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A rapid method of synthesis is reported to obtain highly stable, transparent TiO2 aqueous 

nano sol. The sol has been prepared using alkoxide precursor in the presence of different 

acids such as HCl, acetic acid, and citric acid without using any additional stabilizer. The 

influence of sol-gel synthesis parameters such as inhibition ratio, hydrolysis ratio and 

sequence of addition of different reactants on the stability of resultant sol was investigated. 

Using this method, TiO2 nano sols with a low inhibition ratio (<0.57) and a high hydrolysis 

ratio (>5000) could be realized with storage stability of more than 2 years. The 

characterization of the sols confirmed the formation of sufficiently anatase phase, pebble 

like titania nanoparticles with an average diameter of ~4 nm as confirmed by Transmission 

electron microscope (TEM) and Small angle x-ray scattering (SAXS). Also, the titania nano 

sol finished cotton fabric exhibited self-cleaning activity of ~ 80% initially and ~60% after 

25 washes against photostable Solophenyl green dye under UV irradiation.  

Key words:  titania nano sol, hydrolysis ratio, inhibition ratio, self-cleaning, SAXS 

  

1. Introduction  

Titania or titanium dioxide is a well-known photo-semiconductor having different 

crystalline phases viz., anatase, rutile, and brookite. Among all, anatase phase shows higher 

photocatalytic activity because of its wide energy band gap (3.23 eV). Titania is successfully 

used in various applications such as water, and air purification[1][2][3][4], 

sterilization/disinfection[5], organic compound degradation[6], and self- cleaning 

materials[7] due to its ability to catalyze reactions in the presence of UV light.  

Titania nanoparticles because of high specific surface area exhibit high affinity towards 

various substrates like glass, plastic and textiles and they do not impart undesirable colour to 
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the substrates. These particles are preferably applied to different substrates in the form of 

nano sol followed by heat treatment.  

Properties of titania nano sols, which are usually prepared by sol-gel process, are controlled 

by two important factors, namely hydrolysis ratio (rw) and inhibition ratio (Ir). The 

hydrolysis ratio is molar ratio of water to metal precursor, while an inhibition ratio is molar 

ratio of acid to metal precursor in a reaction system. The stability and transparency of nano 

sized titania sol are dependent upon the method and conditions of synthesis. There are 

principally three main techniques reported in the literature. Synthesis of titania nano sols 

using solvents such as ethanol is relatively easy and results in stable and transparent nano 

sols[8][9][10][11][12][13]. However, the use of a solvent in large quantities is commercially 

nonviable and environmentally undesirable. It has been reported that the concentration of 

solvent could only be reduced by using high concentrations of acid, i.e. high inhibition 

ratios. Using this approach, the second method involves the use of a highly acidic aqueous 

medium, where, titania precursor is added drop-wise to the acidified water (or water-alcohol 

mixture) with vigorous stirring[14][15][16][17]. The hydrolysis ratios in the range of 85 to 

290 could be obtained only at high inhibition ratios of 6.40 to 22. Moreover, various 

stablizers such as acetic acid, acetyl acetone, citric acid, PEG, etc. are also required in 

significant amounts to improve the stability of such sols[8][18][19][20][21] [22][23]. 

The other method of synthesis involves acidic peptization of white precipitate of titania 

hydroxide in an aqueous medium. In this method, usually high temperatures are used along 

with high inhibition ratios. The process also takes a long time to complete and results in 

translucent nano sols with low stability. Hydrolysis ratios of upto 200 have been reported by 

this method[18][24][25][26][27][28].
 
 

In addition, the use of high acid content (i.e. high inhibition ratios) in the sols leads to 

limitation of these sols in their application to substrates which are acid sensitive, such as 

polymeric and textile materials. Therefore, the present study aims at developing a rapid 

process to make highly stable and transparent aqueous titania nano sol with low inhibition 

ratios using mineral and organic acids. The titania nano sols have been characterized for 

particle shape, size, and distribution by Small Angle X-ray Scattering technique, HRTEM, 

and DLS. When applied on a textile substrate such as cotton, it imparts durable self-
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cleaning capabilities to the fabric while retaining their original physical and comfort 

properties. 

