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The titanium oxide (TiO2) powders were synthesized by a sol–gel route with TiCl4 as a precursor and
at ambient conditions. The powders have been dried up at 100◦C for 12 h and annealed for 1 h at
temperatures between 400 and 800◦C. In the present work, the effects of dissolved ions (e.g., Na+, Cl−,
and F−) on the structural particle morphology were investigated using various additives, such as NaCl,
NaOH, HCl, and HF. The powders were analyzed by X-ray diffraction and Raman spectroscopy, and
the scanning electron microscopy technique was used for agglomerate observations. The photocatalytic
activities of the TiO2 powders were evaluated using the degradation reaction of methylene blue. The
results show that the presence of Na+ accelerates the transition from anatase to rutile, while that
of Cl− and F− delays this transition. The additives modify the pH of the solution and, as a result,
the size of the spherical agglomerates constituted of nanoparticles crystalline. These agglomerates are
constituted of grains, the size of which depends on the temperature. A more acid solution leads to
smaller agglomerates of 0.5 µm size, while a solution that is more basic gives bigger agglomerates. The
better photoactivity is obtained in an anatase/rutile mixture with a high fraction of the rutile. Na+ in
the TiO2 films affects photocatalytic activity. The surface states on the metal oxide have a considerable
influence on the photocatalytic activity with varying pH.
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1. Introduction

TiO2 is a semiconductor metal oxide inert with
a gap near UV, which can be synthesized with dif-
ferent methods (sol–gel, CVD, PVD. . . ). It attracts
much interest thanks to its wide range of appli-
cations in photocatalysts [1], electrochemical solar
cells [2], pigments and gas sensors [3, 4]. The most
important point in our study is photocatalysis. Ti-
tanium dioxide, TiO2, is an important photocat-
alytic material that exists as two main polymorphs,
anatase and rutile. The structure of the TiO2 phase
differs only in the mode of association of TiO6 oc-
tahedral, which can be connected to each other by
edges, in the case of rutile, and/or vertices, in the
case of anatase.

The presence of either or both of these phases in-
fluences the photocatalytic performance of the ma-
terial. There are many studies on the photocatalytic
activity of TiO2 in its different phases [5, 6]. It was
observed that anatase is more efficient as a pho-
tocatalyst than rutile [7], and pure rutile is rarely

active for the photodegradation of organic species
in aqueous solutions [8, 9]. However, some works
have indicated that rutile titania can possess high
photocatalytic activity [10, 11]. Anatase to rutile
phase transformation in TiO2 is an area of both
scientific and technological interest [12, 13]. An-
nealing temperature has a strong influence on the
phase transformation of TiO2 anatase transform-
ing to rutile under calcination, typically between
600 and 700◦C [14]. In this paper, we report on
the preparation of nanocrystalline TiO2 using the
sol–gel method and discuss the effects of annealing
temperature and additives on the anatase to rutile
phase transformation. We compared the effect of the
additives on the photocatalytic activity of TiO2.

2. Materials and methods

Nanocrystalline TiO2 powders were synthesized
by the sol–gel method. The sol was formed by
dissolving 10 ml of titanium tetrachloride (TiCl4)
of 98% purity in 200 ml of deionized water with
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TABLE IStationary pH for synthetic solutions
containing TiCl4.

Ion pH
TiCl4 −0.7

TiCl4 + NaCl −1.3

TiCl4 + NaOH 13.5

TiCl4 + HCl −0.5

TiCl4 + HF +1

constant stirring, then 0.5 g citric acid was added
to the reaction solution for slow release of Ti3+ ions.
The solution was stirred for 30 min at ambient tem-
perature, then dried at 100◦C for 12 h in an oil
bath and annealed for 1 h at temperatures rang-
ing from 400 to 800◦C. The pH of the solution was
measured during the stirring time by pH meter elec-
trodes (Thermo Scientific Orion Star and Star Plus
meters). Additional TiO2 powders were prepared
using the same method, with additives (1 mol) such
as NaCl, NaOH, HCl, and HF. The addition of ad-
ditives allows the pH to be controlled over a very
wide range, from −1.5 to 13. The solutions were
strong acids and were not diluted, which resulted
in the concentration of hydrogen ions greater than
1 M, leading to negative pH values measured by
a pH meter. The pH values of the solution with dif-
ferent types of additives used are shown in Table I.
Xerogels containing alkaline have been washed sev-
eral times with deionized water and filtered by filter
paper.

