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Abstract In this study, the hydrothermal synthesis of

TiO2 nanoparticles from its coordinated metal precursor

via a novel modified hydrothermal method inside stainless

steel autoclave has been reported. The synthesized

nanoparticles were characterized via different techniques

such as: XRD, XPS, TEM and SEM. The mechanism of

formation has been proposed and this method is advanta-

geous by producing pure anatase crystalline structure at

mild conditions with a relatively high surface area of

208.7 m2 g-1 and 19 nm in size. Finally we assessed its

photocatalytic activity toward the photocatalytic degrada-

tion of methylene blue dye. The results revealed a photo-

efficiency of 96 % with a degradation rate of 0.013 min-1.

1 Introduction

Semiconductor photocatalysis with a primary focus on

TiO2 is widely used for the treatment of air and water

pollutants [1]. Photocatalysis aided by Titanium dioxide

nanoparticles is used in removing the organic chemicals

which occur as pollutants in wastewater effluents from

industrial and domestic sources [2, 3]. There are various

‘‘sensitizers’’ that accelerate the process. This process is a

combination of heterogeneous catalysis and solar technol-

ogy [4–6]. The Photocatalytic process breaks down the

compounds such as alcohols, carboxylic acids, amines,

herbicides and aldehydes into carbon dioxide, water and

simple mineral acids [7, 8]. The main advantage of

photocatalysis is that there is no further requirement for

secondary disposal methods. Other treatment methods such

as adsorption by activated carbon and air stripping merely

concentrate the chemicals present by transferring them to

the adsorbent or air and they do not convert them to non

toxic wastes [9, 10]. Also as compared to other oxidation

technologies, expensive oxidation methods are not required

as ambient oxygen is used [11]. TiO2 is the most promising

semiconductor used in photolysis since it provides a good

compromise between catalytic activity and stability in

aqueous media [12–14].

The anatase form possesses a band gap of 3.2 eV with

an absorption edge at 386 nm and the rutile form has a

lower band gap of 3.02 eV with an absorption edge at

416 nm. Both the crystal forms exhibit significant photo-

catalytic activity, however, the anatase form has found to

exhibit higher photoactivity compared to the rutile. This

makes anatase have a slightly higher redox driving force

than rutile, although the range of the light absorption by the

former is slightly less than that by the latter [15, 16].

Anatase also has much higher surface area than rutile,

leading to enhanced adsorption capability and even gen-

eration of much more active sites (such as oxygen vacan-

cies) [17]. Furthermore, although rutile has better charge

carrier mobility due to its higher crystallinity than anatase,

the latter can generate more efficient charge separation due

to the existence of more oxygen vacancies. Because of

these advantages of anatase, it usually shows much higher

photocatalytic activity than rutile [18, 19].

The key requirement of any novel study of metal oxide

nanoparticles is the synthesis method. The development of

systematic, facile and reproducible methods for the syn-

thesis of metal oxide nanoparticles is a current challenge.

There are several acceptable methods for the preparation of

metal oxide nanoparticles such as sol–gel method [20, 21],
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microemulsion method [22, 23], precipitation method and

thermal decomposition [24]. Thermal decomposition is a

chemical decomposition transformation caused by heat.

Thermal decomposition, as a technique broadly employed

in nanotechnology, is an endothermic chemical disinte-

gration caused by heat. Heat is required to break chemical

bonds in the precursor undergoing decomposition. This is a

promising and easy ‘‘top down’’ technique to prepare

metal oxide nanoparticles and it is essentially based in the

breakdown of the material into smaller units [25, 26].

In this work, the synthesis of nanosized anatase TiO2 has

been reported via simple and novel hydrothermal method

based on its analogue coordinated precursor. TFAA was

assessed as both a scavenger and a morphological control

agent for obtaining pure anatase nanoparticles. The syn-

thesized nanoparticles with very high surface area revealed

a relatively high photocatalytic activity toward the pho-

todegradation of methylene blue dye.

2 Experimental

2.1 Synthesis of TiO2 NPs

In atypical procedure, 24 ml of Trifuloroacetic acid was

added to a 30 ml of a mixture of ethanol: water with molar

ratio 2:1 (v/v) while stirring at 80 �C. To this mixture, 6 ml

of Titanium Tetraisopropoxide was added drop wise and

the mixture was kept stirring then transferred to a Teflon-

lined stainless steel autoclave for 2 h at 110 �C. The

obtained gel precipitate was dried in open air oven at

50 �C.

2.2 Characterization of nanoparticles

The X-ray diffraction (XRD) measurements were con-

ducted by using X’Pert PRO Panalyticaldiffractometer with

copper target and nickel filter with CuKa radiation

(k = 0.154056 nm). Measurements were performed in the

range 20�–80� (2h).
The morphology of the particleswas obtained by Scan-

ning electron microscopy (SEM) using JEOL JSM-7001F

operating at 120 kV and by transmission electron micro-

scopy (TEM) using a Jeol JEM 1230 operating at 120 kV.

The average particle size was determined statistically by

counting manually 90 particles.