 

2. Materials and Methods 

2.1 Materials 

Titanium tetra isopropoxide (TTIP, ≥98%) was purchased from Merck (Darmstadt, 

Germany). Solvents such as isopropanol and hydrochloric acid (HCl, 35%), glacial acetic 

acid (99-100%), sodium carbonate (Na2CO3), and citric acid monohydrate were purchased 

from Merck, Mumbai, India. Solophenyl green BLE, a direct dye, was purchased from 

Huntsman International India Pvt. Ltd. (Mumbai, India). De-ionized water was used for the 

hydrolysis. 100% pure, plain weave, ready to dye cotton fabric with an areal density of 114 

g/m
2
 supplied from Surya Processors Private Limited (Ghaziabad, India) was used 

throughout the study. 

 

2.2 Synthesis of titania aqueous nano sols using different acids 

2.2.1 Using hydrochloric acid 

A series of titania nano sols were synthesized with different molar concentrations of titania, 

inhibition ratios, and hydrolysis ratios (Table 1). In a typical recipe, as shown in Table 1 (s. 

no. 5), 0.02 mol of titanium isopropoxide (TTIP) was stirred with 0.0785 mol of isopropanol 

for 30 min at 400 rpm at the room temperature. To this 0.0114 mol of conc. HCl acid was 

added and stirred for 5 min. Subsequently, 0.555 mol of distilled water was added in one go 

to the above clear solution with continuous stirring. After 5 min of stirring, the above sol 

was diluted by adding 5.17 mol of distilled water to obtain titania aqueous sol with a 

hydrolysis ratio of 269.50 and an inhibition ratio of 0.570. This sol was coded as T sol-H 

having 0.18 molar conc of titania. 

Table 1:  Chemical composition of titania nano sols prepared by using conc. HCl 

S. No. 
TTIP 

(mol) 

Isopropanol 

(mol) 

HCl acid 

(mol) 

DI Water 

(mol) Inhibition 

ratio 

Hydrolysis 

ratio 

Titania 

sol 

(molar 

conc) 
I step  II step 

1 0.0012 0 0.684 0.555 5.53 0.570 5029 0.011 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 

 4 

10
-3

 

2 0.02 0.0785 0.0114 0.833 50.28 0.570 2556 0.02  

3 0.01 0 0.0057 0.555 5.38 0.570 593 0.09  

4 0.02 0 0.0114 0.555 5.17 0.570 286 0.18 

*5 0.02 0.0785 0.0114 0.555 5.17 0.570 270 0.18 

6 0.022 0 0.0114 0.555 5.17 0.518 259 0.20  

7 0.0275 0 0.0114 0.555 5.05 0.414 204 0.25  

8 0.0330 0 0.0114 0.555 4.96 0.345 167 0.30  

9 0.0386 0 0.0114 0.555 5.17 0.296 141 0.35 

2.2.2 Using glacial acetic acid 

Titanium tetra-isopropoxide (TTIP), 0.02 mol was stirred with 0.0785 mol of isopropanol 

for 30 min at 400 rpm at room temperature. Then, 0.122 mol of acetic acid was added to this 

solution and stirred for 5 min. To this clear solution, 0.833 mol of distilled water was added 

in one go with continuous stirring. After 5 min of stirring, the remaining 50.278 mol of 

distilled water was added to this mixture with stirring to obtain titania aqueous sol with a 

hydrolysis ratio of 2561 and an inhibition ratio of 6.09. This sol was coded as T sol-A. 

2.2.3 Using citric acid monohydrate  

Titanium tetra-isopropoxide (0.02 mol) was stirred with 0.0785 mol of isopropanol for 30 

min at 400 rpm at room temp and then it was mixed with an aqueous solution of citric acid 

(0.0554 mol of citric monohydrate in 5 mol of water) in one go with stirring. After 5 min of 

stirring, the remaining 46.11 mol of water was mixed to obtain titania aqueous sol with a 

hydrolysis ratio of 2561 and an inhibition ratio of 2.77. This sol was coded as T sol-C. 

 

2.3 Treatment of textile substrate with nano sol 

The scouring process for the cotton fabric was carried out by washing the fabric with a 

solution of 1 g/L Na2CO3 and 3 g/L Lissapol-N (non-ionic detergent) for 60 min at 75 ºC. 

