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Mechanism for formation of TiO2 submicrosphere via spray-hydrolysis of micrometric aqueous 

droplet; hydrolysis reaction occurs at water-hexane interface.    
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Microscopic and Scattering Investigation 
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Division) Bhabha Atomic Research Centre, Mumbai, 400085, India 

4Institut Laue-Langevin, Grenoble Cedex 9, France 

Abstract 

We demonstrated a facile and robust two-step method to fabricate carbon nanotube/titania nano 

composite using spray hydrolysis and chemical vapour deposition (CVD) technique with control 

over morphology and deposition chemistry of reaction. Hierarchically structured NiO doped 

TiO2 submicrospheres have been realized by hydrolysis of titanium alkoxide at water-oil 

interface of micrometer sized droplet. Utilizing these TiO2 microspheres, composite of 

TiO2/CNT has been synthesized through CVD technique. Mesoscopic structural investigations 

have been carried out on composites using ultra small-angle neutron scattering, small-angle x-ray 

scattering. There exists three distinct length scales in the composite microspheres. Thermal 

evolution of microstructure was investigated by in-situ X-ray diffraction which clearly indicates 

an amorphous to crystalline transition of TiO2. It is established that the polymorphic phase 

transition of TiO2 nanoparticles is associated with the increase in its size. Microscopic studies 

showed that the TiO2 substrate has given uniform growth surface for CNT. Further their growth 

mechanism has been discussed. 

*Corresponding Author: jbahadur@barc.gov.in 

Keywords: Spray hydrolysis, TiO2-CNTs, SAXS, USANS 
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1. Introduction 

 In recent years, titania (TiO2) has been in the forefront of materials research due to its crucial 

applications [1-3] in solar cells, portable lithium ion batteries, hydrogen storage etc.  Further, it 

has drawn a lot of interest in photocatalytic degradation of toxic and non-biodegradable organic 

effluents for decontamination of waste water and environment purification [4-11].  Titania exists 

in three crystalline forms anatase, rutile and brookite [12]. Anatase and brookite are metastable 

phases, which irreversibly transform to a stable rutile phase [12]. Recently, it has been shown 

[13] that anatase to rutile transformation could be arrested by fabricating TiO2/SiO2 

nanocomposite via evaporation induced self-assembly [14].  

Carbon nanotube-titania (CNT/ TiO2) composites are currently being considered for several 

applications including their potential use to address environmental problems.   Taking advantage 

of the large surface area, high electrical conductivity and mechanical strength  as well as thermal 

stability of CNTs, the CNT/TiO2 composites are being utilized in  a wide range of applications 

concerning energy and environment [15], such as, batteries [16], super-capacitors [17, 18], opto-

electronics [19], electro-catalysis [20, 21], photo-catalysis [22, 23], sensing devices [24] etc.  

The primary mechanisms for enhanced photo-catalysis in CNT/TiO2 composites are discussed in 

detail by Woan et al. [25].  

There are various methods available for the fabrication of CNT/TiO2 nanocomposites, including 

the method of attaching nanoparticles (NPs) on wall of CNTs involving covalent or non-covalent 

interactions [15, 26].  The other most common method is sol-gel route [27, 28]. Hydrothermal 

method [29] is also utilized for synthesis of CNT/TiO2 composite.  In the sol-gel technique, 

CNTs are dispersed in a liquid medium. The biggest challenge in this regard is to disperse the 

CNTs in medium such as, alcohol [30] containing TiO2 precursor.  Most common precursors for 
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this purpose are metal alkoxides, (R-O-)4Ti. The dispersion of CNTs and alkoxide in liquid 

medium plays an important role in deciding the nature and function of the nanocomposite. 

Further, in sol-gel technique, homogenous nucleation and growth of TiO2 NPs on CNTs are 

important and challenging issues.  

Owing to the challenges involve in synthesis of uniform and homogeneously dispersed CNT in 

titania matrix composite, In the present work, we have reported a two-step facile method for 

fabrication of CNT/TiO2 without dispersing CNTs in liquid medium, thus avoiding the issues 

related to heterogeneous nucleation of TiO2 on CNTs. In present method, first NiO doped TiO2 is 

synthesized using the spray hydrolysis technique. This technique is a more controlled method for 

obtaining the microspheres of the TiO2 NPs as compared to conventional sol-gel technique. The 

resulting Ni-TiO2 composite is used for the substrate material for growing CNTs using a 

chemical vapor deposition (CVD) technique. Nickel (Ni) acts as a catalyst for growth of CNTs.  

