The humidity sensing
mechanisms of most conducting polymers are the same. The
formation of hydrogen bonds takes place as a result of the in-
teraction between the water molecules and the nitrogen centers
of the polymer backbone, which results in the increase of the
charge carriers.[7] These charge carriers decrease the resistance
and increase the conductivity of the material.[7–9]

Due to its wide range of applications[3] and salient fea-
tures like simple preparation and doping, easy polymeriza-
tion, excellent chemical stability, relatively high levels of con-
ductivity, and low-cost, polyaniline (PANI) has become the
most attractive polymer for researchers.[3,9,10] PANI and its
derivatives are famous humidity sensing materials, but their
responses are low (the change in conductivity is only one or-
der of magnitude[2]) due to their weak hygroscopicity. One
of the methods to improve the humidity sensing properties of
PANI is blending it with hygroscopic polymeric materials.[3,11]

For the measurement of humidity and temperature, a
polyaniline/tungsten oxide was synthesized through an in situ
deposition technique by Parvatikar et al.[12] In this study, the
pellets (3 mm thick and 10 mm diameter) of composites (hav-
ing 10–50 wt.% tungsten oxide) were characterized for hu-
midity and temperature sensing. The changes in resistivity for
various compositions of PANI–tungsten oxide composite were
measured for change in humidity from 10% to 95%. Pandey et
al. investigated the resistance–humidity behavior of polyani-
line pellets (0.55–0.89 mm thick and 13 mm diameter), which
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were pressed using a 7 ton hydraulic press.[13] The change in
resistance for a change in humidity from 15% to 90% was re-
ported to be from 5.8 GΩ to 13.9 MΩ, while the response and
recovery time for a 30% change in humidity was 60 s.

In this work, we fabricate and investigate Ag/OD–PANI
/Ag humidity sensors based on a blend of orange dye (OD)
and PANI. The orange dye is a p-type semiconductor, and its
properties such as high purity, a well defined chemical struc-
ture, its harmless nature, normal condition stability, and good
light absorption in the visible spectrum make it a possible en-
trant for use in electronic devices.[14] It is also highly sensitive
to humidity.[15] In earlier studies, our group has investigated
OD for different semiconducting devices.[14–17]

2. Experiment
Laboratory synthesized orange dye (C17H17N5O2)[16] and

commercially available emeraldine base (EB) polyaniline
(PANI) (C24 H20N4) were used for the fabrication of the hu-
midity sensors. The density of orange dye is 0.9 g·cm−3 and its
molecular weight is 323, while the molecular weight of PANI
is ∼ 20000. Figures 1(a) and 1(b) show the molecular struc-
tures of orange dye and PANI, respectively.
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Fig. 1. Molecular structures of (a) orange dye and (b) polyaniline,
where n = m = 0.5.

The solution was prepared by mixing 3 wt.% OD and
1 wt.% PANI powder in 1 ml water and stirring at room
temperature. Before the deposition of metallic electrodes,
the glass substrates were cleaned for 10 min in an ultrasonic
cleaner by dipping in acetone and then dried. The dry sub-
strates were plasma cleaned for 5 min in a thermal evapora-
tor. The 50 nm thick silver electrodes were deposited on the
cleaned substrates by vacuum evaporation, and there was a
45 µm gap between the two electrodes. The gap length was
kept at 10 mm. The OD–PANI composite films of thicknesses
50–170 µm were deposited by drop-casting the OD–PANI so-
lution onto the silver electrodes. Figure 2 shows a schematic
diagram of an Ag/OD–PANI/Ag sample. The fabricated de-
vices were dried at room temperature for two weeks. After
drying, the films showed very good adhesion with glass sub-
strate. The samples were annealed at 100 ◦C for 1 h in an
oven. For the microstructural analysis of the films, optical and
scanning electron microscopes were used.
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Fig. 2. Schematic diagram of an Ag/OD–PANI/Ag humidity sensor.