The fabric was then rinsed thrice with warm and cold water and dried.  

The scoured cotton fabric was dried at 110 ºC for 10 min before its application. The scoured 

fabric was treated with 0.18 M HCl based titania nano sol by dip-pad method with 80% 

expression with an add-on of around 1.01% (on the weight of the fabric). The treated fabric 

was dried in a pre-heated air oven at 75
 
ºC for 1 minute. The treated fabric was then 
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neutralized with 1M NaOH aqueous solution, followed by washing with warm water at 50
 

ºC for 45 min and drying. 

 2.3.1 Durability test 

The durability of titania nano sol on the cotton fabric was evaluated by AATCC Test 

Method 61-2003 Test No. IIA method, where one cycle is equivalent to five home laundry 

wash cycles. The washing was carried out with 0.37% non-ionic detergent (Lissapol-N) with 

50 steel balls at temp 49 
o
C for 45 min in Atlas Launder-O-meter (Atlas Electric devices 

Co., Chicago, USA). The samples were then rinsed with water and dried. 

 

2.4 Characterization  

The average size of the titania nano sols and their zeta potential were acquired using 

Malvern Zetasizer Nano ZS (Worcestershire, UK). In order to determine the crystalline 

phase of the samples, the titania sols were neutralized using 0.5N NaOH solution. A white 

precipitate formed was isolated and dried at 110 
o
C. The powders were analyzed using PAN 

Analytical X Pert X-ray diffractometer (Almelo, The Netherlands) using Cu K radiation 

(=1.5406Å). The chemical composition of the powders and surface morphologies of 

untreated and nano sol treated cotton fabrics were investigated using FE-Environmental 

Scanning Electron Microscope, model FEI Quanta 200F (Eindhoven, The Netherlands). The 

transparency behavior of titania nano sols was studied on a UV spectrophotometer (UV-

2450, Shimadzu Scientific Instruments, Japan). 

The structural analysis of above synthesized titania nano sol was carried out by SAXSpace, 

Anton Paar (Graz, Austria) having Cu Kα radiation (λ= 0.1542 nm) source at 50 kV using 

Dectris 2D EIGER R 1M hybrid photon counting (HPC) detector. The samples were 

measured in line collimation mode with a q range of 0.1-10.5 nm
-1

 using the TCStage 150 

with quartz capillary for an acquisition period of 30 min exposure in a single frame at 25 ºC. 

A similar acquisition period and conditions were followed for beam profile and the 

background (deionized water). SAXS data were analyzed using Anton Paar‟s SAXS 

Analysis and SAXSQUANT, PCG module GIFT and DECON softwares. High resolution 

transmission electron microscopy (HR-TEM) 200 kV with field emission model Tecnai G2 

F20 S-TWIN, FEI (Eindhoven, The Netherlands) was used to investigate the morphology of 
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nanoparticles. Image J software was used to determine the size of nano sol as an average of 

100 readings.  

2.4.1 Assessment of photocatalytic activity  

A photostable dye, Solophenyl green, was used to assess the photocatalytic activity of titania 

nano sol. A stock solution of 0.315 wt% of Solophenyl green dye in water was used. The 

dye solution was added to the nano sol and P25 TiO2 dispersion in water. To compare the 

photo degradation efficiency of synthesized titania nano sol with P25 TiO2 nanoparticles, 

P25 TiO2 dispersion in water with an amount equivalent to that of TiO2 nanoparticles in sol 

was used. The mixture was ultrasonicated for 15 min and stirred for 45 min in dark to allow 

physical adsorption of dye on the particles/nano sol. Subsequently, the mixtures were 

irradiated to UV using two UV-A lights (Phillips TL 8W/08 BLB F8 T5, 365 nm 

wavelength). The mixtures were removed after a fixed duration, centrifuged and filtered to 

remove TiO2 particles. The resultant liquid was analysed using a UV-Vis spectrophotometer 

(UV-2450, Shimadzu Scientific Instruments, Japan) and %decoloration was calculated using 

the following formula. 

…………….(1) 

where, 

D = decoloration% 

A0= initial absorbance at the start of irradiation (t = 0) 

At= final absorbance of at a particular time t at 609 nm (wavelength of maximum absorption 

of dye). 

