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Pd2+-doped TiO2 thin films with mesoporous structure were produced on quartz substrate by sol-gel dip coating. The 
structural, morphological and optical properties of the film were characterized by X-ray diffraction (XRD), Brunauer–
Emmett–Teller (BET), transmission electron microscopy (TEM), atomic force microscopy (AFM) and UV/vis transmittance 
spectroscopy. By increasing the Pd2+ concentration from 0 to 6 mol%, the crystallites appeared solely as the anatase phase 
and their average sizes decreased from 10.5 to 7.1 nm. Addition of Pd2+ also resulted in increasing of the specific surface 
area and decreasing of the pore size of the layer. The transmittance of the films decreased in the visible light region and the 
absorption edges shifted to the longer wavelengths by increasing of the Pd2+ doped concentration. Optical band-gaps of the 
undoped and 6 mol% Pd2+-doped films were 3.52 and 3.31 eV, respectively. The refractive index of the films decreased 
from 1.83 to 1.71 and their porosity increased from 56.3 to 63.7% by increasing of the Pd2+ doping concentration from 0 to  
6 mol%. 
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1. Introduction 
 
TiO2 thin films with mesoporous structure have 

extensive applications in photocatalysis [1, 2], dye-
sensitized solar cells [3, 4], sensors [5], rechargeable 
lithium batteries [6, 7] and many other applications due to 
their easy synthesis, great chemical stability, low cost, 
extraordinary optical and electrical properties and versatile 
other capabilities [8, 9]. Extensive application of TiO2 in 
solar cells is bound to two limitations: 

• Wide band-gap of TiO2 being excitable with 
ultraviolet radiations having wavelengths below 387 nm. 
These waves only make a small part of solar spectrum 
(about 4 %). The return of using solar radiation will then 
be very low [10, 11]. 

• Large recombination rate of photo-excited 
electron-hole pairs causing low percentage usable charges 
[12]. 

An appropriate simple solution of these limitations is 
dopant usage. Quantum sized TiO2 doping with various 
transitional metal ions improves interfacial electron 
transfer rate, recombination rate, charge carrier generation 
and photo reactivity [13-15]. 

Various deposition techniques such as electron beam 
evaporation [16], metal organic chemical vapor deposition 
(MOCVD) [17], pulsed laser deposition [18], reactive 
sputtering technique [19], spray pyrolysis [20], 
hydrothermal process [21] and sol-gel methods [22] have 
been used for production of TiO2 thin films. 

Besides the above methods, sol-gel technique can be 
considered as the most influential technique for 
preparation of the mesoporous thin layers. It can provide 
good homogeneity, uniform composition and large 
specific areas via mild processing conditions [23, 24]. A 
combination of the evaporation-induced self-assembly 
(EISA) using structure-directing polymer (template) with 
complexation of molecular inorganic species in precursor 
can be used to prepare the mesoporous films through sol-
gel process [25]. 

Although the influence of doped transitional metal 
ions like Fe, Cd, Cr, Nb, Co, Ni and Sn on the thin film 
TiO2 is almost known, there is not sufficient information 
yet made available on the effect of Pd2+ on properties of 
mesoporous TiO2 thin layers [26-30]. Because of the ionic 
radius differences imposed on the Ti4+, it is expected that 
Pd2+ doping causes remarkable change on characteristics 
of the TiO2 films. This paper indicates the recently 
obtained findings about the influence of the Pd2+-doping 
process on structural, morphological and optical properties 
of the mesoporous TiO2 thin layers produced by the sol-
gel templating process. 

 
2. Experimental 
 
2.1. Materials and chemicals 
 
Titanium tetraisopropoxide [Ti (O·i-C3H7)4] 98% 

(Merck) was used as precursor, hydrochloric acid (HCl) 
32% (Merck) was utilized as catalyst, non-ionic triblock 
copolymer surfactant Pluronic P123 [poly-(ethylene oxide) 
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poly-(propylene oxide) poly-(ethylene oxide) EO20–PO70–
EO20] (Aldrich) was employed as template, ethanol 
(C2H5OH) 99.9% (Merck) was used as solvent and 
Palladium chloride (PdCl2) 59%Pd (Merck) was utilized as 
dopant. All chemicals were used in the as-received form in 
the experiments. Quartz slide substrates were applied for 
deposition of the thin layers. 