The sensors were tested in an indigenously made humid-
ity chamber, which has been fabricated in our device testing
laboratory. It consisted of a closed chamber with inlet and
outlet valves for gas. To create humidity in the chamber, ni-
trogen gas was passed through water and then injected into the
chamber. The Fisher scientific digital hygrometer was used
to measure the humidity, while the ESCORT ELC-132A LCR
meter was used to measure capacitance C and dissipation D at
three different frequencies. The resistance R and impedance Z
are calculated by the following expressions:[18]

R = 1/(2π fCD), (1)

Z = 1/Y = 1/[(1/R2)+(2π fC)2]1/2, (2)

where f is the frequency and Y is the admittance. Here the
impedance of the hygrometer is considered as an impedance
of parallel connected resistance and capacitance. The experi-
ments were conducted at least four times to ensure the repeata-
bility of the results.

3. Results and discussion
Figures 3 (optical micrograph) and 4 (SEM image) show

the surface morphology of a polyaniline thin film in as fab-
ricated condition. It is evident from the micrograph that the
OD–PANI composite forms a two-phase structure, which con-
sists of a granular matrix and a network of microtubes. This
structure is different from the pure polyamine film structure,
which was fabricated by us using the same solvent and depo-
sition method. These results reveal that the orange dye causes
a better dispersion of polyaniline powder and also the nucle-
ation and growth of microtubes. These microtubes improve
the electrical properties of the composite.[19] Due to the pres-
ence of polyaniline particles, the surface of the film develops,
i.e., the surface area increases, which combined with the or-
ange dye makes the film very sensitive to humidity. In addition
to better performance, the orange dye results in a better adhe-
sion of film with substrate, which in turn enhances the life of
the sensor.

Figure 5 shows the relationships of capacitance and
impedance with humidity (during absorption) for the Ag/OD–
PANI/Ag sensor at 120 Hz. The film (OD–PANI compos-
ite) thickness is 170 µm. It can be seen that the impedance
shows a consistent change with the change in humidity, while
the change in capacitance is not uniform. The plot of the
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impedance–humidity relationship on a semi-logarithmic scale
is more linear as compared to that of the capacitance–humidity
relationship in the humidity range of 30–90%. The changes in
capacitance and impedance of sensors over the whole humid-
ity interval are 1.5×104 and 5.2×104 times, respectively.

 
50 mm 

Fig. 3. (color online) Optical micrograph of the OD–PANI film’s surface.

Fig. 4. SEM image of the OD–PANI film’s surface.

These results depict that with the increase in humidity,
the resistance of the material reduces. It is also believed that
the absorbed water molecules dissociate into protons (H+) and
hydroxyl ions (OH−). The migration of a positive charge in
PANI increases its conductivity, which is called the proton
effect.[7] The oxidized and reduced (non-oxidized) forms of
emeraldine base PANI (Fig. 2) can be protonated due to the un-
bonded electron pair on the nitrogen atom[12] such as –NH–→
–NH+

2 and –N=→ –NH+=. These protonated sites are named
as charged sites and H-bond accepting/donating sites, Zeng
et al. explained how these sites contribute in the conduction
mechanism of PANI.[7] It is also believed that the H+ ions pro-
duced as a result of the dissociation of water molecules react
with the orange dye and generate holes[17]

2H++
1
2

O2 +2(C17H17N5O2)→ H2O+2(C17H17N5O2)
+,

(C17H17N5O2)
+→ (C17H17N5O2)+h+.

The generation of these holes also increases the conductivity
of the composite. The impedance–humidity relationship dur-
ing absorption and desorption of humidity is shown in Fig. 6,

where the values are taken at room temperature at a frequency
of 120 Hz. The sensor with a relatively thick film (170 µm)
shows a hysteresis, while the absorption and desorption curves
of a thin film (50 µm) sensor (shown in the inset of Fig. 6) co-
incided within the experimental error of±2%. This means that
with the increase of the film thickness, the hysteresis increases,
the reason for this may be the differences in the rates of absorp-
tion and desorption of water vapor. Another cause for the hys-
teresis is the porosity of the film, which facilitates the absorp-
tion process due to a large surface area and the capillary ef-
fect, but it makes the desorption process slightly difficult.[1,20]

It also reveals that it may not be the humidity memory effect
described earlier in doped PANI and PANI with 5-formyl-2-
furansulfonic acid.[11,21] Those materials showed irreversible
changes of their sheet resistance and capacitance under the ef-
fect of humidity. As a result of the irreversible dedoping pro-
cess under the effect of humidity, the phase separation and the
crystallization of a hydrated form of its protonating agent took
place.