Several such mixtures were tested for different time intervals to evaluate decoloration of dye 

with the time of irradiation.” 

Also, the self-cleaning activity of titania finished fabric was evaluated quantitatively in 

terms of photo-degradation of stains over the surface of the finished fabric using the method 

which is already reported in our previous study [29]. In brief, the treated fabric (dimensions 

15 x 5 cm
2
) was stained with 0.03 wt% Solophenyl green dye solution in water, followed by 

air drying. The stained samples were exposed to UV light in Atlas Xenotest Alpha machine 

(Atlas Material Testing Technology, Illinois, USA) followed ISO 105-B02 „Color Fastness 

to Artificial Light: Xenon Arc Fading Lamp Test‟ for 12 h. The stain degradation was 

calculated in terms of % decrease in K/S values over the different positions of stained titania 
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finished fabric sample. K/S value denotes the ratio of absorption and scattering of light, 

within the substrate. K/S value of the stained titania finished fabric samples were measured 

before and after the UV exposure using Color-Eye 7000A Spectrophotometer (Gretag 

Macbeth, USA). An average of three reading is reported. The % decrease in K/S value was 

calculated using equation 2:  

                                 ……………….(2) 

where  

(K/S) unexposed = K/S of the stained specimen before exposure  

(K/S) exposed   = K/S of the stained specimen after exposure to UV light 

(K/S)unstained = K/S of the original unstained fabric specimen 

 

3. Results and Discussion 

3.1 Synthesis of titania nano sols 

In order to understand the influence of different reaction parameters on the stability and 

transparency of aqueous titania nano sol, several studies were carried out, which are 

summarized below: 

Sequence of addition of different reactants  

It was found that the sequence of mixing of different reactants plays an important role to 

achieve nano sized transparent sol with long lasting stability.  

It was observed during the experiments that when the precursor is added to highly acidic 

water or vice versa in one go, a solid or gel mass is formed even after vigorous stirring. 

Therefore, it was important to add the precursor into highly acidic water very slowly or drop 

wise, as reported in the literature [30]. The highly acidic water suppresses OH groups and 

tends to slow down the hydrolysis reaction of water with the precursor. The slow addition 

allows the partly hydrolyzed precursor molecules to disperse during stirring and avoid 

condensation to form precipitates. However, this still leads to the formation of some 

condensed particles that give the translucent appearance to the nano sol and lower stability 

with storage time. Interestingly, it was observed that when the precursor is acidified using a 

small amount of acid, then large quantities of water could be subsequently added with 

stirring without the formation of condensates/aggregates. This allows the formation of 
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highly transparent and stable nano sols. This may be explained by the fact that the initial 

addition of acid, stabilizes the precursor, and when water is added subsequently, it takes 

time for the hydrolysis reaction to proceed. This delay in hydrolysis can be used for 

dispersing the partly hydrolysed precursor molecules by stirring them into the large amount 

of added water. It has also been found that a certain minimum concentration of water was 

required to be added for a given quantity of precursor to achieve transparent nano sols. Also, 

this water needs to be added in one go (i.e. rapidly) to allow proper dispersion to take place. 

It has also been found that any amount of water may be added subsequently and titania nano 

sols with high hydrolysis ratios can be easily obtained without sacrificing the stability and 

translucency. In this approach, pre-addition of even a small amount of acid is sufficient to 

inhibit the gelation of a metallic alkoxide when they come in contact with water and 

promote the formation of nano sol. Figure 1 shows the schematic representation of the 

synthesis of the titania nano sol by the methods reported in the literature (Figure 1a) and in 

the present study (Figure 1b). 

 

Figure 1: Schematic representation of titania nano sol synthesis (a) as reported in the 

literature (b) reported in the manuscript  

It was observed that the minimum amount of water, which is needed for the nano sol 

formation is 47 as hydrolysis ratio for 0.02 mol of the precursor. As mentioned earlier, this 

amount is required to be added to the acidic precursor in one go as the first step. This leads 
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to the nucleation of nanosized particles without any gel formation. Subsequently, in the 

second step, a larger amount of water can be easily added to this clear solution to get 

nanosized transparent sol with a high hydrolysis ratio while maintaining a low inhibition 

ratio. This route doesn‟t require any addition of a stabilizer to get a stable sol.  

