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ABSTRACT 

The characteristics of nano rosette TiO2 hydrothermally grown on a glass substrate at different 

reaction times and acid concentrations has been examined. The hydrothermal reaction was 

performed at 170°C for 3, 4, 5, and 6 hours whereas the crystallization was achieved through 

calcination at 450°C for 90 minutes. The growth mechanism was observed by employing the 

hydrothermal reaction under different acid concentrations: 0%, 12.5%, 25%, and 50% v/v HCl. 

The morphology, formation, crystallization, and growth mechanism of the nano rosette TiO2 

were characterized using a field emission scanning electron microscope (FE-SEM) and X-ray 

diffraction (XRD). The electron images showed that after 3 hours of hydrothermal reaction 

time, the nucleation process has just taken place; the formation of the nano rosette was 

completed after 6 hours. The results also showed that the acid environment plays a dominant 

role in determining the three-dimensional (3D) architecture of the nano rosette TiO2. Structural 

studies from XRD showed that different acid concentrations resulted in different crystalline 

formations. The nano rosette rutile TiO2 crystal structure was formed after 6 hours of 

hydrothermal reaction under 1:1 distilled water and HCl with a structure indexed to rutile 

P42/mnm with lattice parameters of a = 4.557(6) Å and c = 2.940(5) Å. 
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1. INTRODUCTION 

In the last several years, the self-assembly architecture of nanoscale building blocks has 

attracted the attention of many researchers for use in many nanostructured multifunctional 

materials. The nanoscale building blocks are usually in the forms of one-dimensional (1D), 2D, 

or 3D architectures of hierarchical nanostructures. The 3D architectures, especially 3D 

nanostructures assembled from 1D and 2D nanoscales to form building blocks, have become a 

hotspot and received special attention due to their unique properties and promising applications 

(Jia et al., 2017). These 3D nanostructures include nanowires (Zhu et al., 2018), nanorods 

(Govindaraj et al., 2017), nanosheets (Zhong et al., 2015), and nanoflowers (Ma et al., 2017). 

One of the compounds that has attracted the attention of many researchers interested in 

nanostructured multifunctional application is titanium dioxide (TiO2). Titanium dioxide is a 

polymorph compound that has several crystal structures with unique properties. Depending on
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how it is formed, TiO2 may have brookite, anatase, and or rutile crystal structures (Banfield & 

Veblen, 1992). Due to these unique properties, many researchers have had numerous 

breakthroughs in the wide range of applications for TiO2. For example, TiO2 has been applied 

in the fields of sensors (Bai & Zhou, 2014), photocatalysts (Nakata & Fujishima, 2012), 

environmental remediation (Ochiai & Fujishima, 2012), photovoltaic cells (Hagfeldt & Grätzel, 

1995), batteries (Longoni et al., 2017), and some other electrochemical devices (Yasin et al., 

2016).  

Among the several structures of TiO2, rutile is more thermodynamically stable than the other 

two forms of anatase and brookite. This is especially true because the two other crystal 

structures will transform to rutile when heated at 600–700°C (Hanaor & Sorrel, 2011). 

Nevertheless, each of these structures has its own application. For example, anatase is usually 

considered to be the most photoactive of the three polymorphs and thus it is used for the 

degradation of organic pollutants (Wang et al., 2015; Fisli et al., 2017) and dye-sensitized solar 

cells (Hagfeldt & Grätzel, 1995; Sofyan et al., 2017); brookite also has an application in the 

field of photocatalysis (Xie et al., 2009), whereas rutile is usually used the most in perovskite 

solar cells (Saif et al., 2012). 

Recently, the use of the 3D nanostructures of TiO2, specifically the hierarchical flower-like 

TiO2 nanostructures, has increased due to their unique and excellent optical, electrical, and 

electronic properties (Bu et al., 2015). Many investigators have tried to find a facile way to 

synthesize the 3D flower-like nanostructures of TiO2 that are useful in many applications. For 

example, the 3D nano-flower hierarchical structures of TiO2 have been proven to enhance its 

photocatalytic properties (Zhou et al., 2013). Xiao et al. (2017) and Govindasamy et al. (2016) 

have reported that the use of a combination of compact TiO2 layers with the growth of TiO2 

nanorods as an electron transporting layer has improved the performance of perovskite solar 

cells.  

