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A mix-phase (anatase-rutile) nanocrystalline titania particles were successfully synthesized in a non-aqueous solvent 

medium using a novel approach of controlled hydrolysis of titanium isopropoxide. The hydrolysis was carried out by the 
controlled release of water molecules from simple Schiff base formation reaction of anisaldehyde employing aniline as an 
amine component in isopropanol solvent medium. The excess aniline used, and the imine formed acts as directing agents. 
The photocatalytic activities of the catalysts prepared were compared with Degussa P25 for methylene blue degradation in 
direct sunlight. The photocatalytic activity was found to increase with decreasing availability of water molecules formed 
during the Schiff base formation (imination) reaction. Also, it was found to affect the phase and shape selection. TEM 
images show sphere-like to hexagonal to a rod-shaped formation of particulates. 
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Nanostructured titanium dioxide (TiO2) has gained 
much attraction and is intensively studied due to its 

potential applications in various fields such as 

photocatalysis, photovoltaic cells, textiles, paints, 
glass, ceramic, paper industries, cosmetics, medicine, 

etc
1-5

. The properties of TiO2 mainly depend on the 

crystal structure, crystallite phase, surface 

characteristics, and the synthetic route used.  
Various dyes; commonly known pollutants, are 

released from various industries such as textile, paper, 

fabric, leather and dyestuff production and extensive 
research is being done to find out better catalytic 

adsorbent material to degrade these dyes and hence 

reduce the risk of environmental pollution. TiO2 is 
commonly studied adsorbent material for photo-

degradation of such dyes. 

Literature study reveals that for photocatalytic 

applications in environmental remediation, anatase 
TiO2 is one of the most studied and a better 

polymorph out of the three commonly known 

crystalline phases of TiO2
6-9

. However, it has a 
drawback in absorbing an insignificant amount of 

visible light due to its high band-gap. Improvement in 

the efficiency of the anatase TiO2 can be achieved by 
defect engineering

10-11
, surface doping

12-14
, surface 

controlling, etc.
15-16

. Rutile phase of TiO2 has a 

narrower band-gap compared to anatase TiO2. 

However, it is found to be a poorer photocatalyst. One 

of the reasons for this lower activity could be higher 
temperature (>600 °C) required for the synthesis 

which results in more compactness of the crystals 

formed and also more aggregation resulting in a larger 
size and thereby lesser surface area

17-18
. In 1991 it was 

revealed that anatase-rutile mixed-phase shows 

enhanced photocatalytic activity
19

. This observation 

has led to efforts in phase controlling at a lower 
temperature

20-24
. A recent study has shown that  

non-aqueous solvothermal route yield anatase-rutile 

mixed-phase at relatively lower temperature and 
displays enhanced photocatalytic activity for the 

degradation of Rhodamine B under visible light
25

.  

Recently we studied mono-carboxylic, dicarboxylic 
and amino acids as templates in sol-gel synthesis of 

TiO2 for improved properties, and also the role and 

effect of these acids on the properties
26-29

. It was 

observed that longer chain and sterically bulky acids 
produce phase pure anatase catalyst with higher 

surface area and smaller size displaying better photo-

activity. In the case of dicarboxylic acids, the phase 
formation was found to be depending on the presence 

of functional groups in the acid precursor. In all these 

organic acids used, we observed that the formation of 
metal carboxylate bonds is perhaps the controlling 

factor during the hydrolysis and condensation process 

leading to gel formation. Further, the non-hydrolytic 

decomposition during calcination controls the phase 
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formation. While in the case of amino acids used in 

excess, we found that the acid acts as surfactant and 

may not be participating by the formation of a metal 
carboxylate bond. In continuation of our search for 

better photocatalyst, we report herein the synthesis of 

anatase-rutile mixed-phase catalyst by a non-aqueous 

route using a novel approach of controlled  
hydrolysis of titanium isopropoxide. Here we have 

exploited the organic imination reaction (Schiff base 

formation) route for the controlled release of water. In 
literature, organic esterification as a non-aqueous 

route has been exploited for releasing a controlled 

amount of water 
25, 30-34

.  

It was expected that aniline would react with 
anisaldehyde to generate water, which would then 

hydrolyze the titanium isopropoxide (TIP). The 

hydrolysis reaction was to be controlled by the 
presence of water available, which could result in 

partial hydrolysis and polymerization sequences to 

form the gel, as shown in Scheme 1. The ratio of the 
aniline: anisaldehyde was varied to make available 4, 

3 and 2 moles of water per mole of TIP. During the 

formation of a gel, imine and primary amine (aniline) 

could also serve as a directing ligand. The gel was 
then solidified and calcined at 500 °C for 3 h. During 

calcination, the surface isopropoxide groups are lost 

in a non-hydrolytic pathway. There are a few recent 
reports of imine (Schiff base) and amines as ligands in 

the hydrothermal synthesis of TiO2. They were found 

to be effective to control the shape, size and optical 
properties

35-44
. 