As shown in Table 2, a series of titania nano sols were prepared to determine the minimum 

amount of water required for synthesizing a stable and clear sol.  

Table 2: Chemical compositions of nano sols with different amounts of water  

S. 

No. 

TTIP 

(mol) 

Isopropanol 

(mol) 

HCl 

acid 

(mol) 

DI Water 

(mol) 

 

Nature of 

sol 

 

Stability 

of sol 
I step  II step 

1 

0.02 

 

0.0785 

 

0.0114 

 

5.73 0 

clear 

 
Stable 

 

2 4.16 1.57 

3 2.78 2.95 

4 1.38 4.35 

5 0.94 4.79 

6 0.67 5.06 
hazy 

 
7 0.39 5.34 

8 0.28 5.45 

 

Hydrolysis ratio and Inhibition ratio  

As shown in Table 1, the present approach of sol synthesis allows the use of a wide range of 

hydrolysis ratios even at a low inhibition ratio. The titania sol with conc. HCl acid (T sol-H) 

has the molar ratio of acid: titania precursor is in the range of 0.296 to 0.570 along with a 

wide range of hydrolysis ratio in the range of 145 to 5029. 

Also, this method is suitable for obtaining titania sols with high concentrations of titania i.e. 

in the range of 0.18 to 0.35 molar without affecting transparency and stability of the 

resultant sol.  

Titania sols could also be prepared with organic acids such as glacial acetic acid (T sol-A) 

and citric monohydride acid (T sol-C) by following this synthesis approach. Titania sol with 

glacial acetic acid (T sol-A) was found to require an inhibition ratio of 6.09 and with citric 
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acid 2.77. Since these acids are mild in nature, they are needed to be added in slightly higher 

proportions compare to conc. hydrochloric acid. However, these inhibition ratios are still 

considerably lower than those reported in the literature [20][30].  

 

3.2 Characterization of titania aqueous nano sol 

3.2.1. UV analysis of titania aqueous nano sols 

Transparency of different sols was determined by UV-Vis analyses. As shown in Figure 2, the 

% T values of all the three sols lie in the range of 90 to 100%, this data supports high 

transparency of all the sols. 

 

Figure 2: UV-Vis transmission of (a) T sol-H, (b) T sol-A, and (c) T sol-C 

 

3.2.2. XRD analysis of titania aqueous nano sols 
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Figure 3: XRD analysis of titania powder obtained from drying of white ppt (a) T sol-H, (b) T 

sol-A, and (c) T sol-C 

The precipitates obtained from the three types of titania sols after neutralization with 0.5 N 

NaOH and drying at 110 
o
C were subjected to XRD analysis. Figure 3 shows the overlay of the 

three x-ray diffraction spectra of the samples. As shown in Figures 3a & 3b for T sol-H and T 

sol- A, (the characteristic peaks of anatase phase (i.e. 2θ at 25.73, 38.39, 48.16, 55.00, and 

63.60) of titania were obtained. These were similar to those reported in the literature 

[25][26][31]. However, in the case of T sol-C (Figure 3c), only two peaks at 38 and 48 

corresponding to anatase phase were observed, while other XRD peaks match with that of the 

salt obtained after precipitation shown in Figure ESI 3.  

The results indicate that all three acids viz. HCl, acetic acid, and citric acid were able to 

generate titania sols having sufficiently anatase phase. It is usually considered that sol-gel 

process generates essentially amorphous phase in nanoparticles. However, neutralization of 

nano sol with NaOH followed by drying in this study appears to have induced some amount of 

crystallinity in the separated titania nanoparticles.  

The XRD graphs of different salts obtained after precipitation with NaOH are shown in Figures 

ESI 1 to 3. Also, the structures of different sols, which can be illustrated from the data are 

shown in Figures ESI 4 (a to c). 
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3.2.3. (a) Particle size analysis of different titania aqueous nano sols 

 

Figure 4: Particle size analysis of (a) T sol-H, (b) T sol-A and (c) T sol-C 

 

The particle size analysis of titania sol “T sol-H” is shown in Figure 4a, particle size was found 

in the range of 4-30 nm with a Z average of 18.06 nm. As discussed earlier that during the sol 

synthesis, hydrolysis of metallic precursor occurred in the presence of acid and further, the 

condensation of different hydroxyl sites takes place and results in the formation of Ti-O-Ti 

bridges to produce nanoparticles. These nanoparticles have the hydroxyl sites at the ends, which 

may further condense to form a sol network.  

