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ABSTRACT 

Thin films of titanium dioxide in anatase form have been prepared using isobutyl titanate as precursor. The resulting TiO2 was 
coated on an U-shaped pyrex glass rod to sense the humidity of a controlled humid environment using optical fiber approach.  
The humidity sensing characteristics and the sensing mechanism have been investigated by measuring the output power of the 
sensor at different humidity. The developed humidity sensor was responded in the humidity ranging from 10 to 95% of relative 
humidity and exhibited the sensitivity of 0.78, response time 36s and recovery time 73s. Copyright © 2012 VBRI Press.  
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Introduction  

Titanium oxide (TiO2) is an interesting n-type 
semiconducting material due to fundamental properties. It 
has wide range industrial applications such as chemical 
sensor, catalyst, paint, and medicine and antireflection 

coatings on solar cells [1-3]. Further, advent of 
nanotechnology increases its applications many fold and 
different nanostructures of TiO2 have been used for 

different types of sensing applications [4-6]. TiO2 can be 
prepared using techniques like sputtering, vacuum 
evaporation, pulse laser deposition, molecular beam 

epitaxial, sol-gel, chemical bath deposition etc. [7-9]. 
However, sol–gel methodology is relatively cheap, 
convenient and produces good quality materials which can 

be used in the different form of films and coatings [10].  
       These days, demand of humidity sensors has been 
exponentially increased in industrial process control, 
manufacturing of sophisticated integrated circuits, 
intelligent control of living environment, cooking control of 
microwave oven, sterilizers, incubators and pharmaceutical 

process [11-12]. The humidity sensors are developed by 

using wide range of materials including TiO2 [13-14]. 
However, most of humidity sensors are insensitive at low 
humidity level and provides limited detection range as 

listed in Table 1. Further, the anatase form of titania has 
high water adsorption capacity and better photocatalytic 

activity [22].  Further, TiO2 film prepared by sol-gel 
method with sintering for few minutes at temperatures 
below 500 

0
C is more suitable for humidity sensing 

purposes [23-24]. Therefore, it is essential to develop a 
reliable, portable, sensitive and economical humidity 
sensor. 
       In this communication we report the development of 
thin film of TiO2 on glass substrate employing dip → dry 
→ fire technique at 450 

0
C with related characterization 

through different analytical techniques including TG-DTA, 
FTIR XRD and SEM. The efforts have also been made to 
use one of the TiO2 coated on U- shaped substrate for wide 
range humidity sensing of a controlled humid environment 
using optical fiber approach. 

 

Experimental 

Materials 
 
Isobutyl titanate (99.9%, Aldrich, USA) and butyl alcohol 
(99.8%, E. Merck, Germany) have been used without 
further purifications. All supplementary chemicals were of 
analytical grade.  
 
Preparation of TiO2 film using precursor solution  
 
The precursor solution was prepared by diluting isobutyl 
titanate by butyl alcohol in v/v ratio of 1:100 under the 
anhydrous condition. The solution was then stored in 
anhydrous condition and used to cast the film on U-shaped 
pyrex glass rod (length: 2.5 cm and diameter: 1 cm) by dip-
dry technique. Later, the film was annealed to ~ 450 

0
C in 

order to decompose into TiO2 after removing organic 
components from precursor solution. The titanium oxide 
film was also casted on glass substrate using the spin 
coating technique at 2000 rpm to perform physico-chemical 
and spectroscopic characterization.  
 
Characterization 
 
Chemical characterization was done using Perkin-Elmer 
(RK-1310) FTIR spectrometer whereas TG-DTA was 
studied with Rigaku Thermoflex PTC-10A thermal analyser 
at 10 

0
C per min heating rate. The structure and 

morphology was observed by Rigaku Rotaflex (RAD/ Max-
200B), Rigaku Corporation, Japan X-ray diffractometer at 
1

0
 per minute scanning speed and JEOL-840, JEOL 

Corporation Japan, scanning electron microscope (SEM) 
after sputtering a gold film. The moisture adsorption 
behavior was studied by ESCA -750, Shimadzu 
Corporation Japan X- ray photoelectron spectrometer. 
 