Most of the problems being faced by the investigators in synthesizing the 3D hierarchical 

flower-like structures of TiO2 concern the homogeneity and the coverage area for the case of 

deposition process. Many papers discuss the transformation of anatase to the rutile form or vice 

versa, but very few references discuss the direct synthesis of rutile with high homogeneity, 

especially in the form of rutile nano rosette TiO2. In this work, we have grown 3D hierarchical 

nano rosette TiO2 through a hydrothermal process on a glass substrate with enhanced 

homogeneity and coverage area that has promising applications in photocatalysis or in an 

electron transporting layer in perovskite solar cells. This paper presents and discusses the 

characteristics of nano rosette TiO2 made from different hydrothermal reaction times, the 

degree of crystallization from different calcination times, and the effect of the environmental 

condition during the hydrothermal process on the growth of nano rosette TiO2 as controllable 

variables during the synthesis. 

 

2. METHODS 

Nano rosette TiO2 was synthesized through deposition on top of a fluorine-doped tin oxide 

(FTO, 30 Ω/cm2) glass substrate via a hydrothermal method similar to the previously reported 

procedure used by Govindasamy et al. (2016) with a slight modification. In a typical synthesis, 

distilled water was mixed with hydrochloric acid at a fixed volume ratio of 1:1 to reach a total 

volume of 40 mL in a beaker glass. The mixture was then treated ultrasonically (Digital 

Ultrasonic Cleaner, Krisbow) under ambient condition for 5 minutes. A volume of 450 μL of 

titanium (IV) isopropoxide (TTIP) was added to the previous mixture, followed by another 

ultrasonic mix for 5 minutes to get a clear solution. The glass substrate was ultrasonically 

treated for 10 minutes in a mixed solution of distilled water, acetone, and ethanol with volume 
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ratios of 1:1:1. The glass substrate was then placed horizontally on the bottom of a Teflon-lined 

stainless-steel autoclave (100 mL) and the mixture of TTIP solution was poured over it. The 

hydrothermal synthesis was conducted at 170°C for 3, 4, 5, and 6 hours in a vacuum oven 

(DZF-6050, Berkeley Scientific). After the synthesis, the autoclave was cooled to room 

temperature under flowing water for approximately 5 minutes. The glass substrate was taken 

out and rinsed with distilled water and allowed to air dry for 15 minutes before being calcined 

using a hot-plate (Cimarec SP 131320-33, Thermo Scientific) at 450°C for 90 minutes, when it 

was ready for characterization. 

The hydrothermal reaction with different acid concentrations was employed to observe the 

growth mechanism of nano rosette TiO2. The synthesis method used the same hydrothermal 

reaction time, but different solvents. For the solvents, distilled water was mixed with a certain 

volume of hydrochloric acid, i.e. 0, 5, 10, and 20 mL to reach a total volume of 40 mL in a 

beaker glass. These solvent mixtures were then marked as 0%, 12.5%, 25%, and 50% v/v HCl, 

respectively. The subsequent process to grow TiO2 followed the process described above for the 

hydrothermal reaction. 

The characteristics of the sample were examined using a field emission scanning electron 

microscope (FE-SEM, FEI Inspect F50) and X-ray diffraction (XRD, PANalytical X’Pert PRO) 

operating at 40 kV 30 mA with Cu Kα radiation (λ = 1.5406 Å).  

 

3. RESULTS AND DISCUSSION 

The morphology of hydrothermally synthesized TiO2 made with different reaction times was 

studied through secondary electron images taken using a FE-SEM and the results are shown in 

Figure 1. To measure the rosette petal size, high resolution secondary electron images were also 

taken and are displayed in the inset. As can be seen in Figure 1a for the hydrothermal reaction 

of 3 hours, the nucleation has just started and the coverage area is very small. Some of the 

clusters have started orientating themselves to form irregular nano rosettes with an average 

petal diameter of 60 nm. More coverage area is found in the 4-hour hydrothermal reaction 

(Figure 1b). At this 4-hour reaction time, the crystals have oriented and assembled themselves 

to form a more regular nano rosette crystal structure with an average petal diameter of 80 nm. 

In 5 hours of hydrothermal reaction time (Figure 1c), the full substrate coverage can be seen; 

however, the formation of the nano rosette crystal structure has not been entirely completed. 

Some of the crystals are at their early rosette formation and lie on the substrate base. The 

complete rosette formation at this 5-hour hydrothermal reaction time has an average petal size 

of 110 nm. Complete nano rosette crystal formation with full substrate coverage is found in the 

hydrothermal reaction time of 6 hours (Figure 1d). At this stage, the petal of the rosette has 

reached an average size of about 300 nm. It is obvious from this morphology study that the 

longer the reaction time, the larger the crystal size. 