Similarly, T sol-A also showed particle in the range of 2-30 nm with Z average 17.49 nm as 

shown in Figure 4b. While Figure 4c shows particle size in the range of 2-25nm with a lower 

value of Z average at 13.86 nm for T sol-C.  

Particle size data reveal that Ti sol-C is having smaller particle size as compared to other sols. 

As discussed in supplementary information Figure ESI 4, 1, 3 positioned -COOH groups of 

citric acid monohydrate react with free end sites –OH group of titania sol network and form 

ester linkage up to large extent as compared to that of acetic acid. This esterification leads to 

better dispersion of Ti particles and thus the size of Ti particles becomes smaller in sol as 

compared to HCl or acetic acid. 

3.2.3. (b) Zeta potential analysis of titania aqueous nano sols 
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Figure 5: Zeta potential analysis of (a) T sol-H, (b) T sol-A, and (c) T sol-C 

In order to understand the dispersion stability of the nano sols, zeta potential of the sols was 

measured. As depicted in Figure 5a, the value of zeta potential of T sol- H is +61.6 mV, 

which lies in the stable range. On the other hand, as shown in Figure 5b, zeta potential of T 

sol-A is +36.5 mv. While T sol-C has zeta potential value +36.4 mv as in Figure 5c.  T sol-

H was found to be most stable among the three sols with particle size in the range of 4-30 

nm and average zeta potential of 61.6 mV along with the higher proportion of anatase phase, 

thus long term stability and further analysis were carried out using T sol-H only.  

3.2.4. Stability and transparency studies of HCl based titania nano sol 

 

  
Figure 6: Visual assessment of the stability of T sol-H after 2 years 

The T sol-H was found to be stable and transparent for more than two years at ambient 

temperature. This long time stability was confirmed by measuring the particle size and 

visual assessment after 2 years (Figures 6 and ESI 5). The particle size was found to be in 
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the range of 4-40 nm with Z average of 25 nm after two years of storage, which again 

confirms the stability of the titania nano sol. 

3.2.5 TEM analysis of titania aqueous nano sols (T sol-H) 

   

Figure 7: TEM micrographs of titania nano sol at different scales along with size 

distribution histogram 

The size and shape of titania nano sol prepared using HCl were analysed using HR-TEM as 

shown in Figure 7 together with the histogram of unimodal size distribution. HR-TEM images 

revealed that the nanoparticles were not perfectly spherical but rather pebble like with an average 

diameter of about 4 nm. Apart from single particles, a few aggregates were also observed. 

3.2.6 SAXS analysis of as synthesized titania nano sol (T sol-H) 

TEM and DLS are commonly used techniques to obtain information about the particle size 

distribution, polydispersity, and morphology of colloidal nanoparticles. However, 

characterization of nanomaterials using these sophisticated techniques involves various practical 

challenges that arise from aggregation of dispersants. Also, DLS assumes all particles to be 

spherical and measures the hydrodynamic radius with overestimated feature sizes while TEM 

gives information about 2D morphology only. Small Angle X-ray Scattering (SAXS) on the 

other hand is performed on an ensemble of particles that offers accurate results in terms of their 

particle size, shape, size distribution and so on. In addition, one could get statistically averaged 

results by SAXS. Thus the combination of SAXS with TEM and DLS enables one to access the 
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complete morphological and structural characteristics of nanomaterials.     

 

Figure 8: 1D scattering profile of T sol-H (a) before and, (b) after background subtraction  

 

Figure ESI 6 shows a typical 2D SAXS profile for HCl based TiO2 nano sol and water as 

obtained by irradiation of the sample with the X-ray. 2D data were azimuthally averaged in 

order to evaluate and model 1-D intensity vs scattering vector data as shown in Figure 8. Water 

scattering curve showed a quickly decaying curve at lower angles whereas an increase in 

intensity as well as steep decay of titania nano sol curve corresponds to the existence of well-

defined nanosized particles. 