Device fabrication and humidity sensing measurement  
 
The above   titania coated U-shaped pyrex glass rod was 
fixed on the wall of a glass fitted in a glass chamber (4 cm 
× 7 cm) via two holes. The both arms of U-shaped glass rod 
were projected outside and coupled with optical fiber.  
 

Table 1. Comparison of the characteristics humidity sensors. 

 

Sensing Material Sensor type Sensing range Reference 

Gallium-doped ZnO Impedancometric 30–90% [15] 

KCl-doped ZnO nano-fibers Impedancometric 25–95% [16] 

ZnO–In2O3 
 

Electrical type 
 

11-95% 
 

[17] 
 

ZnSnO 
 

Electrical type 11-97% 
 

[18] 
 

Chitosan 
 

Optical type 
 

20-95% 
 

[19] 
 

Polyaniline nanofiber 
 

Impedance 
 

20-90% 
 

[20] 

TiO2 Optical type - [21] 
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The unpolarized laser light from He–Ne laser source (2 
mW) was passed from one end of the fiber and the output 
intensity was measured at the other end of the optical fiber 
using by optical power meter. 
     A reference hygrometer and thermometer was also kept 
inside chamber to monitor absolute humidity and 

temperature. The used experimental setup is shown in Fig. 

1 [25-26]. During experimental observations setup, the 
relative humidity inside the sensing chamber was variably 
controlled up to 90% using saturated solution of potassium 
hydroxide. All experiments were conducted at room 
temperature (~25 ◦C) maintained by air conditioner using 
identical setup of measurements. However, prior to each 
measurement the sensor element was heated in vacuum at 
100 ◦C for 60 min to completely remove the adsorbed 
moisture.  

 

52.5 Dry air

Thermometer

Hygrometer

Salt Solution

Laser

Vacuum Pump

Sensing 
Element

Detector

Vacuum Pump
 

 

Fig. 1. Experimental setup for humidity sensing measurement. 

 

(A) (B)

(C)

(i)

(ii)

(ii)

(i)

 
 

Fig. 2. (A) Curve of precursor film (i) TG and (ii) DTA; (B) FTIR spectra 
of (i) precursor material (ii) TiO2; and (C) XRD of TiO2 thin film. 

 

Results and discussion 

Characterization of TiO2  film 

The TG-DTA curve of precursor film is shown in Fig. 2a. 
The TG curve shows weight loss in three steps: i) RT - 150 
0
C, ii) 150 - 345 

0
C and iii) 350 – 440 

0
C, Fig. 2a(i). The 

mass loss in first is due to desolvation, while in second and 
third steps are because of decomposition and formation of 
titanium oxide. The DTA curve shows two endothermic 

peaks at 287 
0
C and at 406.29 

0
C, Fig. 2a(ii). However, in 

the initial step of weight loss (between RT -150 
0
C), DTA 

does not show any sharp peak. This is because of the 
discrete weight loss (like evaporation) from the surface and 
decomposition is completed up to 450 

0
C.  

      The FTIR spectrum of the precursor film (isobutyl 

titanate) and TiO2 is shown in Fig. 2b (i) and (ii), 
respectively. The major absorption bands of -CH3 and -CH2 
corresponding to butyl titanate is not present in the 
spectrum of the TiO2 deposit. This means that the organic 
butyl titanate was completely decomposed without organic 
remains in the deposit.  

