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Abstract

Effect of hydrothermal treatment, acid washing and annealing temperature on the

structure and morphology of TiO2 nanotubes during the formation process was

assessed. X-ray diffraction, scanning electron microscopy (SEM), transmission

electron microscopy (TEM) and energy dispersive X-ray spectroscopy analysis

were conducted to describe the formation and characterization of the structure and

morphology of nanotubes. Hydrothermal treatment of TiO2 precursor nanoparticles

and acid washing are fundamental to form and define the nanotubes structure.

Hydrothermal treatment causes a change in the crystallinity of the precursor

nanoparticles from anatase phase to a monoclinic phase, which characterizes the

TiO2 nanosheets structure. The acid washing promotes the formation of high purity

nanotubes due to Na+ is exchanged from the titanate structure to the hydrochloric

acid (HCl) solution. The annealing temperature affects the dimensions, structure

and the morphology of the nanotubes. Annealing temperatures in the range of 400
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°C and 600 °C are optimum to maintain a highly stable tubular morphology of

nanotubes. Additionally, nanotubes conserve the physicochemical properties of the

precursor Degussa P25 nanoparticles. Temperatures greater than 600 °C alter the

morphology of nanotubes from tubular to an irregular structure of nanoparticles,

which are bigger than those of the precursor material, i.e., the crystallinity turn

from anatase phase to rutile phase inducing the collapse of the nanotubes.

Keywords: Nanotechnology, Materials science

1. Introduction

Recently, advanced oxidation processes such as photocatalysis have been proposed

to degrade emergent contaminants. Photocatalysis is an energy efficient, harmless

and sustainable process that has called the interest for practical applications.

Among several catalysts, the TiO2 has been widely studied and it is commonly

used in industry due to its photoactivity efficiency, stability, and cost [1, 2].

Nanostructures of TiO2 such as nanotubes, nanocables, and nanobelts have been

recognized as great catalysts by several researchers [3, 4, 5]. Specially,

photocatalytic activity, ion-exchange capacity, high surface area and structure

with layered walls are interesting physicochemical properties of TiO2 nanotubes

[1]. High surface area of nanotubes improves the electron transfer and

consequently their efficiency on different applications. Characteristics such as

high purity, crystallinity, and stability at high temperatures are required by such

applications [6]. Different processes such as sol-gel [7], anodization [8], and

molecular assembly [9] have been used to synthesize TiO2 nanotubes; however,

these techniques cannot produce low dimensional TiO2 nanotubes with high

crystallinity. Better results have been obtained with the application of a

hydrothermal method commonly used to prepare zeolite catalysts on an industrial

scale; it is a simple synthesis method, where the products properties depend on the

formation mechanism and hydrothermal parameters. Formation of TiO2 nanotubes

is influenced by the synthesis conditions (TiO2 precursor, temperature, pressure

and reaction time), and the use of auxiliary techniques; such as: ultrasonication,

microwave, acid washing and calcination [1]. A cheap and safety alkaline

hydrothermal technique was introduced by Kasuga et al. to synthesize nanotubes

with high purity [10, 11]. They found that formation of nanotubes of TiO2 depends

on the hydrothermal treatment and the purification process; but they did not discuss

the effect of the annealing temperature on the thermal stability, morphology and

crystalline structure of nanotubes and the influence of these properties on the

photocatalytic effect.

The annealing temperature is the main parameter that affects the formation of TiO2

nanotubes according to Wang et al. [12], Kiatkittipong et al. [13] and B. Vijayan

et al. [14], but in their reports, they did not discuss about the morphology and
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crystallinity of nanotubes. Despite several researches conducted on hydrothermal

synthesis and formation mechanism of TiO2 nanotubes since 1998 [1], there are

still debate related to the formation mechanism and the crystalline structure of

nanotubes. The extremely small size of the tubular structures hinders direct

experimental measurements to confirm the proposed formation mechanisms.

Mohsen et al., report a method to fabricate an effective, reproducible, and

inexpensive visible-light-driven photocatalyst for environmental applications [15].

Thus, paper investigates the synthesis of stable TiO2 nanotubes, the effect of the

hydrothermal treatment, HCl-washing, and the annealing temperature on the

formation process, structure, and morphology of TiO2 nanotubes.