With the help of scattering profiles, the geometry of nanoparticles in terms of their radius of 

gyration, Dmax (largest nanoparticle dimension), and pair distance distribution function (PDDF) 

can be calculated [32]. The average nanoparticle radii can be encoded in the low-q region by the 

application of Guinier‟s law in terms of the radius of gyration (Rg) which is given by  

                                                               …………………….(1)               

where, I(q), q, a0,  and  RG correspond to scattered X-ray intensity, scattering vector, scattering 

intensity at q = 0 nm
−1

, radius of gyration, respectively. 

RG can be calculated from the slope in the linear fit of ln[Δ Iq] vs q
2
 and radius of the 

homogeneous sphere (Rh) using  

                                                                               ………………………..(2) 

Where RG and Rh correspond to the radius of gyration and radius of homogenous sphere [32][33]
 
. 
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      Figure 9: T sol-H‟s (a) Guinier plot (b) Kratky plot 

 

Figure 9a shows a natural logarithmic plot of intensity vs square of scattering vector plot of 

HCl based titania nano sol with ~1.5 nm and ~ 2 nm as the calculated values of Rg and Rh, 

respectively, which is in agreement with the TEM and DLS data as shown in Figures 7 and 

4a.  

In addition, the shape of the nanoparticles can be easily inferred from the Kratky plot (I(q) 

*q
2
 vs. q) as shown in Figure 9b. This plot provides information of the structure based on 

the high q region with q > 5/Rg [34] of the form factor equation. Since the plot is a bell 

shaped curve, it provides a strong indication that the TiO2 nanoparticles are globular in 

nature which is in excellent agreement with the geometric shape visualized by the TEM 

micrographs. Also, the non-existence of plateau in the high q region strongly supports the 

absence of Gaussian chain or asymmetric type particles in the nano sol, which signifies 

more or less spherical type particles. 
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Figure 10: Pair distance distribution function of T sol-H obtained after IFT analysis along 

with an approximated fit curve 

To gain a better understanding of the structure of the as-synthesized TiO2 nanoparticles, the 

pair distance distribution function (PDDF, p(r)) was calculated using GIFT program from 

the PCG software package[35]. This p(r) function can be determined by an Indirect Fourier 

Transformation [36] of the form factor of the nanomaterial which is given by   

                                                  ……………………..(3) 

Where P(q) corresponds to form factor of nanomaterial[37]. 

P(r) is the histogram of all the distance distribution of pairs of atoms within a system of 

particles with the same electron density[38]. PDDF curve so obtained can be used to 

determine the shape of the particles assuming that all the particles are of similar 

morphology.  The maximum size of the particle (Dmax) present in the system can be 

determined by the last point of the P(r) curve which met the x- axis[39]. Figure 10 shows 

the P(r) of titania nano sol obtained after the Indirect Fourier Transformation.  The 

characteristic bell shaped curve region followed by an asymmetric tail confirmed the 

presence of slightly pebble like elongated spherical titania nanoparticles[40]. Besides the 

estimation of the shape of nanoparticles, maxima of PDDF which is ~ 3-4 nm as shown in 

Figure 10 also represents the size of the majority of nanoparticles with Dmax of ~17 nm as 

its maximum dimension which is in good agreement with the Z range value as determined 

by DLS. The size of titania nanoparticles estimated by PDDF is consistent with the radius of 
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gyration deduced from Guinier plot. Moreover, a perfect overlapped curve could be 

observed between the experimental and the theoretical data through an approximated fit 

curve which strongly supports the previous deduced results.  

 

3.3 Surface morphology of HCl based nano-titania finished fabric 

 

Figure 11: SEM micrographs of (a) control cotton-untreated, (b) T sol-H treated cotton 

substrate before washing, and (c) T sol-H treated cotton substrate after 25 washings 

 T sol-H was applied over the scored cotton fabric by padding method. The attachment of T 

sol-H over cotton fabric was confirmed by SEM micrographs as shown in Figure 11. As 

observed from the SEM micrographs, titania particles were homogeneously coated over the 

fabric substrate as compared to the untreated cotton fabric as shown in Figures 11a and 

11b. Interestingly, only a slight reduction in titania nanoparticles (Figure 11c) was found 

even after 25 washes indicating good wash durability of titania nanoparticles on cotton 

fabric.  