The X-ray diffraction (XRD) patterns of the
calcined powders were obtained with a PANalyti-
cal Empyrean X-ray diffractometer in the diffrac-
tion angle range 2θ = 20–80◦ using Cu Kα radi-
ation. The anatase/rutile percentages were calcu-
lated from the resulting diffracted grams using the
Spurr equation [15]

%rutile =
(
1 + 0.8 IA(101)

IR(110)

)−1

. (1)

where IA is intensity of anatase peak and IR is in-
tensity of rutile peak. To reduce NaCl, the powders
were washed with water and filtered. As NaCl and
TiO2 (rutile) have a common peak at 2θ = 27.5◦, we
use the peak at 2θ located at 54.4◦ (211) to identify
the rutile phase. The report IR(211) = 0.55IR(110)
has been used to obfuscate the filtering method.

Raman spectroscopy was employed as a technique
secondary to XRD to confirm the above results and
to determine the frequency of the Raman bands
of anatase and rutile on each sample used. Raman
spectra were obtained using a SENTERRA Raman
spectrometer (Bruker). The morphology and mi-
crostructures were investigated by scanning elec-
tron microscopy (SEM) using VEGA TS 5130 MM
(TESCAN).

To demonstrate the efficiency of photocatalytic
degradation of TiO2 powders, a solution of methy-
lene blue (MB), (100 ml, 10 mg/l), was added

to 100 mg of crystallin TiO2 and placed under
UV light irradiation. The absorbance measurements
were carried out with UV-VIS spectrophotometer
(Shimadzu UV-1800) on a centrifuged solution of
MB with TiO2 powder. The concentration of the de-
graded methylene blue was calculated by the Beer–
Lambert law, where the absorbance A = εCl, ε is
the molar absorption coefficient [M−1 cm−1], l is
the optical path length [cm], and C is the molar
concentration [M].

3. Results and discussion

The X-ray diffraction measurement was used to
investigate the effect of additives on the crystal
structure of the synthesized TiO2 nanocrystals. The
XRD patterns of the nanoparticles of TiCl4, pure
and with different additives (NaOH, NaCl, HCl,
and HF), obtained by the sol–gel method at dif-
ferent calcination temperatures of 400, 600, and
800◦C, are shown in Fig. 1a and 1b, c, d, and e,
respectively. The diffraction patterns of pure pow-
der synthesized at low temperatures show anatase
phases (Fig. 1a). When temperature increased, we
observed an important peak at 600◦C correspond-
ing to the (110) plane of rutile at 2θ = 27.35◦C.
The anatase–rutile transition begins at 600◦C, as
described in the literature [16]. This powder indi-
cates the presence of a mixture of anatase and rutile
phases. The anatase–rutile transition occurs at the
lowest temperature (< 600◦C) for powders synthe-
sized by adding NaOH or NaCl (see Fig. 1b and c).
The presence of Na+ ions accelerates the transition
at low temperature. The percentage of rutile in the
calcined sample is shown in Fig. 2. At room tem-
perature the powder prepared with NaOH is 100%
rutile and 60% for the one prepared by NaCl. The
diffraction pattern of TiO2 synthesized by the ad-
dition of HCl and HF (see Fig. 1d and e) does not
exhibit clear peaks at ambient conditions, indicat-
ing that the powder is amorphous in nature. Pow-
ders synthesized with HCl and HF addition exhibit
clear peaks of anatase phase at 400◦C and 600◦C.
At 800◦C, the XRD diagram presented one anatase
peak (101), and the others disappeared, showing the
texturization of the powders.