 

Materials and Methods 

In a typical synthesis, aniline (8 mL,  

87.62 mmol) was mixed in isopropanol (50 mL) 
and to this mixture titanium (IV) isopropoxide  

(5 mL, 16.48 mmol) diluted with isopropanol  

(30 mL) was added with constant stirring. 

Anisaldehyde (8 mL, 65.81 mmol) in isopropanol 

(20 mL) was then added dropwise with constant 
stirring. The entire mixture was allowed to stir for 

further 2 h, which resulted in a white 

homogeneous colloidal solution. The reaction 

mixture was stirred further 12 h to form a gel. The 
gel was centrifuged at 5000 rpm. The residue was 

washed with isopropanol (3 times) to remove the 

excess aniline and the imine. The resulted 
semisolid material was dried at 100 °C to get 

precursor powder, and was further calcined  

at 500 °C for 3 h to produce the desired TiO2 

nanopowder. The resultant catalysts were labelled 
according to the varied ratio of precursors. The 

molar ratio of TIP: aniline: anisaldehyde was 

1:5:4, 1:4:3 and 1:3:2. The same volume of TIP 
was maintained throughout the reaction. The 

samples are labelled according to the varied ratio 

of precursors are given in Table 1. 
The Infrared spectra of these samples were 

recorded using Shimadzu IR Prestige-21 FTIR in the 

range of 4000–400 cm
-1

. Powder X-ray diffraction 

patterns were obtained with Mini Flex II, Rigaku, 
Japan diffractometer using Cu Kα radiation  

(λ= 1.5418 Å) radiation at a scanning speed of  

2 °/min. Nitrogen adsorption/desorption isotherms 
were obtained using Quantachrome ASiQwin 

Instruments (ASIQC0100-4) at 77 K. Prior to gas 

adsorption the samples were degassed for 0.5 h at  
300 °C. Morphology of the sample was investigated 

by using Zeiss Avo18 scanning electron microscope 

(SEM) instrument and TECHNAI F30 field emission 

transmission electron microscope (TEM), operating at 
200 kV. UV-visible diffuse reflectance (DRS) spectra 

were recorded on Shimadzu UV-2450 

Spectrophotometer. BaSO4 was used as a background 
standard. 

The photocatalytic activity of each sample was 

measured in terms of the degradation of methylene 

blue under sunlight irradiation. The experiment was 
carried out in bright sunlight for 120 min between 

10:00 am to 12:00 noon. In a typical experiment,  

10 mg of TiO2 catalyst was suspended in 25 mL of the 
aqueous Methylene Blue dye solution (0.010 g/L) and 

 

 
 

Scheme 1 — Probable course of gelation 

 

Table 1 — Sample labelling 

TIP: Aniline : Anisaldehyde Label 

1 : 5 : 4 O1 

1 : 4 : 3 O2 
1 : 3 : 2 O3 
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kept in the dark overnight to allow adsorption of dye 

on catalyst if any. The solution was then exposed to 

sunlight for the duration of the experiment under 
intermittent swirling. After every 20 min interval,  

2 mL aliquots were pipetted out centrifuged and the 

absorbance of the clear supernatants was determined 

at the wavelength 660 nm against appropriate blanks. 
The intensity of degraded dye was measured by using 

a colorimeter. 
 

Results and Discussion 
 

Phase and phase composition 

X-Ray Diffraction studies were used to investigate 
the phase structure of the prepared TiO2 samples.  

Fig. 1 shows the XRD patterns of the samples O1, O2 

and O3 with the expanded region in the inset. The 
appearance of sharp peaks indicates the highly 

crystalline nature of all three samples. The major 

patterns for all the samples can be indexed to the 

anatase phase of TiO2 with (101) peak of highest 
intensity. No brookite phase was seen in any of the 

samples. The weight fractions of anatase and rutile 

phase present in the samples were estimated based on 
the highest intensity peak of each phase (anatase and 

rutile) according to the Eqn 1. 
 