First, Nagamine et al. reported a simple method for preparing TiO2 microsphere. In this method 

water is sprayed, onto titanium tetraisopropoxide (TTIP) [31] .This method of spray hydrolysis 

has several advantages as compared to other existing methods due to availability of large surface 

area for hydrolysis reaction at the interface of the droplet. It is worthy to mention here that 

concentration of TTIP at droplet interface plays a crucial role and in turn decides the morphology 

of the resulting TiO2 grains [31, 32].   It is expected that rapid hydrolysis of TTIP at interface  

between water droplet  and  organic phase  may  lead to  the formation of TiO2 shell if 

concentration of TTIP is small leading to  formation of micrometer sized hollow grains [31]. 

However, it has been shown [32] that shell formation does not occur for larger concentration of 

TTIP and leads to formation of sub-micrometric grains. Hydrophilic substances may easily be 

encapsulated just by spraying their aqueous solutions.  This feature of the spray hydrolysis 
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method has been utilized to prepare doped TiO2 microspheres having varying functionality [33, 

34]. 

Present work deals with a novel synthesis method of CNT/TiO2 nanocomposites using spray 

hydrolysis and CVD technique.  Further, mesoscopic structures of hydrolyzed TiO2 grains and its 

CNT composites have been studied by small angle X-ray scattering (SAXS) and ultra small 

angle neutron scattering (USANS) techniques in conjunction with electron microscopy.  Thermal 

evolution of the crystalline phases of titania has been probed using X-ray diffraction. The 

microscopic structure of composite were studied using SEM and TEM. A plausible mechanism 

for the formation of TiO2 submicrosphere has also been elucidated.  

2.  Experimental Section 

2.1. Spray Hydrolysis 

Nickel nitrate solutions, with different stoichiometric amount of nickel, have been prepared in 5 

ml de-ionized water.  The nitrate solution was atomized and sprayed using a two fluid nozzle. 

Spray droplets were feed into a mixture, containing 10 ml of titanium iso-propoxide (TTIP) and 

90 ml of Hexane, kept under stirring (Fig. 1).The typical distance from the nozzle to solution was 

15 cm. Stirring rate during reaction was 500 rpm. The reaction was performed at room 

temperature. Size of the droplet, generated by two fluid jet nebulizer, depends on the atomization 

pressure [35]. In present work, the atomization pressure was kept 1 Kg/cm-2. The typical droplet 

size for this pressure is 20 micron. 

A greenish color precipitates obtained within a few seconds. Resulting precipitates was filtered, 

washed and dried. The precipitates were dried overnight under ambient condition. 

Concentrations of Ni(NO3)2 have been chosen in such a way that Ni weight remains as 2, 5, 10 

and 15 wt% of TiO2 weight in NiO-TiO2 grains. The specimens were named as 2Ni-TiO2, 5Ni-
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TiO2, 10Ni-TiO2 and 15Ni-TiO2 according to the Ni weight percent in the NiO-TiO2 grains. 

Nomenclature for the sample name is adopted to emphasize on the variation of Ni weight percent 

in the composite grains. 

 

Fig. 1 Schematic diagram of the spray hydrolysis method used for synthesizing TiO2 

submicrospheres. 

2.2. Fabrication of TiO2/CNTs Composites 

Catalytical chemical vapour deposition (CVD) method was used to synthesize the CNTs over the 

surface of the NiO-TiO2 particles. NiO-TiO2 microspheres, as prepared by spray hydrolysis, were 

reduced under hydrogen atmosphere at 600oC for 30 min to get the Ni-TiO2. One gram of 

different Ni-TiO2 samples was taken in a ceramic boat and kept at the hot zone of the horizontal 
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quartz tube furnace. Initially, the furnace was flushed with argon gas (1 liter/min) to get the inert 

atmosphere inside the quartz tube, where the specimens were placed.  When the desired 

temperature (850oC) was obtained, the acetylene (C2H2) (100 sccm: where sccm stands for 

standard cubic centimeter per minute) gas along with Argon (500 sccm) and hydrogen gas (500 

sccm) were allowed to pass through the sample containing boat for 30 min. After the deposition 

of CNT (in the form of black residue on the catalyst supported substrate) the furnace was cooled 

down and different CNT grown samples were collected. The collected samples were purified by 

using dilute solution of nitric acid. The purified samples were further analyzed.  