X-ray photoelectron spectroscopy (XPS) surface ele-

mental analysis was conducted using a model Thermo

ESCA Lab 250xi equipped with MgKa radiation

(1253 eV) and operated at 23 kV and 13 mA. The binding

energy was referenced to C1 s line at 284.76 eV for cali-

bration. N2 adsorption–desorption isotherms were mea-

sured on test samples at liquid nitrogen temperature

(-195 �C) using a model ASAP 2010 automatic

Micromeritics sorptiometer (USA), equipped with an out

gassing platform.

2.3 Photocatalytic activity

Methylene blue was used as representative of organic

pollutant to evaluate the photocatalysts. In a 250 ml beaker

0.01 g of the catalyst was dispersed in 100 ml of 0.01 g/l

methylene blue aqueous solution. The powder was dis-

persed in the solution dye using ultrasonic bath for 10 min

in dark afterward. After another15 min of stirring in dark,

to achieve adsorption–desorption equilibrium with cata-

lysts, the zero measurement was taken then the solution

was irradiated with 254 nm UV lamb while stirring. 5 ml

from the solution was taken on regular intervals to monitor

absorbance change.

3 Results and discussions

Trifluoroacetic acid, TFAA, can act as a capping agent, and

as an acid catalyst, it can also promote the hydrolysis and

inhibit the condensation reactions [27]. Like Hydrofluroic

acid, HF, TFAA has shown to be a good electron scavenger

too, mainly due to the strong electron withdrawing role of

the –CF3 group [28]. So it seems that TFAA is a promising

candidate to substitute HF in the preparation of anatase

nanoparticles with enhanced photocatalytic activity. TFAA

species are mainly bonded to the Ti atoms in a bidentate

mode (bridging or chelating) as shown in scheme 1 to yield

pure anatase TiO2 nanoparticles.

3.1 XRD of TiO2 nanoparticles

The XRD pattern of the as-synthesized sample was shown

in Fig. 1 The peaks of the powder materials are identified

to corresponding (101), (004), (200), (105), (211), (204),

(116), (220), (215), and (303) crystal planes. All diffraction

peaks are well defined and can be perfectly assigned to the

Ti(OC4H9)4 + CF3COOH

Ti
O

C

O

CF3

or

Ti O
C

O

CF3

Ti

Bidentate chelating

Bidentate bridging

80o
C

2hrs TiO2

Scheme 1 Hydrothermal conversion of Ti coordinated precursor to

TiO2 NPs
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anatase TiO2 (JCPDS-21-1272). The anatase TiO2

nanoparticles were known to be very photoactive and

practical for water treatment and water purification [29].

No characteristic peaks associated with other crystalline

forms were detected in the XRD pattern, indicating the

anatase phase-pure nature of the product.

The crystallite size was calculated from the full width at

half-maximum at the value of 2h = 25.4� using the

Scherrer equation:

d Å
� �

¼ Kk=b cos h ð3:1Þ

where d is the average crystallite size and the number

K = 0.9 is a coefficient, k = 0.1541 nm is the X-Ray

wavelength, b is the full width half maximum (FWHM) of

the catalyst, h is the diffracting angle. The average crys-

tallite size of as-prepared sample was calculated to be

around 17 nm from the peak broadening.

3.2 N2 adsorption–desorption isotherms of TiO2

It is well known that the surface area, the type of adsorp-

tion isotherms, and the pore sizes/shapes are key factors in

catalysis. Hence, such properties were measured using

N2sorptiometry technique. The results revealed that the

Brunauer–Emmett–Teller (BET) surface area, SBET, for

TiO2. The surface area, pore volumes and pore diameters

of the samples are reported in Table 1. As shown in Fig. 2

the obtained isotherms are of type-IV (indicative of

mesopores in the range of 4 nm B Dp B 100 nm). The

samples also found to exhibit type-H2 hysteresis loops as a

direct indication of cylindrical porosity of ink-bottle neck

shape that is commonly found associated with compact

non-uniform particles [30].

3.3 Electron microscopy of TiO2

TEM analysis of TiO2 in Fig. 3a shows that the synthesized

NPs are spherical in shape. As can be seen from the TEM

image that the average particle size is *19 nm, which is in

agreement with the crystallite, size obtained from XRD.

Figure 3a reveals that the prepared titania nanoparticles are

spherical and monodispersed. Also Fig. 3b presents the

SEM image of TiO2 which confirm the homogeneity in

shape and particle size.

3.4 XPS of TiO2 nanoparticles

To confirm the surface composition and oxidation

state(s) of TiO2, X-ray photoelectron spectroscopic study,

XPS, was performed and the results are shown in Fig. 4 the

surface oxygen (O 1 s spectrum) is attributed to O2- spe-

cies in TiO2 (B.E. = 529.8 eV), a small peak appears at

531.1 eV and is assigned to OH (surface hydroxyl) [31,

32]. The binding energies of Ti 2p3/2 and Ti 2p1/2 are

observed approximately at 458.8 and 464.5 eV, respec-

tively [33]. The ratio of the areas of the two peaks A(Ti 2p1/2)/

A(Ti 2p3/2) is equal to 0.5 and the binding energy difference

due to the spin-orbital coupling, DEb = Eb(Ti 2p1/2) - Eb(Ti

2p3/2) is 5.7 eV in good agreement with the expected and

reported value [34]. These two peaks are the attributes of Ti4?