2. Materials and methods

2.1. Chemical reagents for the synthesis of TiO2 nanotubes

All chemical reagents used in this study were analytical grade (Table 1). For the

synthesis of TiO2 nanotubes, Degussa P25 (88% anatase and 12% rutile) was used

as a precursor from Aeroxide (Evonik, Germany). Sodium hydroxide (NaOH) and

hydrochloric acid (HCl) were purchased form J.T. Baker (Center Valley, PA,

USA). Ultra-pure water was prepared with a Milli-Q water purification system

(Bedford, MA, USA).

2.2. Synthesis of TiO2 nanotubes

TiO2 nanotubes were synthesized using a procedure similar to that described by

Kasuga et al. [10]. 0.3 g of Degussa P25 TiO2 nanoparticles were dispersed into 30

ml of a 10 M sodium hydroxide solution. The suspension was stirred vigorously for

2 hours at 30 °C. Then, the suspension was autoclaved at 110 °C for 72 h. The

product obtained was redispersed in 200 ml of a 0.1 M HCl solution for 3 hours

[16] (See Fig. 1). Then, the suspension was centrifuged and the solid sample was

washed with distilled water until pH was stabilized at 6.7. Finally, the sample was

dried at 80 °C for 24 h in a vacuum oven. The dried sample was divided into three

portions and then annealed at 400 °C, 600 °C and 800 °C for 2 hours, respectively.

Table 1. Physical properties of the chemical reagents.

Reagent Formula Molecular Weight (g/mol) Purity (%)

Degussa P25 TiO2 79.87 ≥99.5

Sodium Hydroxide NaOH 40 99.1

Hydrochloric acid HCl 36.46 99.7

Distilled water H2O 18.01 18 Ω
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2.3. Structural and morphological characterization of TiO2

nanotubes

Annealed samples were powdered by using an agate mortar and then analyzed.

Structural characterization of nanotubes was performed by X-ray diffraction

(XRD). A Bruker AXS-D5000 diffractometer was used with a Cu Kα wavelength

(λ = 1.5418 Å), diffraction angle (2θ) ranging from 5° to 90°, step size of 0.020°,

scan speed of 0.6 s/step and a temperature of 300 K.

Average size, composition and morphology of nanotubes were examined using a

JEM-2100 (JEOL) transmission electron microscope (TEM). The samples were

placed in a sample holder and analyzed by energy-dispersive spectroscopy (EDS).

The operation conditions were: accelerating voltage, 15 eV; current, 75 mA;

pressure, 1.3 × 10−3 Pa; and working distance, 25 mm. Additionally, Varian, Cary-

100 scan spectrophotometer was used for evaluating the band-gap values of

synthesized TiO2 nanotubes. The optical band-gap energy of TiO2 nanotubes was

obtained from UV–vis reflectance spectra.

3. Results and discussion

3.1. Structural characteristics of TiO2 nanotubes

Fig. 2 shows the X-ray diffractograms of nanotubes after different treatments. (a)

represents the precursor Degussa P25; (b) nanostructures after hydrothermal

treatment at 110 °C; (c) annealed nanotubes after acid washing with 0.1 M HCl

solution; (d, e, f) nanotubes after annealing treatment in air for 2 h at 400 °C, 600

°C, and 800 °C., respectively. The annealing treatment was conducted to observe

the thermal stability of the nanotubes. Crystalline phases present in nanotubes were

identified using the X-ray diffractograms obtained and by profile fitting using the

PDF-2 database from the International Center for Diffraction Data. The profile

fitting was conducted following the Le Bail method [17] and using the FULLPROF

software [18]. The average size of nanoparticles was estimated using the Scherrer

equation (Eq. (1)).