%𝐴 =
100

 1+1.33 
𝐼  𝑅 

𝐼  𝐴 
 
                                                  ...(1) 

 

The sample O1 displays pure anatase phase with no 

peaks of other phases of TiO2. The sample O2 

displayed mixed anatase: rutile phase with about  
3.9 % of rutile phase indexed to (110) peak, while the 

sample O3 has 5.5 % rutile phase (expanded region in 

inset of Fig. 1). The above results indicate that with 

the diminishing amount of water made available for 
the hydrolysis of TIP, the percentage of rutile phase 

increase. By further analyzing the XRD patterns, the 

average crystallite size was calculated from the line 
broadening of the highest intensity anatase (101) 

diffraction peak for all the samples, by using the 

Scherrer’s Eqn 2.  
 

𝐷 = 𝐾λ/βcosθ                                                      ...(2) 
 

Where, K is the Scherrer constant, λ is the X-ray 

wavelength, β is the peak width at half maximum and 

θ is the Bragg’s diffraction angle. The crystallite size 
was found to be in the range of 13-15 nm (Table 2). 

The crystallite size of the particulate was found to 

increase with lesser the amount of water available as 
the relative percentage of rutile phase was increasing. 

This is in conformity with literature wherein the 

relative size of the rutile phase is always found to be 

greater than the anatase phase. 
 

IR and diffuse reflectance spectroscopy 
The prepared catalysts were studied by FTIR 

analysis. The IR spectra of samples O1, O2, O3 are 

shown in Fig. 2. Broad band at 3500-3000 cm
-1

  

(-OH stretching) and ~1630 cm
-1
 (-OH bending) were 

seen for the surface hydroxyl and the adsorbed water. 
Strong band seen at 800-450 cm

-1
 was assigned for 

Ti-O stretching. No bands due to the organic part 

were discernible suggesting complete removal of the 
isopropoxy part attached to the titanium. Optical 

studies were carried out with the help of UV-visible 

DRS. Fig. 3 shows the UV-DRS spectra of samples. 
Here a steep decrease in the absorption at 

wavelengths longer than 380 nm is observed, which 

can be assigned to the intrinsic band-gap absorption 

 

 
 

Fig. 1 — XRD plots for calcined samples. 

 

Table 2 — Summary of the properties of TiO2 nanoparticles 

Sample Particle Size (nm) Crystallite Size (nm) BJH surface area (m2/g) Pore volume (cc/g) λmax (nm) Rate constant k (min-1) 

O1 8.5 12.9 50.0 0.073 392 0.0244 
O2 10.0 13.4 44.5 0.068 396 0.0294 

O3 10.4 15.3 33.3 0.051 398 0.0308 
P25 21.0 25.0 56.0 0.250 370 0.0214 
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of pure anatase TiO2. A slight red shift in absorption 

edge is observed as we move from sample O1 to O3, 

which could be due to an increase in rutile percentage 
in the samples. This is further confirmed from the 

decreasing band gap values of the samples which are 

found to 3.16, 3.13 and 3.11 eV, respectively. 
 

BET surface area analysis 

Fig. 4 illustrates the nitrogen adsorption-desorption 
isotherms and corresponding pore size distribution 

curves (inset) of the synthesized TiO2 photocatalysts. 

The isotherms of these photocatalysts exhibited  

type-IV pattern typical of mesoporous materials. 
Slightly broader hysteresis with loop intermediate 

between H2- and H3-type is observed. The loops, 

closing at lower relative pressure and extending up to 

unity are indicative of the presence of mesoporosity 
and non-rigid structure of pores. Mesoporous nature is 

also seen from the broad pore size distribution of 
 

 

   
 

 

         Fig. 2 — FTIR spectra of calcined samples.        Fig. 3 — UV-DRS spectra of calcined samples. 
 

 

 
 

 

Fig. 4 — Nitrogen adsorption-desorption isotherms of TiO2 nanoparticles. 
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these samples ranging from 20-80 nm (Table 2). 

Besides, the observed shift in hysteresis loops to the 

higher relative pressure region is also indicative of the 
capillary condensation associated with large pore 

channels
45

. The lower value of the specific surface 

area and pore volume for sample O2 and O3 can be 

attributed to the presence of a slight rutile phase in the 
samples which was also reflected in their crystallite 

and particle size. 
 