In Fig. 2 rutile peaks are not observed — the sam-
ples are 100% anatase. Anatase–rutile transition is
influenced by impurities and dopants [16]. It has
been suggested that Na+ cations of small radius and
low valence accelerate the transition to rutile owing
to the increase in oxygen vacancies that result from
the assumed substitution of Ti4+ ions with cations
of lower valence [16]. Fluorine has the opposite ef-
fect, F−1 substitutes for O−2, the anions charge bal-
ance requires the inclusion of two fluorine ions for
each oxygen, Ti4+ vacancies appear and Fluorine
has been reported to inhibit the phase transforma-
tion [17, 18]. The case of chlorine is more complex
because it can not be a substitute for O−2 [18, 19].
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Fig. 1. XRD Pattern of the TiO2 nanocrystals obtained from (a) TiCl4, (b) TiCl4+NaOH, (c) TiCl4 + NaCl,
(d) TiCl4 + HCl and (e) TiCl4 + HF.

Fig. 2. Percentage of rutile in the calcined TiO2

samples, determined by XRD for materials with dif-
ferent additives heated at different temperatures.

It has been observed that the addition of HCl de-
lays the transition to rutile as we observed in our
samples.

The average crystallite size of TiO2 nanostruc-
tures was calculated using Debye–Scherrer’s equa-
tion

d =
0.9λ

β cos(θ)
, (2)

where λ is the X-ray wavelength, θ is the Bragg
diffraction angle, and β is the full to a half-
maximum of the main peak in the XRD pattern.
The changes in the crystallite sizes varied with an-
nealing temperature and for samples with different
additives, as presented in Fig. 3. The crystallite size
of the powder synthesized at room temperature by
the addition of NaCl and NaOH are similar, while
the crystallite size of the rutile one, synthesized

under the same condition, is larger — in the range
of 110–180 nm. It was suggested that the Na+ ion
strongly affects the crystallite size of the anatase
and rutile phases. In the case of the addition of HF
and HCl, the crystallite size is small. When the an-
nealing temperature increases, the size of the crys-
tallite increases, up to a maximum at 600◦C (phase
transformation temperature). It is clearly shown
that at this temperature the crystallite size is at the
maximum for the two phases (anatase and rutile).
The defects at the interface boundary of anatase
are removed, leading to the conversion of the ma-
jor fraction of anatase to rutile. Consequently, this
reduces the stress field in this region, resulting in
the release of lattice strain [19, 20]. At an anneal-
ing temperature over 600◦C, the size of the smaller
crystallite increases to the detriment of other, larger
grains of both phases. This leads to a decrease in
the average crystallite size, which at 800◦C is about
60 nm for the rutile phase and 30 nm for the anatase
phase.

To find out how the additives affect the anatase–
rutile transformation of TiO2, the crystal structures
of the phases were examined. The following relation
determines the lattice parameters of the powder

d =
a√

h2 + k2 + a2

c2 l
2
, (3)

where a and c are the lattice parameters, h, k, l are
the Miller indices, and d = dhkl is the interplanar
distance for the crystal. It can be seen in Table II
that the lattice parameters of rutile and anatase
phases do not change significantly for TiO2 in the
pure state and with additives.

Because of the low intensity of the peaks obtained
for rutile TiO2 with HCl and HF, we could not cal-
culate the lattice parameters.
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Fig. 3. Variation of average crystallite size with
annealing temperature for anatase (a) and rutile (b)
phases.

TABLE II

The lattice parameters of the samples of TiO2 in the
pure state and with additives annealed at 800◦C for
1 h. The unit of all values is angstrom [Å].