[(Fig._1)TD$FIG]

Fig. 1. Hydrothermal synthesis of TiO2 nanotubes.
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[(Fig._2)TD$FIG]

Fig. 2. X-ray diffractograms of nanotubes after different hydrothermal treatments. (a) represents the

precursor Degussa P25; (b) nanostructures after hydrothermal treatment at 110 °C; (c) annealed

nanotubes after acid washing with 0.1 M HCl solution; (d) nanotubes after annealing treatment at 400

°C; (e) nanotubes after annealing treatment at 600 °C; (f) nanotubes after annealing treatment at 800 °C

in air for 2 h. In red experimental pattern; in black calculated pattern, based on the Le Bail method; and

in blue the profile fitting difference. Green vertical bars correspond to the Bragg positions of anatase
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L ¼ Kλ
βcosθ

(1)

where L is the estimated nanocrystallite size; K is the shape factor, in this case was

taken as 0.89; λ is the wavelength of X-ray diffraction radiation in nm; β is the peak
width of the diffraction peak profile at the half maximum height resulting from

small crystallite size; and θ is the diffraction angle.

From X-ray diffractograms (Fig. 2, profile (a)), anatase and rutile phases of the

Degussa P25 precursor were identified. Le Bail profile fitting reveled an 88% of

anatase and 12% of rutile phases. The profile difference (in blue) indicated a good

fitting between the calculated and experimental profiles. The estimated average

crystallite size was 24 nm, which corresponds to the values reported by the

precursorś manufacturer.

The profile (b) corresponds to the nanotubes structure after the hydrothermal

treatment at 110 °C; as seen, good fitting to the Na2Ti3O7 monoclinic phase

(JCPDS 00-059-0666) [21] was observed. Three main peaks located at 9.6°, 25.1°

and 29.5° were identified. Additionally, the experimental profile also presented an

important peak at 48.4°, which might suggest that anatase structure of the precursor

nanoparticles were present in minor quantity. Due to the low crystallinity of the

sample, the Le Bail profile fitting could not be determined.

Na2Ti3O7 is a layered compound, reported by [22], which is synthesized through

the reaction in Eq. (2).

3TiO2 þ 2NaOH→Na2Ti3O7 þ H2O (2)

Through the hydrothermal treatment, shown in reaction (2), some of the Ti–O–Ti
bonds of the TiO2 precursor break and a six-coordinated monomer [Ti(OH)6]2 is

formed and saturated. This monomer is unstable and combines by oxolation or

olation to form nuclei. They become thermodynamically stable when grow and

their size exceeds the critical nuclei size [23]. During the growing process, thin

nanosheets can be formed and integrated of layer unit cells. The growth of these

nanosheets is anisotropic, being the growth along the b-axis the fastest, which leads

to the formation of 1D Na2Ti3O7 nanostructures. The crystal structure of Na2Ti3O7

is monoclinic with layers of [TiO6] octahedral sites with shared edges and vertices,

and with Na+ cations located between the [TiO6] layers. The synthesis of Na2Ti3O7

nanotubes occurs at lower temperatures; where the hydrogen deficiency in the

surface of the nanosheets increment the surface tension and the tendency of the

surface layer to bend. The surface strain energy becomes larger due to the increase

of hydrogen-deficient sites to the point that the surface layer can overcome

coupling between layers and exfoliate off from the layer underneath [24].

phase (JCPDS 01-089-4921) [19], while red vertical bars correspond to rutile phase (JCPDS 01-086-

0148) [20].
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The Na2Ti3O7 conversion to H2Ti3O7, which is a related structure, requires an ion

exchange process. When Na2Ti3O
7 is immersed and washed with diluted

hydrochloric acid solution, the Na+ ions in the TiO2 matrix are replaced by H3O
+ ions to form H2Ti3O7, as shown in Eq. (3).

Na2Ti3O7 þ 2HCl→H2Ti3O7 þ 2NaCl (3)

In Eq. (3), anatase structure may be obtained by annealing the H2Ti3O7 at 700 °C

for 2 h [25], through crystal lattice rearrangement as given by Eq. (4).

H2Ti3O7→3TiO2 þ H2O (4)

The profile (c) in Fig. 2 presents two peaks located at 25.3° and 48.1°. These peaks

have a good fitting with the anatase phase (JCPDS 01-089-4921) [19]; however,

the profile fitting could not be determined due to the low crystallinity of the

sample. Several researches [26, 27, 28, 29] attribute this fact to the collapse of the

nanotubes due to the exchange of Na+ ions present in the nanotubes structure;

however, in this study, instead of collapse of the nanotubes, nanosheets formation

as a precursor of the nanotubes was the reason of the low crystallinity observed at

this stage of the synthesis.