2.3. Mesoscopic/Microscopic Characterization 

Overall morphology of the grains has been investigated by scanning electron microscopy (SEM) 

with energy dispersive X-ray analysis using CAM Scan (UK) instrument.  The microstructure of 

CNT-TiO2 composite was analyzed by a transmission electron microscope (TEM, 2000FX 

JEOL). 

In order to get insight into the internal morphology of the sub-microspheres, SAXS experiments 

have been performed on TiO2 and the CNT composites using a laboratory based facility. It is 

important to mention here that SAXS technique is able to probe structures over a size range from 

approximately 1 nm to 100 nm [36]. Small-angle scattering experiment measures the scattered 

intensity versus the magnitude of scattering vector, q, which is defined as q=4πsinθ/λ, where 2θ 

is the scattering angle and λ is wavelength of the probing radiation. The sample to detector 

distance was kept 1.5 m and the available q-range was 0.1 to 2.2 nm-1. Irreversible growth of 

nanoparticles (NPs) at higher temperature has also been monitored by SAXS experiments on the 

heat treated (600oC for 4 hours) specimens. In order to probe the hierarchical structure of TiO2 

and CNT/TiO2 grain, USANS experiments have been performed at S18 instrument [37] at 
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Institut Laue-Langevin, France using a Bonse-Hart camera by accessing smaller q. It is important 

to mention here that scattering data carry information in reciprocal space in contrast to 

microscopy which allows to access direct space. However, scattering experiments provides 

statistically averaged bulk sensitive information whereas electron microscopy is local probe of 

the matter and give only surface information. Thus, it is always advantageous to perform 

microscopy and scattering experiments simultaneously in order to obtain complementary 

information. 

X-ray diffraction (XRD) experiments have been carried out to study the stability of Ni-TiO2 

composites at high temperatures. In-situ XRD experiments have been performed using a 

diffractometer (CuKα source) in θ-θ geometry with 2 deg/min scanning speed.  

3.  Results and Discussion 

3.1. Electron Microscopy Results 

Fig. 2 depicts SEM micrographs corresponding to TiO2 grains doped at different NiO level. An 

agglomerated structure of fine grains is evident from micrographs. From image analysis of the 

micrographs, the typical size of the individual grains within the agglomerate is found to be 0.1 

μm-1.0 μm. Fine grains tend to agglomerate due to attractive forces originating from van der 

Waal interaction.  Similar morphology has also been observed for the virgin TiO2 specimens 

synthesized under identical experimental condition [38]. The strength of Van der Waals force 

depends on the size of the aggregates. We believe that these aggregate may be destroyed if 

sufficient external energy is provided. The external energy could be in the form of mechanical 

forces such as ball milling etc. The un-agglomerated Ni-TiO2 grains may be superior candidate 

for homogenous growth of CNT on the submicrosphere. Presence of NiO in the hydrolyzed TiO2 
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grains is confirmed by energy dispersive x-ray (EDX) analysis of the specimens. The results of 

elemental analysis of the 10Ni-TiO2 specimens are shown in Table-1. 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 SEM micrograph of (a) 2Ni-TiO2 (b) 5Ni-TiO2 (c) 10Ni-TiO2 and (d) 15 Ni-TiO2 

specimens. 

  Table- 1 Elemental analysis from EDX of the 10Ni-TiO2 grains is shown. 