 
 
2.2. Production of mesoporous Pd2+-doped TiO2  
        thin film 
 
Mesoporous TiO2 thin films were prepared by self-

assembly of the P123 triblock copolymer surfactant in sol-
gel solution. Room temperature stirring of 5 g Ti (O·i-
C3H7)4 with 3.2 g HCl for 10 min resulted in hydrolysis to 
occur. The hydrolyzed sol was mixed with 1 g P123 
surfactant being dissolved in 21 g ethanol while being 
stirred for 10 min at the room temperature. Different 
amounts of palladium chloride were finally added to the 
solution. The molar ratios of Pd2+ to Ti4+ were 0, 0.02, 
0.04 and 0.06. Quartz substrates subsequently received the 
required coatings by repeated dipping and withdrawing 
procedure. The rate of coating was 60 mm/min. The films 
were then aged for 24 h under controlled humidity of 65-
75 % at temperature of 10 °C. The samples were finally 
annealed under air for 1 h at 500°C inside a tube furnace 
which was heated up at the heating rate of 1.0 °C/min. 
Before coating, the quartz substrate having dimensions of 
2.5×1.25×0.2 cm3 were degreased, thoroughly cleaned and 
dried in an oven at 120°C for 30 min. 

 
 
2.3. Product characterization 
 
Phase identification and crystallite size determination 

were achieved by X-ray diffractometer (Philips, PW3710) 
using Cu-Kα radiation and Ni filter operating at 40 kV and 
30 mA. The scanning range was from 20 to 80 ° with a 
scanning rate of 0.25 °min−1. The specific surface area of 
the films was determined through nitrogen 
adsorption/desorption isotherms (BELSORP 2). The 
Brunauer–Emmet–Teller (BET) specific surface area was 
calculated from the linear part of the BET plot (P/P0 = 0.05 
– 0.35). The pore size distribution plots were obtained by 
using the Barret–Joyner–Halenda (BJH) model. The 
surface relief and morphology of the films were observed 
using atomic force microscopy (Auto probe, CP) and 
transmission electron microscopy (Philips, CM200 FEG), 
respectively. The optical transmittance spectra of the films 
were recorded using a UV/vis spectrophotometer (Perkin 
Elmer, Lambda 25) with a scanning rate of 60nm/min in 
the wavelength range of 200 – 800 nm. 

 
3. Results and discussion 
 
3.1. Structural studies 
 
The wide-angle XRD patterns of the powders scraped 

from the Pd2+-doped mesoporous TiO2 thin films of 

various concentrations are shown in Fig. 1. Phase 
identification indicates that all samples have anatase 
phase. No peaks confirming the presence of the palladium 
oxide (PdxTiOy) or other compounds like carbon-
containing impurity phases are observable in the figure. It 
can be concluded that Pd2+ ions may occupy the interstices 
or ordinary lattice sites of the TiO2 layer when forming a 
palladium-titanium solid solution [31]. The strongest 
peaks observed for anatase phase at different doping 
concentrations are (101) 2θ=25.3°, (004) 2θ=37.8° and 
(200) 2θ=48.0° [32]. By increasing Pd2+-doping 
concentration from 0 to 6 mol%, the intensity of the 
anatase peaks slightly decreases and the width of (101) 
plane diffraction peak becomes boarder. This corresponds 
to the crystallite weakening event. 

 

 
Fig. 1. Wide-angle XRD patterns of Pd2+-doped mesoporous 
TiO2 samples of various concentrations given in the figure. 

 
 

The average crystallite size of the anatase phase in 
mesoporous TiO2 thin films can be calculated from the 
XRD data by using Scherrer equation [33]: 

 

θ
λ

cosB
kD =

 
 

where D is the average crystallite size, λ is the applied X-
ray wavelength (λ=1.5406 Å), k=0.90 which is a constant, 
θ is the diffraction angle in degree and B is the full width 
at half maximum (FWHM) of the diffraction peak 
observed in radians. Fig. 2 shows the effect of Pd2+-doping 
concentration on anatase crystallite size of the mesoporous 
TiO2 thin films. The anatase crystallite size of the undoped 
sample is 10.5 nm and decreases to 7.1 nm by increasing 
Pd2+-doping concentration to 6 mol%. Increasing Pd2+-
doping concentration increases the number of located Pd2+ 
ions in TiO2 lattice. The presence of these ions inhibits the 
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growth of anatase nanocrystals. It is possible that 
exceeding increase of located Pd2+ ions in TiO2 lattice 
delays phase transition from amorphous to anatase phase 
[30].  
 

 
 

Fig. 2. Variation of anatase crystallite size with  
Pd2+-doping concentration. 