The profile (d) reveals that both anatase and rutile phases were present in this

sample. The main phase was anatase with 72%, while rutile represented 28%.

These results suggest that nanotubes annealed at 400 °C recovered the anatase

structure of the precursor nanoparticles.

The profile (e) presented 100% of anatase phase, accordingly to profile fitting

pattern. This indicates that the anatase structure of nanotubes of sample (d)

[(Fig._3)TD$FIG]

Fig. 3. TEM image of TiO2 precursor nanoparticles (Degussa P25).
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improved as the annealing temperature increased from 400 °C to 600 °C. On the

contrary, at 800 °C the XRD pattern (Fig. 2, profile (f)) reveals that the anatase

phase changed to rutile phase. Le Bail profile fitting showed a phases distribution

of 40% for anatase and 60% for rutile. TEM images reveals that nanotubes were

destroyed and converted into non-uniform nanoparticles at annealing temperatures

greater than 600 °C, as discussed in section 3.2.

3.2. Morphology of TiO2 nanotubes

Fig. 3 shows a TEM micrograph of TiO2 precursor nanoparticles (Degussa P25).

As seen, nanoparticles are not uniform. According to the histogram (Fig. 4) the

[(Fig._4)TD$FIG]

Fig. 4. Average size of TiO2 nanoparticles (Degussa P25).

[(Fig._5)TD$FIG]

Fig. 5. TEM micrographs of precursor nanoparticles after hydrothermal treatment: (a) nanosheets

formation, (b) curled end of the nanosheets.
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average size was 25 nm with a standard deviation of 2.83 nm. This result is similar

to that obtained with Eq. (1).

Fig. 5 shows TEM micrographs of the precursor nanoparticles after the

hydrothermal treatment at 110 °C and 72 h reaction time, prior to the acid

washing process. As seen, no tubular structures or particles were identified, but

nanosheets structures were clearly observed. According to the formation

mechanism [30], if the tubular structure has been formed, a couple of walls of

multiple layers would be observed [31, 32]. In Fig. 5, the formation of nanosheets

(2D) with a random distribution and a nearly curled end was observed. These

results differed from those of the literature that reports that nanosheets are formed

in reaction times lower than 72 h [10, 11, 28, 33, 34, 35]. According to the

formation mechanism of TiO2 nanotubes proposed by [30], 2D nanosheets

constitute an intermediate step, essential to the formation of nanotubes [36].

[(Fig._6)TD$FIG]

Fig. 6. EDS spectra of nanotubes (a) after hydrothermal treatment without acid washing process, (b)

after acid washing process.
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Wang et al. [30] found that the acid washing process and the acidity of the solution

determine the morphology, length and other properties of nanotubes such as

composition, annealing characteristics, and specific surface. In this research, the

acid washing process with 0.1 M HCl solution altered the intensities of the peaks in

the XRD pattern (Fig. 2c) due to changes in the titanate structure. These changes

occurred because the nanotubes exchanged Na+ ions to the HCl solution as

observed in the EDS results (Fig. 6). These results are in accordance with those

reported by [37] who considered that the acid washing process is required for the

formation of high purity nanotubes. Thus, the acid washing process influences the

formation of nanotubes and the hydrothermal treatment affect their structural

composition [12].

Formation of nanotubes after the acid washing process was observed from TEM

results (Fig. 7). From the histogram (Fig. 8) the average inner diameter was

determined as 7.5 nm, the external diameter as 8.4 nm and the length as 34 nm.

Fig. 9 presents the results of the TEM and SEM analysis of nanotubes after the

annealing treatment at 400 °C and 600 °C. As seen, the tubular morphology did not

change in both temperatures. According to the histogram shown in Fig. 10 (a), the

characteristics of the nanotubes annealed at 400 °C were, inner diameter: 7.2 nm,

outer diameter: 8.1 nm, length: 20–30 nm. This result was similar to that calculated

from XRD analysis in Fig. 2, profile (d). On the other hand, the dimensions of

nanotubes annealed at 600 °C (Fig. 10b) were, inner diameter: 7.1 nm, outer

diameter: 8.1 nm, length: 28 nm. As shown in Fig. 9 (b and d), not only the tubular

[(Fig._7)TD$FIG]

Fig. 7. TEM micrograph of nanotubes formation, after the hydrothermal treatment at 110 °C and the

acid washing process with 0.1 M HCl solution.
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morphology was maintained, but also, the dimensions were quite similar, denoting

the stability of nanotubes when they are subjected to this range of annealing

temperatures. The tubular morphology is proved observing the SEM images for

each annealing temperature.