Element Weight percent Atomic percent Compd% Formula 

Ti K 53 31 88 TiO2 

Ni K 9 4 12 NiO 

O 38 65   

Total 100 100 100  

 

5μm 

a b 

4μm 

5 μm 
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c 
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In order to see detailed CNT microstructure, high resolution SEM and TEM experiments have 

been performed on TiO2/CNT composites. High resolution SEM micrographs have been shown 

in Fig. 3. The presence of nanotubes is evident from the micrographs of the composite grains. It 

is evident from figure that 15CNT-Ni-TiO2 shows homogeneous growth of CNT all over the Ni-

TiO2 substrate.  

.   

Fig. 3 High resolution SEM micrographs of (a) 5Ni-TiO2-CNT and (b) 15Ni-TiO2-CNT 

composite grains are shown. 

The TEM micrographs for 5Ni-TiO2-CNT and 15Ni-TiO2-CNT are depicted in Fig. 4 and 5, 

respectively. It has been observed that CNT structure in 15Ni-TiO2-CNT is more agglomerated 

as compared to nanotubes in 5Ni-TiO2-CNT specimens. The TEM images clearly show that the 

nickel present on the surface acts the catalyst and surface of TiO2 acts as the substrate from 

which the CNT grows. In case of 15Ni-TiO2-CNT there were more sites present on the surface of 

TiO2 leading to the agglomeration of CNTs. The TEM images shows that the diameter of CNT is 

around 40-60 nm.  

(a) (b) 
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Fig. 4 TEM micrographs of 5CNT-Ni-TiO2 composite grains are shown. (a) Black spot shows the 

Ni-TiO2 grains through which there was growth of CNT. (b) High resolution image shows the 

grown CNT from the agglomerate. 

 

Fig. 5 TEM micrographs (a) (b) & (c) of 15CNT-Ni-TiO2 composite grains are depicted in 

different magnifications.  

3.2. SAXS Results 

SAXS profiles, corresponding to the virgin and the heat treated NiO doped TiO2 grains, are 

shown Fig. 6. Scattering profile for virgin TiO2 grains is also depicted in Fig. 6 for comparison. 

The scattering profiles of heat treated specimens are quite different as compared to that of virgin 
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specimens.  During heat treatment, growth of NPs occurs via atomistic diffusion that leads to a 

relatively sharp SAXS profiles for the heat treated specimens.    
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Fig. 6 SAXS profiles of TiO2, Ni doped TiO2 and heat treated specimens. Solid lines are model fit 

to the data. 

The size of the TiO2 NPs, resulting from hydrolysis process of the Ti-(OR)4, depends on the 

medium of the hydrolysis. The size of the NPs may be controlled if the hydrolysis reaction is 

performed in acidic medium. This process is also some time referred as peptization process. 

More detail information about the peptization process can be found in the literature [39]. The 

addition of Ni(NO3)2 makes the hydrolysis medium acidic. This results into smaller size of the 

NPs as compared to the NPs formed without presence of Ni(NO3)2 as evident from the SAXS 

measurement.  
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The scattering intensity corresponding to an ensemble of polydisperse spheres can be expressed 

as [36]:  

 
2 2( ) ( , ) ( ) pI q n P q r D r v dr         (1) 

where, n is number density of the NPs, (Δρ)2 is the contrast factor and is defined as the electron 

density (scattering length density for neutrons) difference between NPs and matrix. Electron 

density of the matrix is assumed to be zero as experiments have been carried out in the powder 

form.  Hence, Δρ in the present case is nothing but the electron density of doped TiO2. P(q, r) is 

the spherical form factor and can be expressed [40] as below.  

2

3

sin( ) cos( )
( , ) 9

( )

qr qR qr
P q r

qr

 
  

 
        (2) 

D(r) the size distribution of NPs. It is known that if several multiplicative factors are responsible 

for the growth of the NPs which is true for growth process in hydrolysis reaction, the size 

distribution should be of lognormal type. The expression for lognormal distribution may be 

written as below: 

 
2

0

22 2

ln( / )1
( ) exp

22

r r
D r

r 

 
  

  

       (3) 

where r0 is the median radius and σ is the polydispersity index of the size distribution. The 

average size can be expressed as r0exp(σ2/2).  