Figure 2 shows the secondary electron images of TiO2 grown hydrothermally at 170°C for 6 

hours under different acid concentrations, i.e. 0%, 12.5%, 25%, and 50% v/v HCl. High 

resolution images were taken to measure the petal size, shown in the inset. Using pure distilled 

water and no acid, the covered area has a layer with just nanoparticles and no trend to form a 

larger 3D shape (Figure 2a). The average particle size is about 20 nm. Some these particles 

clump together, forming rod-like shapes. The tendency to form a 3D hierarchical structure starts 

with the addition of an acid concentration of 12.5% v/v HCl, as can be seen in Figure 2b. The 

initial shape of this 3D structure has begun to form a flower from the clump of nanoparticles, 

which has an average size of 80 nm. The formation of the 3D architecture with several layers of 

lotus petal-shaped rosettes is more apparent when 25% v/v HCl was used, as can be seen in 

Figure 2c.  
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Figure 1 Secondary electron images of nano rosette rutile TiO2 grown hydrothermally at 170°C 

for: (a) 3; (b) 4; (c) 5; and (d) 6 hours. The bar scale is 20 m. The differences in the coverage area 

are apparent: the longer the reaction time, the more the coverage area. The insets are the pictures in 

high resolution (bar scale 500 nm) 
 

The average width of the rosette petal is about 150 nm. At a high acid concentration of 50% v/v 

HCl, the formation of the 3D architecture with Mimosa pudica petal-shaped rosettes is apparent 

(Figure 2d). As has been mentioned previously, the average width of the rosette petals is about 

300 nm. From this morphology study, it is obvious that the acid concentration is a dominant 

factor in determining the 3D architecture of the nano rosette TiO2. 

The crystal structure and the phase formed during the hydrothermal reaction using different acid 

concentrations were characterized using the XRD technique after calcination for 90 minutes. 

Figure 3 shows X-ray diffractograms of TiO2 grown hydrothermally at 170°C for 6 hours with 

the different acid concentrations of 0%, 12.5%, 25%, and 50% v/v HCl. 

The first diffractogram is rutile TiO2 reference (JPDS 01-082-0154) indexed to the P42/mnm 

tetragonal crystal structure (Figure 3a). In the second diffractogram (Figure 3b), TiO2 was 

grown hydrothermally in pure distilled water with no acid; it shows the formation of anatase 

TiO2, marked by the arrow. The complete diffractogram of this anatase crystal structure is 

provided in the inset. In the third diffractogram (Figure 3c), TiO2 was grown hydrothermally in 

a low acid concentration of 12.5% v/v HCl, and it shows the mixed formation of both anatase 

(arrow) and rutile phases. The fourth and fifth diffractograms, with acid concentrations of 25% 

(a) (b) 

(c) (d) 
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(Figure 3d) and 50% v/v HCl (Figure 3e) respectively, show peaks of a pure rutile phase, but 

with peak shifting. There were no other characteristics from other phases and or impurities 

detected. For the peak shifting, the refinement of the crystal structure has been carried out and 

has resulted in lattice parameters shifting from a = 4.508 Å and c = 3.027 Å to a = 4.557(6) Å 

and c = 2.940(5) Å. This refinement result for the rutile crystal structure agrees with the results 

found by others (Cargnello et al., 2014). 

 

 
 

From this structural study, it is also clear that the acid concentration is a dominant factor in 

determining the crystal structure formation of the nano rosette rutile TiO2, as the morphology 

study explained previously. 

In the absence of an acid environment, there is no driving force for the formation of the 3D 

hierarchical structure. This is proven by the fact that after the nucleation process and the 

deposition take place during the hydrothermal reaction, the nuclei tend to adhere to their 

original shape and stay in the form of nanoparticles. In this instance, a 6-hour hydrothermal 

reaction only results in the formation of nanoparticle anatase TiO2. This result agrees with the 

findings of others (Yin et al., 2004). In the presence of an acid environment, however, after the 

  

  

Figure 2 Secondary electron images of TiO2 grown hydrothermally at 170°C for 6 hours using 

different acid concentrations of: (a) 0%; (b) 12.5%; (c) 25%; and (d) 50% v/v HCl. The bar scale 

is 10 m. The insets are the pictures in high resolution (bar scale 500 nm) 

 

(a) (b) 

(c) (d) 
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nucleation process and the deposition take place, the nuclei still have the energy to grow larger 

and form 3D hierarchical structures during the hydrothermal reaction. Depending on the acid 

concentration acting as the driving force for the 3D structure formation, the hydrothermal 

reaction product could take the form of the flower-like nano rosette rutile TiO2. This result 

agrees with the result found by others (Yanqing et al., 2001) 

 
In order to understand the growth mechanism during the hydrothermal reaction using different 

acid concentrations, a formation mechanism is proposed, as schematically illustrated in Figure 