The effect of annealing on the humidity sensing proper-
ties of the OD–PANI composite is shown in Table 1. The an-
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Fig. 5. Capacitance and impedance humidity relationships for the
Ag/OD–PANI/Ag sensor at 120 Hz.

30 40 50 60 70 80 90

10-3

10-2

10-1

100

101

102

30 50 70 90
10-2

100

102

absorption
desorptionIm

p
ed

an
ce

/
M
W

Relative humidity/%

absorption

desorption

Im
p
ed

a
n
ce

/
M
W
 

Relative humidity/%

Fig. 6. Impedance–humidity relationship for a thick film (170 µm)
Ag/OD–PANI/Ag sensor at 120 Hz during absorption and desorption of
humidity; inset shows the impedance–humidity relationship for a thin
film (50 µm) Ag/OD–PANI/Ag sensor.
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Table 1. Humidity sensing properties of sensor.

Thickness/µm Frequency/Hz
C90%/C30% Z30%/Z90%

As-fabricated Annealed As-fabricated Annealed
170 120 1.5x104 2.6x104 5.2x104 1.3x105

1000 1.7x103 2.7x103 8.8x103 1.98x104

nealing results in the improvements of capacitance–humidity
and impedance–humidity sensitivities up to 1.7 and 2.5 times,
respectively. The change in sensitivity can be attributed to the
structural changes, which take place due to the annealing.[22]

The annealing increases the porosity, therefore the sensitivity
increases. The comparison of relative impedance–humidity re-
lationship before and after annealing is given in Fig. 7.
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Fig. 7. Comparison of the relative impedance–humidity relationship
before and after annealing.

The impedance–humidity relationships for frequencies of
120 Hz and 1 kHz are shown in Fig. 8. From Fig. 8, it is evi-
dent that with the increase in frequency at a specific humidity
level, the sensor’s impedance decreases. The increase in hu-
midity also results in a consistent decrease in impedance. The
results also reveal that the sensitivity of the sensors decreases
with an increase in frequency. This can be explained by the
dependences of dielectric permittivity,[23] the mobility of ions
(firstly) and electrons (secondly), and the transit time of charge
transfer on the frequency.[24]
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Fig. 8. Impedance–humidity relationships for the Ag/OD–PANI/Ag
sensor at 120 Hz and 1 kHz.

More consistent changes can be observed in impedance–
humidity relationship in the range of 30–90% as compared to
the capacitance–humidity relationship, and it is imperative for
the design of a humidity sensor on the base of investigated
materials. The reason behind the uniformity of impedance–
humidity relationship as compared to the resistance and ca-
pacitance is that the impedance depends on both resistance and
capacitance changes (Eq. (2)). It is obvious that the effect of
resistance to impedance is dominating with respect to the ef-
fect of capacitance. The change in impedance with the change
in humidity takes place in the same manner as that in resistance
of the sensor. The decreases in impedance for frequencies of
120 Hz and 1 kHz when the humidity changes from 30% to
90% are 5.2×104 and 8.8×103 times, respectively.

For the simulation of the experimental results of the
impedance–humidity relationship shown in Fig. 5, the follow-
ing exponential function[25] is used:

f (x) = e−x, (3)

which for the present experiment can be represented in the fol-
lowing form:

Z/Zo = e−(H/Hm)∆HK , (4)

where ∆H is the change in humidity (∆H = H −Ho), Hm

is the maximum humidity, K is the humidity factor, Z and
Zo are the impedances at different humidities and a humid-
ity of 30%, respectively. From the experimental data shown
in Fig. 5, the humidity factor K is determined (K = 0.117 /%)
for the 90% RH. The comparison of normalized experimental
impedance–humidity relationships (from Fig. 5) and simulated
(by Eq. (4))is shown in Fig. 9. It is evident that the deviation
of the simulated curve from the experimental one is in a rea-
sonable range.
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Fig. 9. Normalized experimental and simulated impedance–humidity
relationships for the Ag/OD–PANI/Ag sensor at 120 Hz.
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The experimental impedance–humidity curve actually
follows the exponential function, and the curve is not exactly
linear for the utilization of the sample as a humidity sensor.
For linearization, electronic circuits like a logarithmic ampli-
fier are used.[26]