 

3.4. Assessment of photocatalytic activity of HCl based titania nano sol 

HCl based Titania nano sol both in solution form and treated fabric were tested for its 

photocatalytic activity using a photostable direct dye, Solophenyl Green BLE.  
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Figure 12: Images of (a) Solophenyl green dye solution; (b) T sol-H; Solophenyl green dye 

solution containing (c) nano sol and (d) P25 TiO2 dispersion under UV light for different 

durations; and (e) plot of decoloration of dye solution with and without titania versus time 

under UV light. 

 “Figures 12 (a-d) show the images of solophenyl dye solution, T sol-H, nano sol and P25 

TiO2 samples after different duration under UV light. As can be observed from Figure 12e, 

there was no change in decoloration% of dye solution without titaniaunder the UV light. 
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However, decoloration% was observed to increase significanlty with exposure time for dye 

solutions with titania nano sol (Figure 12c) and P25 nanoparticles dispersion (Figure 12d). 

The decoloration (%) in the case of nano sol was 61% at 120 min of UV exposure, which 

increased significantly to 71% at 240 min and to 85% at 360 min of UV exposure. However, 

in the case of P25 titania nanoparticles, complete decoloration of dye was observed within 

360 min. It can be inferred that though the synthesized aqueous based T sol-H has high 

photocatalytic activity, it is somewhat less than that of P25 titania nanoparticles. However, 

unlike P25 titania nanoparticles, T sol-H has extremely high dispersion stability of > 2 years 

during storage and high wash durability of > 25 washes on application to cellulosic 

substrates such as cotton fabrics. (Figures ESI 7 and 8)”. 
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Figure 13: (a) Images of T sol-H finished cotton fabric before and after 25 washes for 

degradation of Solophenyl Green dye stain under UV light exposure after 12 hours, (b) 

Percentage decrease in K/S of dye stained fabric samples on UV exposure as a function of 

washing cycles of the treated and untreaed control samples. 

The treated and control samples were subjected to 5 to 25 washing cycles followed by their 

effectiveness in photodegrading a dye stain applied on their surfaces. As expected the 

washing cycles had no effect on photocatalytic activity of control (untreated) fabric samples 

and they showed a low percent reduction in K/S value of 8% of the dye stain when exposed 

to UV radiations. On the other hand, as prepared Tsol-H treated fabrics showed a percent 

reduction of ~ 80% in K/S value after 12 h of UV radiations. Interestingly, this value got 

reduced gradually to 60% as the washing cycles were increased from 5 to 25. This infers 

that the T sol-H treated samples were highly wash durable as they could sustain significant 

photocatalytic behaviour even after 25 washing cycles. The images of the decolourized 

samples are shown in Figure 13(a & b).” 

 

4. Conclusion 

A transparent, highly stable water based titania nano sol was successfully synthesised by a 

simple, eco-friendly route at very low acid content. The long time stability was achieved by 

a thorough study of different reaction parameters such as inhibition ratio and hydrolysis 

ratio along with the sequence of different reactants and mode of addition of water content in 

the reaction mixture. Overall, pebble-like slightly polydisperse nanoparticles with an 

average diameter of 3-4 nm were synthesized and characterized successfully using DLS, 

TEM, and SAXS. Such a nano sol in solution form and when applied over the sensitive 

polymeric and textile substrate can be used as an efficient photo catalyst agent for various 

organic contaminants.  
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Highlights 

 Rapid synthesis of aqueous titania nano sol is reported without the use of a stabilizer. 

 Influence of hydrolysis and inhibition ratio and the sequence of addition of reactants 

is investigated 

 Sol with low inhibition ratio (<0.57) and high hydrolysis ratio (>5000) with storage 

stability of more than 2 years is reported. 

 DLS, TEM, and SAXS confirm the formation of stabilized nanoparticles with an 

average diameter of 3-4 nm.  
 Durable self-cleaning finish over cotton fabric even after 25 washes was obtained 
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