4. The scheme illustrates the reaction pathway of the formation of TiO2 (Yanqing et al., 2001). 

During the hydrothermal reaction, the hydrolysis reaction takes place to form the amorphous 

phase of Ti(OH)4. Titanium exists as a six-fold coordinated [Ti(H2O)6]
4+ complex. Because 

both anatase and rutile TiO2 can grow from TiO6 octahedra, the phase formation proceeds 

through the rearrangement of the octahedra. During the hydrothermal reaction, the [Ti(H2O)6]
4+ 

hydrated ions are dehydrated and polymerized to form [(H2O)5Ti–(OH)]n3+ or [(H2O)4Ti–

(OH)2]n
2+. When TTIP is dissolved in distilled water only, more OH– are available and thus the 

rearrangement of the TiO6 octahedra occurs with an edge-sharing mechanism to form an 

anatase crystal structure. However, when TTIP is dissolved in water in an acid environment, 

there would be a smaller amount of OH– and thus the TiO6 octahedra rearrange themselves with 

a corner-sharing mechanism to form a rutile crystal structure (Yanqing et al., 2001). 

Based upon the above reaction pathway during the hydrothermal reaction, a growth mechanism 

for the 3D architecture of the nano rosette rutile TiO2 is proposed, as illustrated in Figure 5. 

 

  

Figure 3 X-ray diffractograms of TiO2 grown hydrothermally at various acid concentrations. The 

first diffractogram at the bottom line (a) is rutile TiO2 reference (JPDS 01-082-0154). In (b) TiO2 

was grown hydrothermally in pure distilled water with no acid; the diffractogram shows a tendency 

of anatase TiO2 (arrow) with the detail given in the inset. In (c), TiO2 was grown hydrothermally in a 

low acid concentration (12.5% v/v HCl); the diffractogram shows a mixture of anatase and rutile. In 

(d) and (e) with acid concentrations of 25% and 50% v/v HCl respectively, the diffractograms show 

a pure rutile formation 
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At the initial stage, after a certain time spent in the hydrothermal reaction in an acid 

environment, nucleation takes place and the nuclei start to deposit on the substrate. As more 

time is spent in the hydrothermal reaction, the acid environment prevents the occurrence of 

agglomeration and favors the homogeneous nucleation of tiny single crystals derived from the 

nuclei. As the reaction continues, the crystals come together, forming the early stage of rosette-

shaped formations through oriented attachments, while the acid concentration acts as a 

structure-directing agent. At the last stage of the hydrothermal reaction, the acid concentration 

helps to control the growth of the different crystals’ orientation to minimize their surface area 

and decrease their energy. At the same time, the assembly occurs through the self-organization 

of the petal-shaped structures and the 3D hierarchical structures of the nano rosette rutile TiO2 

is obtained. Finally, the calcination completes the crystallization while keeping the morphology. 

 
 

Figure 4 Illustration of the reaction pathway for the formation of TiO2 during the hydrothermal 

synthesis using different acid concentrations 

 

Figure 5 Growth mechanism for the 3D architecture of the nano rosette rutile TiO2 
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4. CONCLUSION 

The characteristics of nano rosette TiO2 grown on a glass substrate via a hydrothermal reaction 

using different reaction times and acid concentrations have been examined. The morphological 

study from secondary electron images shows that after 3 hours of hydrothermal reaction time, 

the nucleation process has just taken place; the formation of the 3D hierarchical architecture of 

the nano rosettes is completed after 6 hours. The morphological and structural studies using 

different acid concentrations showed that the acid environment is a dominant factor in 

determining the 3D architecture of nano rosette TiO2. In pure water, there was no tendency to 

form 3D structures except for the anatase nanoparticle TiO2. In an acid environment, however, 

depending on the acid concentration, there is the driving force to form 3D structures. The 

formation of 3D architecture with Mimosa pudica petal-shaped rutile TiO2 occurred in a water 

and HCl ratio of 1:1, confirmed by the X-ray diffractograms indexed to rutile P42/mnm with 

lattice parameters of a = 4.557(6) Å and c = 2.940(5) Å. For the reaction pathway, the growth 

of TiO2 is determined by the reaction environment. In the absence of acid, there is more OH– 

and the growth of TiO2 occurs via an edge-sharing mechanism to form anatase crystal 

structures. In the presence of an acid environment, however, there is less OH– and thus the 

growth occurs via a corner-sharing mechanism to form rutile crystal structure. This reaction 

pathway also determines the growth mechanism to form the 3D hierarchical nano rosette 

architecture. 
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