It is observed that scattering profiles could not be fitted using mono-modal size distribution of 

NPs for virgin TiO2 as well as doped TiO2 grains. However, if bimodal distribution of NPs is 
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adopted, experimental profiles could be fitted satisfactorily. In such a situation, scattering 

intensity may be written as follows: 

     2 2
1 1 arg 1 1 2 2 2 2( ) ( , ) ,P l er P smallerI q C P q r V D r dr C P q r V D r dr                              (4)  

where C1 and C2 are the q independent constants and are related to contrast factor and number 

density of NPs. The fitting of above model to the experimental data is quite good (Fig. 6). The 

estimated size distribution of NPs is shown in Fig. 7. 
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Fig. 7 The primary TiO2 NPs radius distribution, estimated by SAXS analysis. The inset shows 

the higher size contribution which may arise due to aggregation of primary NPs.  r indicates the 

radius of the NPs.  

It is evident from Fig. 10 that TiO2 NPs are polydisperse (~60%) in size. The average radius is 

~1.5 nm. However, the average radius of the TiO2 NPs for doped TiO2 is less than 1 nm having 
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70% polydispersity in their size. The average radius of the aggregate of NPs is ~15 nm having 

~50% polydispersity.   

 It is discernible that the scattering profiles of the heat treated specimens are somewhat sharper 

than that of the virgin one due to growth of NPs. The scattering profiles could be explained just 

by considering a mono-modal size distribution of NPs. The estimated size distribution is 

presented in Fig. 8. The size distributions of both virgin TiO2 and Ni-TiO2 NPs at high 

temperature are quite similar.  It is evident from Fig. 8 that the radius of TiO2 NPs increases to 

nearly 5 nm at 600oC for all the specimens. 
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Fig. 8 TiO2 NPs size distribution for the specimens heated at 600oC. ‘ r’ indicates the radius of 

the NPs.  

SAXS profiles of TiO2/CNT composites are depicted in Fig. 9. It is discernible that the scattering 

profiles of the composite grains with respect to heat treated TiO2 grains differ only at low q 

regime. It can be inferred from the above observation that SAXS profiles of the TiO2/CNT 

Page 15 of 32 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



15 
 

composites are mostly dominated by the scattering from TiO2 NPs. It is worth mentioning here 

that during CNT fabrication, Ni-TiO2 specimens underwent heat treatment at 800oC.  
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Fig. 9 SAXS profiles of TiO2/CNT composites in normalized scale at highest q. 

At this juncture, it is important to mention here that the small-angle scattering can provide the 

specific surface area information. Due to hierarchical nature of the composite grains, surface 

scattering contribution coming from each length scales. It is very difficult to differentiate the 

specific surface area at each length scale until the length scales are well separated. The specific 

surface area due to TiO2 nanoparticles has been estimated for the Ni-TiO2 grains from SAXS 

profiles. It is found that specific surface area varies from 100 m2/gm to 60 m2/gm for different 

specimens.  
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3.3. USANS Results 

From Figs. 6 and 9, it has been observed that the scattering profiles for composite grains show an 

increasing trend even at the lowest accessible q.  This indicates the existence of larger length 

scales, which is not accessible from SAXS experiment.  Later on it will be shown that this is due 

to the presence of aggregated structure. In order to access higher length scales of composites 

grains, USANS experiments were performed.  The experimental profiles are depicted in Fig. 10. 
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Fig. 10 USANS profiles for the Ni-TiO2 and TiO2/CNT composites grains are depicted. The 

scattering profiles have been normalized at highest q of the data.  

It is evident from Fig.10 that scattering profile for TiO2/CNT composite grains significantly 

differs as compared to that of only Ni-TiO2 grains. The variation in the scattering profiles arises 
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due to growth of CNTs on Ni-TiO2 grains. Doping of Ni in TiO2 grains facilitates growth of 

CNTs during CVD. Hence, scattering contribution from CNTs increases with doping. Increase in 

yield of the CNTs with doping concentration is also confirmed by XRD measurements on 

composites and discussed in later section.   