      The XRD spectrum of synthesized titanium oxide is 

shown in Fig. 2c. The spectrum matches well with reported 

pattern of anatase form of titania [27]. The absence of any 
other peak in the XRD spectrum confirms the purity of 
prepared film. Moreover, SEM photographs of synthesized 

titanium oxide are shown in Fig. 3. The thin film of 
precursor changed morphology with respect to temperature 

curing up to 450 
0
C in Fig. 3(a-c). The bigger particles 

appeared like cluster of particles or the association of some 
particles because of symmetric nature of TiO2 particles 
refractive index of cladding changes due to adsorption of 
water vapors and subsequently transmitted output power 
trough optical fiber also changes. This change in output 

power is used to estimate the humidity inside chamber [30]
.
 

The trend of recorded output power against the humidity 

after heat curing at 200 
0
C is shown in Fig. 3b. After 450 

0
C temperature treatment, precursor film attained uniformly 

distributed TiO2 cubes of ~ 80-25 nm size (Fig. 3c).  

 

 

 

 

Fig. 3. SEM images of  (A) precursor  film, (B) precursor  film heated at 
200 0C, and (C)  precursor  film heated at 450 0C. 

 

Sensing behavior   

Most of the TiO2 based humidity sensors are electrical type; 
however limited reports are available using optical 
transducer. In general, optical method has advantages like 
free external (electric and magnetic) interference, low cast, 
high sensitivity, and miniaturization. The small size of 
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optical sensor and the possibility of multiplexing the 
information make it useful for industrial and domestic 

applications [28-29].   

 

(A)

(B)

 

 

Fig. 4. (A) Variation of light output power in different humidity 

environment and (B) Response time curve of TiO2 coated on U-tube. 
 

The surface sensitive property of the optical fiber 
coated with TiO2 as cladding (i.e., after the removal of the 
original cladding from the optical fiber) was used for 
humidity sensing purposes in the present study.  The 

through optical fiber coated with TiO2 is shown in Fig. 4a. 
The output power decreases with the increase in humidity. 
The change in output power is may be due to decreases the 
refractive index of TiO2 by adsorption of water vapor 
molecule. Since, the refractive index of titania varies from 
1.8 to 2.7, i.e., depending upon film preparation techniques 
and refractive index of H2O is 1.33. Thus, composite layer 
(optical fiber coated with TiO2) shows lower refractive 
index than TiO2, which results in the decrease of output 
power based on Snell equation. 

      The lowering of output power can also be explained by 
change in density of composite layer after absorption of 
water molecules. The reported density of TiO2 is 3.84 and 
of H2O is 1.004 g per cc. Thus, the density of titania may 
alter after adsorption of H2O and which may cause change 
in transmittance of light, and resulted decrease in output 

power with particular adsorption characteristics.  Fig. 4a 
shows the two curves for U- shaped rod and straight rod. It 
was observed that U- shaped rod is highly sensitive as 
compared to straight glass rod.  Since, in straight glass rod 
the  interaction of light in the cladding of TiO2  and water 
molecules  is less as the light transmits through the fiber 
including the glass rod, whereas U-shaped  rod   provides  

ample scope  for light interaction  with  so called  cladding  
of TiO2 and water molecules. Therefore, sensing element 
coated on U- shaped rod is shown highly sensitive. The 
sensitivity of sensor element towards humidity was 

calculated as per reported method [31]. The sensitivity was 
found the best in 10-62% RH, i.e., 0.78 after that the value 
decreases to 0.11. It may be because after 62% RH the 
TiO2 layer may get saturated with H2O and reduces the H2O 
adsorption. The change in output power with time at fixed 

humidity is shown in Fig. 4b.  The graph infers the 
response time 36s (i.e., time of 90% change in output 
power), recovery time of 73s (i.e., time to recover the 
original output power). The sensing behavior was found 
stable up to 60 day.    

 

       
 

Fig. 5. XPS study of (A) TiO2 film and (B) TiO2 film after exposed to 
humidity. 