 
 

3.2. Specific surface area 
 
The N2 adsorption/desorption isotherms and Barrett-

Joyner-Halenda (BJH) analysis of adsorption branches of 
powders scraped from the mesoporous TiO2 thin films 
doped with various concentration of Pd2+ are shown in Fig. 
3. All isotherms have stepwise manner and show a type-4 
curve that proves the TiO2 thin films having mesoporous 
structure [34]. The BJH analysis shows that all films have 
narrow pore size distribution in the range of 1.6 to 10.5nm 
and the average diameter of their pores is from 4.52 to 
6.18 nm. The narrow pore size distribution curves 
indicating mesoporous TiO2 thin films having uniform 
pore channels. Variation of the specific surface area and 
pore size of the mesoporous TiO2 thin films doped with 
Pd2+ are shown in Table 1. It can be seen that by 
increasing Pd2+-doping concentration, the specific surface 
area increases, while the pore diameter decreases. These 
changes in surface and pore properties of the mesoporous 
TiO2 thin films might be the result of the inhibition of the 
crystallites from growth and leaving behind of the small 
pores. According to the XRD results, increasing Pd2+-
doping concentration inhibits the growth of the anatase 
nanocrystals resulting in smaller nanocrystals having 
larger specific areas. Inhibition of anatase nanocrystals 
from growth prevents elimination of the fine pores. The 
result is appearance of many small pores with their 
average total volume increase. 

 

 
 

 
 

Fig. 3. Effect of Pd2+ concentration on N2 
adsorption/desorption isotherms and Barret-Joyner-
Halenda (BJH) pore size distribution for adsorption 
branches of the mesoporous TiO2 thin films  produced  in 
                                    this research. 

 
3.3. Morphology investigation 
 
Fig. 4 shows AFM images of the undoped and 6 

mol% Pd2+-doped mesoporous TiO2 thin films. Both films 
illustrate uniform hill-valley like morphologies with the 
same roughness. It is observed that the addition of up to 6 
mol% Pd2+ ion dopant have no effect on topography of the 
mesoporous TiO2 thin layer. Fig. 5 shows TEM images of 
mesoporous TiO2 doped with 6 mol% Pd2+ thin filmed on 
quartz substrate. The film is seen to have homogeneous 
porous structure. It can be concluded that the anatase 
nanocrystals connect to each other to form a framework 
consisting of mesopores. The thickness of the film is 
another crucial factor measured by SEM cross-sectional 
image. The average thickness of the films with single-
cycle dip coating practice is estimated to be about 120 nm. 
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Table 1. Specific surface area and pore size of mesoporous TiO2 thin films having various Pd2+-doping concentrations. 
 

Doping 
concentration 

(mol%) 
 

Specific 
surface area 
(m2/g) [by 

BET] 

 

Mean pore 
diameter 

(nm)  
[by BET] 

 

Average pore 
diameter (nm) 

[by BJH, 
adsorption] 

 

Average pore 
diameter (nm) 

[by BJH, 
desorption] 

0  108.91  8.21  6.18  6.18 
2  125.87  7.55  5.97  5.10 
4  131.77  6.62  5.22  4.06 
6  140.63  5.64  4.52  3.05 

 

 
 
 

Fig. 4. AFM images of undoped and 6 mol% Pd2+-doped 
mesoporous TiO2 thin films. 

 
 

3.4. Optical characterization 
 
The ultraviolet-visible (UV-vis) transmittance spectra 

of mesoporous TiO2 thin films doped with various 
concentration of Pd2+ in the wavelength range of 200-800 
nm are shown in Fig. 6. All films exhibit good 
transmittance in the visible region and a sharp fall in the 
UV region which corresponds to the absorption of light 
caused by the excitation of electrons from the valence 
band to the conduction band of the TiO2 semiconductor. It 
can be observed that by increasing Pd2+-doping 
concentration, the samples show a stronger absorption in 
the visible region and the absorption edges shift to longer 
wavelengths. The red shift of the absorption edges is a 
result of charge transfer transition between the palladium d 
electrons and the valance and conduction bands of TiO2 
thin layers [35]. 

 
 
 
 

 
 

 
 

Fig. 5. TEM images of the 6 mol% Pd2+-doped mesoporous  
TiO2 thin film. 

 

 
Fig. 6. Optical transmittance spectra of the mesoporous TiO2 

thin films doped with various concentration of Pd2+. 
 