Morphological analysis 

Morphological studies were carried out using SEM 

analysis. The SEM micrographs, (Fig. S1, 

Supplementary Data) shows a well-defined densely 
packed tiny nanoparticle of spherical shapes for all the 

three samples. Slight agglomeration is observed for 

samples O2 and O3 while a comparatively higher 

degree of agglomeration is seen for the sample O1, 
which differentiate it from the other two samples. This 

difference is reflected in the photocatalytic activity and 

other characteristic properties of these samples. 
Representative TEM images are shown in  

Fig. 5. The spherical shape of particles is 

confirmed from the TEM micrographs. In 

addition to the spherical particles, a few 

hexagonal and rod-shaped particles are seen in O2 

and O3 samples, respectively (Fig. 5 insets, left 

corner bottom) which contain slight rutile phase. 
The spherical particles could be due to the anatase 

phase, and the hexagonal and rod-shaped could be of 

rutile phase as observed by Liu et al.
46

 The average 

particle size was estimated to be about 8-10 nm with 
increasing size from O1 to O3 consistent with the 

XRD data (Table 2). The SAED pattern is shown in 

the inset of Fig. 5 (top right corner). A set of 
diffraction rings is observed in the SAED pattern 

indicating the polycrystalline nature of the catalysts 

prepared. The ring patterns could be indexed to 

anatase phase of TiO2. Sample O3 displays discrete 
crystalline phases of TiO2 because of higher 

percentage of rutile phase while other two samples 

display somewhat lesser crystallinity. The hexagonal 
and rod shape of some of the particles could be the 

result of the presence of the Schiff base and the amine 

in the medium (Scheme 1). 
 

Photocatalytic activity 

To evaluate the photocatalytic activity of the 
prepared TiO2 nanoparticles, the activity of these 

samples was compared with that of the commercial 

 

 
 

Fig. 5 — TEM images and corresponding SAED patterns (inset) of TiO2 nanoparticles. 
 

 
 

Fig. 6 — (a) degradation plots and (b) kinetic studies and (c) recyclability studies of the catalysts (O1, O2, O3 and P25) for the 
degradation of methylene blue in presence of sunlight. 
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Degussa P25 TiO2 catalyst in the photo-degradation 

of methylene blue under direct sunlight. Natural 

sunlight has more practical relevance as it relates to 
on field process. Blank experiments were carried out 

to show that the photo-degradation reaction did not 

proceed effectively without the presence of a catalyst. 

The experiments were carried out thrice, and the 
average results are depicted in Fig. 6a.  

It is found that all three samples show better 

photocatalytic activity in comparison to commercial 
Degussa P25 (Fig. 6a). Further, the results indicate 

that the samples having anatase-rutile mixture (O2 

and O3) shows better photo-activity than the sample 

with pure anatase phase (O1). Amongst the catalyst 
prepared, sample O3 shows the best activity. The 

obtained results are consistent with the higher shift in 

absorption wavelength and the smaller size of these 
samples. Moreover, the improved photocatalytic 

activity of the samples O2 and O3 suggest that there 

is better utilization of the direct sunlight by catalyst 
having a slight rutile phase. 

Further, the kinetics of dye degradation was studied 

to determine the rate of degradation. A plot of  

ln (C0/Ct) versus time (Fig. 6b) represents a straight 
line which indicates the photocatalytic degradation 

follows a pseudo first order kinetics. Linear 

relationships for all the photocatalysts is seen from 
which it can be observed that the apparent reaction 

rate constant is highest for sample O3. The rate 

constant k for all three samples is defined by the  
Eqn 3 

 

𝑘𝑡 = 𝑙𝑛  
𝐶0

𝐶𝑡
                                                            ...(3) 

 
and are given in Table 2, which is consistent with the 

other results. Recyclability studies for these samples 
were carried out for three cycles, after separating the 

catalysts by centrifugation. The results were 

compared with Degussa and are displayed in Fig. 6c. 
All the prepared samples could be reused for 

degradation with negligible loss in their activity. In 

our earlier studies, we had observed by COD studies 

that there is complete degradation of MB and by  
LC-MS that during photodegradation first oxidation 

of sulfur to sulfone takes place followed by  

N-demethylation, hydroxylation, and ultimately to 
complete demineralization

26,29
. 

 

Conclusions 

In summary, a simple new method to develop TiO2 

nanoparticles via a non-aqueous sol-gel route by 
controlled release of water via imination reaction is 

reported. Anatase or mixed anatase-rutile phase can 

be controlled by varying the amount of release of 

water during the imination process. The excess used 
amine, aniline, and the in-situ formed corresponding 

Schiff base acts as directing agents to control the size 

and shape of the particulates. The photo-degradation 
results indicate that all the catalyst prepared by the 

present non-aqueous route shows better activity 

compared to the commercial Degussa P25. Among 

the catalyst synthesized the one obtained via the least 
amount of water released during the imination 

reaction had the best photocatalytic activity  

and had mixed anatase-rutile phase. Furthermore, the 
distinct red shift in the absorption edge compared to 

Degussa P25 contributed to the enhancement in the 

activity of the catalysts. 
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