 

Further, water adsorption behavior on TiO2 surface 
was studied using XPS spectra of TiO2 before and after 
exposure to humidity (~65% RH). The spectra are shown in 

Fig. 5. There is a clear shift in O (2p3/2) peak after exposing 
the film due moisture with 0.95 eV. The small value in shift 
indicates the weak type physiosorption. It supports the 
reversibility quality of film as sensing surface easily after 
dehumidifying. The reaction may be represented similar to 
equation (1). 

 

OxHTiOOHTiO 2222 .            (1) 

 
Sensing mechanism 

The earlier proposed optochemical sensing mechanism was 
based on adsorption and capillary condensation depends on 
surface morphology. Typically, the adsorption behaviour at 
diffuse (gaseous phase) concentration can be expressed as 

equation (2) [32-34]. 

(Sensing platform) + (Water vapor) 


1

1

k

k

  (Sensing 

platform) – (Water vapor)                                                 (2) 
 

where K1 and K2 are  adsorption and  desorption  rate 
constants. The amount of water molecule (∆m) adsorbed on 
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sensing layer at particular time. %RH value is given by 

Langmuir adsorption isotherm condition [33-34]. 
 

∆mt  = [(Sensing platform) – (Water vapor) ]t     (3) 
 

= ∆m∞ [1-exp(- t / τ )]                       (4) 
 

τ
-1

 =   K
1
[Water vapor molecules] + K

-1
          (5) 

 
where ∆m∞ is the maximum molecules adsorbed on the 

sensing  film at  t and τ is the relaxation time. The 

adsorption time courses at various concentrations were 
determined using above equations. The linear correlation 
can be achieved between inverse of relaxation time (1/τ) of 
adsorption and relative humidity (concentration) of water 
molecules on sensing film.  This yields the adsorption rate 
constant K

1
, desorption rate constant K

-1
 and association 

constant 
1

1




K

K
K  for water molecules on the sensing 

film. The obtained values of τ 
-1

 are shown in Fig. 6.  The 
straight line confirms the validity of Langmuir model up to 
60% RH. The Langmuir model proposes the presence of 
entire homogeneous adsorption sites, which is perhaps not 
present in the present humidity sensitive surface. The 
complete solution is beyond the scope of present study. 

        
 

 
Fig. 6. Plot of reciprocal of relaxation time (τ-1) against percent relative 
humidity (%RH).  

 
Table 2. Amount  adsorption and desorption temperature on TiO2 surface  
at different %RH.  
 

 
RH % Quantity of  

H2O 

adsorbed  

( % ) 

Desorption 

temperature ( 0C) 

20 0.78 105.0 

40 0.85 107.5 

60 0.96 109.0 

80 1.01 112.5 
95 1.07       125.0 

 
 

Further, a close study of the sensing mechanism [35-

36] needs to be categorized either a) surface reaction b) 
external diffusion  c) mass  transport  or d) fractal reaction. 
The type of reaction decides the time dependent rate 
coefficient as well as sensor efficiency. In present case the 
efforts have been made to explain this by measuring the 

extent of water adsorption at different RH values on TiO2 

surface and the desorption temperature (Table 2). The 
values reveal that increase in desorption temperature at 
higher RH values and lowering in extent of adsorption. It 
may be conclude that in the present case the limited 
external diffusion type reaction is taking place. Since, the 
extent of adsorption becomes quite reduced after 62 % RH.  
Which is may be due to low diffusion potential of H2O 
molecule in gaseous form after a define relative humidity of 
environment.  
  

Conclusion 

In this study, we have fabricated and characterized of 
titanium oxide films. The optical permeability of the films 
was strongly affected by the presence of H2O even at very 
low amount and can be highly applicable as ultra-sensitive 
humidity sensing probe for range of applications. The 
response of sensing element to other interfering chemical 
species (such as ethanol, methanol, and ammonia) was 
found be very low. The obtained system could be used as 
active element in solid-state moisture sensors. The attempt 
has been made to explain suitable sensing mechanism along 
with other sensing parameters. 
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