The response and recovery time is defined as the time re-
quired by the sensor to measure 90% of the total impedance
change.[6] The curves for the response time τres and recovery
time τrec of the Ag/OD–PANI/Ag sensor are obtained by sud-
denly changing the humidity from 30% to 90% and from 90%
to 30% as shown in Fig. 10. It is evident from the curves that
τres and τrec are 34 s and 450 s, respectively.
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Fig. 10. Response time τres and recovery time τrec of the Ag/OD–
PANI/Ag sensor.

The material’s polarizability governs its capacitance.[23]

Three basic sources of polarizability are dipolar polarizabil-
ity αdip, ionic polarizability αi, and electronic polarizability
αe. Due to the presence of dipoles (H2O absorbed by the OD–
PANI composite). The dipolar polarizability αdip may play a
dominant role in the present case. The electronic polarizabil-
ity is universal and arises due to the relative displacements of
the orbital electrons. The OD–PANI composite in the pres-
ence of water molecules may form charge-transfer complexes,
and it can be assumed that the ionic polarization takes place in
this material. Amy et al.[27] and Iwamoto et al.[28] investigated
the polarizability due to the transfer of charge carriers such as
electrons and holes that are presented in organic materials in
normal conditions.

With the increase in humidity, the capacitance increases
due to the diffusion of water molecules into the OD–PANI
composite film through the surface. The high dielectric per-
mittivity of water molecules causes the increase of the dielec-
tric permittivity of the OD–PANI composite. As the pres-
ence of displacement current caused by water molecules is
the main reason for the increase in capacitance and decrease
in resistance; the doping of the composite material by water
molecules, the concentration of charge related to the presence
of extra charge carriers, and the raise in polarizability of the

OD–PANI composite also play important roles. Boguslavsky
et al.[29] described these mechanisms in detail with respect to
some solids. For the simulation of the physical processes con-
cerned with the capacitance–humidity relationship, the same
approach can be used as described in Ref. [30].

The results reveal that for the investigation of humid-
ity response of sensors, the measurements of resistance and
capacitance are complimentary, which can be replaced by
an impedance measurement. The high diffusivity of water
molecules into the OD–PANI composite and the interactions
between water molecules and the OD–PANI composite are
two main reasons for the high sensitivity of the OD–PANI
composite films to humidity. The interactions between wa-
ter molecules and the OD–PANI composite result in the for-
mation of charge-transfer complexes and accordingly increase
the concentration of the charge carriers (electrons and holes).

4. Conclusion

The humidity sensors have been fabricated by the depo-
sition of OD–PANI composite films from a blend of orange
dye and PANI in distilled water. The capacitance and the
impedance of the sensors are evaluated at room temperature
under a humidity of 30–90%. It is observed that with the
increase in humidity, the impedance of the sensor decreases,
and the capacitance increases. In the humidity interval of 30–
90%, the impedance–humidity relationship shows more uni-
form changes with respect to the capacitance–humidity rela-
tionship. It is observed that the resistance plays a dominat-
ing role as compared to the capacitance in the impedance. It
is also found that annealing increases the sensor’s sensitivity
to humidity by up to 2.5 times. Due to the difference in the
diffusion rates during absorption and desorption, a hysteresis
is observed in sensors with thicker films. For the design of
an OD–PANI composite based humidity meter, impedance–
humidity measurements are sufficient. It is found that the
impedance–humidity relationship actually follows an expo-
nential function. It can be linearized by using op-amp elec-
tronic circuits. The humidity dependent impedance of this sen-
sor makes it attractive for use in an impedance humidity meter.
The impedance humidity meter may be used in the instruments
for environmental monitoring and assessment of humidity.
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