The USANS data for Ni-TiO2 grains may be interpreted as follows. Zone-I of the scattering 

profile gives information about the individual grains and its correlation. It is assumed that the 

individual grains results from the hydrolysis of a single droplet. The Zone-II of the profiles 

contains the information about aggregates of NPs within the individual grains which is further 

supplemented and extended by SAXS experiments which is described in previous section.  The 

scattering intensity from Zone-I has been modeled by accounting fractal correlation [41,42] 

between individual grains and may be approximated as  

2
f 0I(q) C D(r)V (r)P(q, r)dr S(q, D , r , )  

                           (5) 

where S(q, Df, r0, ξ) is the structure factor corresponding to fractal like correlation between the 

individual grains. It can be expressed [41] as follows: 

ff

1f f
f 0 f(D 1)/2D

0

2 2

1 D (D 1)
S(q,D ,r , ) 1 sin[(D 1) tan (q )]

(qr ) 1
1

q


 








    

 
 

 

        (6) 

where Df is the mass fractal dimension, r0 and ξ is the lower and upper cutoff lengths of  fractal 

structure, respectively.   

The size distributions of the individual grains, estimated from Zone-I, have been depicted in Fig. 

11. Inset of Fig.  11 shows the model fit to the experimental data.   
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Fig. 11 Size distribution of Ni doped TiO2 grains as estimated from Zone-I of the USANS data. 

The inset shows the fitting of the USANS data using two level structure model. USANS profiles in 

the inset are shifted vertically for clarity.  

The average radius of the grains is found to be in the range of 35 nm to 52 nm for Ni-TiO2 

specimens, which corroborates with the TEM results.  The radius of gyration [36], which is a 

measure of typical size of the agglomerate, is found to be 4-5 μm. By combing SAXS and 

USANS measurement, the hierarchical structure of the Ni-TiO2 grains could be described in a 

quantitative fashion.  

Zone-II of the scattering profiles has been modeled as an ensemble of polydisperse spheres (eq. 

1).  It is important to note that Zone-II of the USANS data overlaps with low- q SAXS data if 

proper scaling is carried out. Hence, the size distribution estimated from the Zone-II of USANS 

data and the size distributions of aggregate of NPs estimated from SAXS data (inset of Fig. 7) 
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are quite similar as expected. Few relevant parameters, obtained from USANS data analysis for 

Ni-TiO2 grains, are tabulated in Table-2.  

Table-2 Parameter extracted from fitting USANS data of Ni-TiO2 grains to the model  

 Contribution 1 

(small aggregates of NPs) 

Contribution 2 

NiO-TiO2 submicrospheres  

Doping 

concentration 

(wt %) 

Average 

Radius (nm) 

σ Average Radius 

(nm) 

σ Df Radius of 

gyration Rg 

(μm) 

2  16 0.39 35 0.44 2.4 4.9±0.3 

5  14 0.51 40 0.55 2.3 3.8±0.3 

10  15 0.50 45 0.54 2.2 4.6± 0.2 

15  11 0.31 52 0.59 2.2 3.9±0.2 

 

As discussed earlier that USANS data from CNT/TiO2 grains are dominated by scattering from 

CNT structure except for 2Ni-TiO2-CNT (where growth of CNTs is poor) specimen.  The 

USANS data for the TiO2/CNT composites have been explained as follows.  The Zone-I of the 

data is dominated by scattering from aggregate of CNT nanostructures. Zone-II of the scattering 

data is prevailed by scattering from individual nanotubes.  It is well known [43] that nanotubes 

dispersed or in powder form exhibit flexibility and often exist as agglomerated clusters even in 

well dispersed samples.  Such aggregations may often be treated as a fractal in order to have a 

quantitative measure of the morphology of these aggregates. Small angle scattering is a 

convenient method to characterize such disordered aggregated or branched objects. CNTs in 
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composites grains have a cloud like fractal structure as is evident from the SEM micrograph.  

The USANS data of the CNT/TiO2 composites have been modeled as an ensemble of cylinders 

having fractal correlation. The cross section radius of the cylinder has been assumed to be 

polydisperse in nature.  The expression for the scattered intensity may be expressed by eq.5 

where spherical form factor is substituted by cylindrical form factor Pc (q, r, L) with cross-

section radius r and length L.  The expression for the cylindrical form factor is [40],  

2

2
1 0

c 0
0 0

2J (q r sin ) sin((q L cos ) / 2
P (q, r , L) sin( )d

q r sin (q L cos ) / 2



  
    

  
                                                 (7) 

where J1(x) is the first order Bessel function.  The estimated radius distributions of the nanotubes 

are depicted in Fig. 12.   
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Fig. 12 The estimated CNTs radius distribution form USANS data. The inset shows the USANS 

data with solid line as a fit. 
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The inset of the figure shows the fitting of the model to the experimental data. The model agrees 

quite well with the experimental data.  Few relevant fitting parameters, as obtained by USANS 

data analysis of the TiO2/ CNT composite grains, have been tabulated in Table-3. 