When the nanotubes were annealed at 800 °C, their crystalline structure changed

from complete anatase phase at 600 °C to an structure composed of anatase (40%)

[(Fig._8)TD$FIG]

Fig. 8. Average size distribution of nanotubes after the acid washing process.

[(Fig._9)TD$FIG]

Fig. 9. TEM and SEM images of TiO2 nanotubes annealed at 400 °C (a) and c), respectively) and 600

°C (b) and d), respectively).
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and rutile (60%) phases, as stated in Section 3.1 (Fig. 2, profile (f)). This change

was confirmed by the TEM image shown in Fig. 11. As seen, nanotubes

morphology disappeared to form nanoparticles with average diameter of 116 nm

(Fig. 12), greater than that of the precursor material. Similar results are reported by

[38]. They observed that high annealing temperature contributes to the collapse of

nanotubes due to the evaporation of hydroxyl groups. Reduction of the number of

hydrogen bonds causes the destruction of nanotubes, forming nanoparticles with

large dimensions.

DRS spectra of the nanotubes annealed at 400 °C is presented in Fig. 13. The band

gap energy (Eg) of the nanotubes sample was estimated using the Kubelka–Munk

model and by plotting a line from the maximum slope of the curve to the x-axis.

[(Fig._10)TD$FIG]

Fig. 10. Average size distribution of nanotubes annealed at 400 °C (a) and 600 °C (b).

[(Fig._11)TD$FIG]

Fig. 11. TEM micrographs. Nanoparticles formed after annealing nanotubes at 800 °C.
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The absorption was found to be 378 nm and the band gap energy of Eg = 3.28 eV.

The literature data concerning band gap of TiO2 nanotubes are inconsistent,

depending on the hydrothermal treatment time; but band gap values reported for

anatase phase in bulk is approximately 3.2 eV [39], value quite similar to the

obtained in this study. It means that physico-chemical properties of TiO2 nanotubes

are very close to the properties of TiO2 precursor nanoparticles, i.e., nanotubes

preserved the physico-chemical properties of the precursor Degussa P25 material,

which is desirable.

[(Fig._12)TD$FIG]

Fig. 12. Average size distribution of nanoparticles formed after annealing nanotubes at 800 °C.

[(Fig._13)TD$FIG]

Fig. 13. UV-vis-DRS spectra of TiO2 nanotubes annealed at 400 °C.
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Based on above results, Table 2 summarizes the structural and morphological

characteristics of nanotubes synthetized in this research.

4. Conclusions

Effect of hydrothermal treatment, annealing temperature and acid washing on the

the structure and the morphology of TiO2 nanotubes during the formation process

was assessed. From EDS, XRD, SEM and TEM analysis, it can be concluded that:

a) hydrothermal treatment of the TiO2 precursor nanoparticles and the acid

washing process are fundamental to form and determine the structure of nanotubes.

The hydrothermal treatment modifies the crystallinity of the precursor nanopar-

ticles, from anatase phase to monoclinic phase that characterizes the titanate

nanosheets structure. The acid washing process promotes to the formation of high

purity nanotubes due to Na+ ions are exchanged from the titanate structure to the

HCl solution. b) Annealing temperature influences dimensions and the morphology

of nanotubes structure. Annealing temperatures in the range of 400 °C and 600 °C

are optimum to maintain a highly stable tubular morphology of nanotubes.

Temperatures greater than 600 °C change the morphology of nanotubes from

tubular to an irregular structure of nanoparticles, which are bigger than those of the

precursor material, i.e., the crystallinity changes from anatase phase to rutile phase

causing the collapse of the nanotubes. c) Band gap energy of nanotubes annealed at

400 °C was similar to that of anatase phase in bulk (3.2 eV). It means that

nanotubes preserved the physicochemical properties of the precursor Degussa P25

material.
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