(TiO2).
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Fig. 1 XRD of pure anatase TiO2 nanoparticles. The inset is the

crystallite size distribution

Table 1 BET surface area, pore volume and size data of TiO2

TiO2

BET surface area (m2/g) 208.7

Pore volume (cm3/g) 0.130

Pore size (nm) 7.406
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Fig. 2 N2 adsorption–desorption isotherms of TiO2
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3.5 Photodegradation of methylene blue dye

Generally speaking, the high photocatalytic degradation

rate corresponds to the high photocatalytic activity [35].

The photocatalytic ability of TiO2 nanoparticles was

evaluated by UV-degradation MB dye. Figure 5 illustrates

the degradation rate of MB dye in the presence of TiO2.

The results exhibit that the obtained TiO2 reveals superior

higher photocatalytic activities up to 96 %. The photocat-

alytic activity of semiconductor nanoparticles depends

mainly on its surface area, particle size, and band gap

energy. TiO2 has three well-known crystallographic phases

in nature: anatase, rutile, and brookite [36]. It is well

known that the anatase phase exhibits the maximum pho-

toactivity. The pure anatase phase obtained in our as-pre-

pared TiO2 and its relatively high surface area of 209 m2/g

endow the TiO2 nanoparticles a relative higher photocat-

alytic activity [37].

Fig. 3 a Transmission electron microscope, b scanning electron microscope of TiO2 nanoparticles after modification with stainless steel

autoclave
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Fig. 4 Deconvoluted XPS peaks for O1 s and Ti 2P
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Fig. 5 UV–Vis absorption spectra revealed the photocatalytic degra-

dation of MB dye using TiO2 under UV irradiation
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The bleaching reaction follows a pseudo-first-order

reaction kinetics for the photocatalytic process, the degra-

dation rate constant was determined from (Eq. 3.2):

LnðC0=CÞ ¼ �kt ð3:2Þ

where C0 is the initial concentration and C is the concen-

tration at time t. k is the apparent first-order rate constant.

A plot of Ln Co/C versus time represents a straight line, the

slope of which upon linear regression equals the apparent

first-order rate constant k (Fig. 6). The correlation constant

for the fitted line was calculated to be R = 0.994 for TiO2.

The rate constants were calculated to be 0.013 min-1 for

TiO2.

The degradation efficiency (E %) has been calculated

using:

E% ¼ 100� C0 � C

C0

� �
ð3:3Þ

where C0 is the initial concentration of the dye and C is the

concentration of the dye after irradiation in selected time

interval. The observed maximum degradation efficiency of

MB is about 95.8 %.

3.6 Effect of dye concentration and catalyst dose

on the photocatalytic degradation

Figure 7a shows the degradation efficiency (% D) of dye

decreases with an increase in the concentration of dye. The

degradation rate is directly proportional to the probability

of formation of hydroxyl radicals (OH�) on the catalyst

surface and the probability of hydroxyl radicals reacting

with the dye molecules [38]. As the initial concentration of

the dye increases, the interaction of OH radical with dye

decreases. Further, increase in concentration also reduces

the light penetration and the relative formation of hydroxyl

radicals and super oxide radical anions decreases leading to

the decreased photo degradation efficiency [39].

It is also possible that with an increase in the concen-

tration of the dye, the amount of light that is available to

excite the catalyst may decrease due to an increase in the

light absorption by the dye molecules; in addition to this,

for a fixed catalyst amount, the saturation of the adsorption

of the dye on the surface of the catalytic particles can also

be expected [39].

Figure 7b shows the photodegradation efficiency of MB

(% D) as a function of the amount of the catalyst varying

from 3 to 15 mg l-1. Results show that %D value increases

with an increase in the catalyst amount up to the optimum

concentration (100 mg l-1) and a further increase in the

amount of the catalyst then decrease %D value, Fig. 7b. The

observed enhancement in this range is probably due to an

increased number of available adsorption and catalytic sites
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on TiO2. When the dosage of TiO2 was increased above the

limiting value, the decolourization rate decreased due to an

increase in the turbidity of the suspension and a decrease in

UV light penetration [40]. Therefore, the penetration depth

of the photons is decreased and less catalysts nanoparticles

could be activated.

4 Conclusion

Successful preparation of pure anatase TiO2 via

hydrothermal method has been reported. The characteri-

zation of the synthesized nanoparticles revealed small

particle size of 19 nm with a semispherical shape and high

surface area. The hydrothermally modified TiO2 nanopar-

ticles with its anatase from exhibited superior photocat-

alytic activity toward the photocatalytic degradation of MB

dye. The superior photoactivity was referred to its better

charge separation and high surface area.
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