Table-3 Important fitting parameter extracted from USANS data analysis of TiO2/CNT grains 

Doping concentration 

 (wt %) 

CNT Structure 

Average CNTs radius (nm) σ Df 

5  12 0.42 2.6 

10  12 0.56 1.8 

15  17 0.54 1.8 

 

Radius of the CNTs for 5 wt% and 10 wt% is found to be approximately 10 nm.  Average radius 

of CNTs increases with increasing doping. In addition to this, morphology of the nanotubes i.e. 

the correlation of the nanotubes gets modified at higher Ni concentration. The fractal dimension 

reduces significantly with increasing doping concentration indicating lesser compacted 

morphology of nanotubes at higher doping concentration.  

3.4. X-ray Diffraction Results 

XRD patterns at different temperatures for 5Ni-TiO2 specimens are shown in Fig. 13.  
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Fig. 13 High temperature XRD patterns for the 5Ni-TiO2 microspheres. A and R denotes the 

anatase and rutile phase, respectively.* marked peaks are due to the Pt sample holder. Anatase 

to rutile phase transition is observed beyond 600 oC. 

It is evident from the figure that TiO2 is in anatase phase at lower temperature with substantial 

amorphous contribution. The observed diffraction profiles have been compared with the anatase 

and rutile phase of TiO2 corresponding to JCPDS card nos. 21-1272 and JCPDS 21-1276, 

respectively. The indexing of the prominent peaks, corresponding to anatase and rutile phases, 

has been carried out. Some reflections at higher temperature could not be accounted by both 

anatase and rutile phases of titania. These peaks may correspond to some phase associated with 

compound of Ni. In present case, high temperature XRD experiments have been carried out in-

situ which limits the collection of the XRD data for longer time. This results in to XRD patterns 

with lower resolution. Our interest in present work was to probe the stability of the composite 
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against anatase to rutile transformation. In future, we will try to understand the high temperature 

behavior of the materials and effect of the doping in detail way using high resolution XRD 

measurements. 

The broadening of the peak is quite significant at lower temperatures. There is no clear phase 

transition of TiO2 below 600oC. The weight fraction of anatase (WA) and rutile (WR) in both the 

specimens were calculated from the Spurr’s equations [44] 

                                                                                                                                                       (8) 

    

where IA and IR are the intensities of peaks corresponding to (101) plane of anatase and (110) 

plane of rutile phase, respectively. The fractions of anatase and rutile phases, at different 

temperatures, have been tabulated in Table-4. 

Table-4 The parameters obtained from analysis of XRD patterns for 5Ni-TiO2 specimen. 

Temperature (oC) Weight percent Average  crystallite 

size of anatase 

phase (nm) 

Average crystallite 

size of rutile phase 

(nm) 
Anatase Rutile 

27 100.0 - 4.1 - 

200 100.0 - 3.8 - 

400 100.0 - 3.8 - 

600 100.0 - 7.2 - 

700 93.3 6.7 19.3 14.6 

850 35.5 64.3 30.1 19.2 

950 8.9 91.1 34.5 30.4 
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Mean value of the crystallite size of anatase and rutile phases was calculated from the 

broadening of the X-ray reflections using the Scherer’s formula [45]. The (101) crystallographic 

plane of anatase and (110) for rutile phase were considered for this purpose. It is evident from 

Table-4 that average anatase crystallite size of the virgin powder remains~ 4.1 nm and grows to 

~7.2 nm at 600oC. A rutile phase also appears at 700o C with an average crystallite size of ~ 14.6 

nm. The anatase crystallite size has been estimated to be 19.3 nm at 700oC and it grows to 30 nm 

at 850oC . The weight fraction of rutile phase increases with increasing temperature.   