The optical band-gap (Eg) in a semiconductor is 
determined by Tauc’s equation [36]: 

( )
υ

υ
α

h
Ehk n

g−
=

 
where α is optical absorption coefficient, k is a constant, 
hν is the photon energy (eV) and n may have different 
values of 1/2, 2, 3/2 or 3 for allowed direct and indirect 
and forbidden direct and indirect transitions, respectively 
[37]. The optical band-gap is estimated by extrapolating 
the straight-line portion of the (αhν)1/2 vs. hν plot (Fig. 7). 
The intercept on the energy axis has been noted down for 
different Pd2+-doping concentration. Fig. 8 shows the 
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change in optical band-gap with Pd2+-doping 
concentration. The band-gap of the undoped film is 3.52 
eV and it gradually decreases to 3.31 eV after doping with 
6 mol% of Pd2+. The decrease in the optical band-gap of 
the mesoporous TiO2 thin films with Pd2+-doping 
concentration might be a result of the change in 
characteristics of TiO2 films. Due to presence of Pd2+ ions 
in TiO2 lattice, the palladium d orbital admix with TiO2 
and create new intermediate energy levels inside TiO2 
band-gap. As a result of these, charge transfer transition 
becomes narrower and the Fermi level of TiO2 films 
decreases. Therefore, the excitation of dopped films occurs 
with lower energy radiation [38]. The observed values are 
higher than the band-gap of both bulk and thin film TiO2. 
The larger band-gap of the film in comparison to their bulk 
values is contributed to the lattice deformation by an axial 
strain [39]. The higher band-gap observed in our case can 
be due to the quantum size effects arising from the small 
size of TiO2 nanocrystallites present in the mesoporous 
thin layer [40]. 
 

 
Fig. 7. The plot of (αhν)1/2 vs. hν for mesoporous TiO2 thin  

films doped with Pd2+ at different concentrations. 
 

 
Fig. 8. Optical band-gap estimated for mesoporous TiO2  

thin films doped with Pd2+ at different concentrations. 
 

The refractive index (n) of the transparent films is 
determined using the Swanepoel Envelope method [41]. 
Maximum and minimum transmittance values (Tmax and 
Tmin) are recorded from optical transmittance spectra 
shown in Fig. 6. The refractive index can be calculated 
from the above values by applying the following relation 
[42]: 
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n0 and n1 are the refractive indices of air and substrate, 
respectively, Tmax is the maximum envelope and Tmin is the 
minimum envelope. The porosity of the films is calculated 
using the following equation [43]: 
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where nd is the refractive index of the pore-free TiO2. It is 
seen that the porosity of the prepared thin film is quite 
higher than that of the bulk anatase TiO2 phase. Fig. 9 
shows the variation of the refractive index at 550-nm and 
the porosity of the mesoporous TiO2 thin films doped with 
various concentrations of Pd2+. The values of the refractive 
index are lower than that of the bulk TiO2 (2.54 for the 
anatase phase) probably due to the narrow size of the 
grains [44]. An increase in Pd2+-doping concentration from 
0 to 6 mol% results in decreasing of the refractive index 
from 1.83 to 1.71 and increasing of the porosity from 56.3 
to 63.7%. The decrease of the film refractive index by 
Pd2+-doping concentration can be attributed to the 
crystallite weakening and film porosity increasing because 
of refractive index dependence on factors such as 
crystallinity, electronic structures, density and defects 
[45]. 
 

 
 

Fig. 9. Variation of the refractive index at 550-nm 
wavelength  and  porosity  of  the  mesoporous  TiO2  thin  
         film doped with Pd2+ at different concentrations. 

 
 

4. Conclusion 
 
Mesoporous TiO2 thin films doped with Pd2+ ions at 

different concentrations were successfully prepared on 
quartz substrate by sol-gel dip-coating templating 
technique. The effects of Pd2+-doped concentration on 
structural, morphological and optical properties of the 
films were determined. Phase identification showed that 
all films had anatase phase and the crystallite size 
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decreased from 10.5 to 7.1 nm by increasing of the Pd2+-
doping concentration from 0 to 6 mol %. The specific 
surface area of the undoped film was 108.91 m2/g and 
increased to 140.63 m2/g at 6 mol% of Pd2+-doping 
concentration. The mean squared value of the film 
roughnesses was the same. As the Pd2+-doping 
concentration increased, the transmittance of the films 
decreased in the visible region and the absorption edges 
shifted to the longer wavelengths. The estimated optical 
band-gap of the films decreased from 3.52 to 3.31eV by 
increasing Pd2+-doping concentration from 0 to 6 mol%. 
The refractive index of the films decreased from 1.83 to 
1.71 with enhancement of the Pd2+-doping concentration 
from 0 to 6 mol% and increasing of the porosity from 56.3 
to 63.7%. 
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