The TiO2/CNT composites were also investigated by diffraction experiments.  XRD patterns for 

the composite grains are shown in Fig. 14a.  
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Fig. 14(a)The XRD patterns of the CNTs grown on TiO2 microspheres. The * marked peak 

corresponds to graphite peak of the CNT. (b) Yield of CNTs, as estimated from the peak intensity 

corresponding graphite peak, is shown with different Ni concentration.   

It is evident that TiO2 in the composite grains exists in the rutile phase as Ni-TiO2 grains were 

heat treated (~800oC) during fabrication of CNTs. It is evident from figure that the intensity of 

the peak corresponding to graphite, increases with increasing Ni weight percent. Relative yields 

of CNTs have been estimated by XRD data by measuring peak position corresponding to the 

graphite and are presented in Fig. 14 b. It is evident from figure that the yield of CNTs increases 

with increasing Ni amount.  

3.5. Formation of Submicrospheres 

Let us understand the mechanism of formation of TiO2submicrospheres: 

The hydrolysis reaction for TTIP can be written as: 

Ti[OCH(CH3)2]4 + 2 H2O → TiO2 + 4 (CH3)2CHOH 
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We consider a spherical water droplet surrounded by hexane phase containing TTIP (see Fig 15).  

Due to immiscibility between water and hexane, an interface is formed between water and 

hexane.  TTIP comes into contact with water at interface only and hydrolysis reaction starts. 

Partially hydrolyzed TTIP, being hydrophilic, diffuses further into the water droplet.  In the 

course of diffusion, partially hydrolyzed TTIP undergoes further hydrolysis reaction and 

condensation of resulting titanium hydroxide takes place resulting in the formation TiO2 NPs. 

Diffusion of the hydrophilic hydroxide is limited to the droplet surface only if the concentration 

of TTIP is small leading to shell formation. In this case, hollow microsphere of TiO2 is achieved 

[31]. For higher concentration of TTIP, partially hydrolyzed TTIP diffuses towards core of water 

droplet before condensation of titanium hydroxide takes place due to short supply of water 

molecule. Finally, localized condensation reactions take place inside water droplet not on the 

surface.  Hence, shell formation and in turn formation of hollow sphere is most unlikely for this 

case.  NPs forms in this process tend to aggregate due to its small size. Thus, individual grains 

resulting for the hydrolysis of single droplet consist of aggregated NPs. These grains get 

agglomerated further due to its submicron size.  It is important to mention here that the aggregate 

of the NPs is quite stiff due to strong van der Waal attraction. However, the agglomerated 

structure of the grains is relatively soft due to weak van der Waal attraction.  By combining 

results of microscopy (TEM and SEM) and scattering experiments, a simplistic mechanism for 

the formation of submicrospheres may be presented as shown in Fig. 15.  
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Fig. 15The schematic representation of the mechanism for the formation TiO2 submicrospheres 

during spray hydrolysis technique.   

4. Conclusions 

Submicrospheres of NiO doped TiO2 have been synthesized by spray hydrolysis technique. 

These hierarchical grains possess three level structures and have been investigated by scattering 

techniques. A plausible mechanism for the formation of submicrospheres from the droplet 

hydrolysis has been discussed. The diffraction experiment revels that initial phase of the TiO2  

NPs is anatase due its small size. Size of the NPs increases at higher temperature via atomistic 

diffusion and coalescence of NPs. Anatase to rutile phase transformation occurs for the TiO2 NPs 

beyond 600oC due to increase in size of NPs.  

Synthesized Ni-TiO2 grains have been utilized to prepare TiO2/CNT composites using CVD 

route.  The morphology of the nanotubes has been probed using microscopy as well as scattering 

techniques.  It has been shown that the morphology of the nanotubes varies with Ni doping.  The 

yield of CNTs also increases with increasing Ni content in the composite.  We feel that             

Ni-TiO2-CNTs composites may find applications in hydrogen generation via water splitting 

using photocatalytic property of the Ni-TiO2. And subsequently, this composite may be used for 
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storage of hydrogen by utilizing high specific surface area of CNTs. The photocatalytic and 

hydrogen storage proper ties of the composites will be studied in near future.  
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