Phase
Anatase Rutile
a c a c

without additives – – 4.592 2.956
NaOH 3.911 9.462 4.608 2.926
NaCl 3.766 9.519 4.604 2.929
HCl 3.778 9.499 – –
HF 3.774 9.501 – –

Raman spectroscopy was used as a second tech-
nique to confirm the results obtained by XRD. The
frequency of the Raman bands of anatase is lo-
cated at 144 cm−1 with a strong signal, followed by
low intensity peaks located at 197, 399, 513, 519,
and 641 cm−1. Meanwhile, the rutile phase has four
Raman active modes appearing at 143, 236, 447,
and 613 cm−1. Figure 4 shows the Raman spec-
tra of TiO2 powders with a proportion of rutile of
0, 57, and 93%, estimated by XRD. These three
spectra are dominated by anatase peaks, which
are more intense than the rutile ones. The sample
with 93% of rutile phase presents two peaks at 477
and 613 cm−1. The intensity of the 447 peaks is

Fig. 4. Raman spectra of samples with different
proportions of rutile.

comparable to the intensity of the 399 cm−1 anatase
peak, while the 613 cm−1 peak of rutile phase is sim-
ilar to 641 cm−1 anatase peak. In sample with 57%
rutile, the 447 cm−1 peak appears as a weak shoul-
der. The green spectrum is pure anatase. Raman
spectroscopy has been shown to be more sensitive
for the analysis of samples even at the low contri-
bution from anatase in the mixture powder.

The composition of the samples is deduced using
the formula from the literature [21], namely

WA

WR
=

1

16.37

(
IA144

IR613
− 1.37

)(
WA

WR
< 1

)
, (4)

WA

WR
=

(
IA399

IR447
− 0.33

)(
WA

WR
> 1

)
, (5)

where IA144

IR613
corresponds to the relative intensity

of the case of low anatase content, and IA399

IR447
of

the case of high anatase content. Then the rela-
tive intensity is plotted as a function of the ratio
WA/WR, where WA and WR are the mass frac-
tion of anatase and rutile, respectively. By having
the value of WA/WR determined from the plot and
knowing that WA+WR = 1, the percentage of each
phase can be determined. The percentage of rutile
calculated from XRD as a function of the percentage
calculated from Raman spectroscopy is presented
in Fig. 5. The function is linear, and the increase of
the rutile concentration determined by XRD leads
to a rutile increase estimated by Raman. We detect
rutile in Raman when it is observed by XRD. The
fractions of the rutile phase deduced by Raman are
all weaker. XRD is has been shown to be more sen-
sitive than Raman spectroscopy for detecting the
rutile phase.

In order to verify the role of dissolved ions of
additives in changing the morphology of particles,
Fig. 6 shows the SEM images of TiO2 powders syn-
thesized: (panel a) at room temperature, (panel b)
calcined at 800◦C, (panel c) with the addition of
HCl at 600◦C, and (panel d) with the addition of
NaOH at room temperature. SEM images suggest
the formation of spherical agglomerates connected

229



N. Belabed et al.

Fig. 5. Percentage change of rutile calculated from
XRD in relation to the percentage calculated from
Raman spectroscopy.

to each other, having a size of the order of µm.
These agglomerates consist of smaller particles, the
size of which increases with the annealing temper-
ature (see Fig. 6a and b). It was also found that
the pH of the solution affects the phase forma-
tion, structural morphology, and size. The size of
the agglomerates is smaller for the sample obtained
with the addition of HCl and having a pH of −1.5
(see Fig. 6c). On the other hand, the formation of
agglomerates and small particles of irregular size
begins upon reaction of the solution prepared with
NaOH (PH= 13.5). The increase in agglomerates
is attributed to the increasing concentration of H+,
which promotes the neutralization of charged parti-
cles and therefore their agglomeration by the force
of van der Waals [22]. The results show that the ad-
dition of Na+ ions leads to a spherical morphology
(see Fig. 6d). It has been shown in the literature
that acidic, alkaline media and the strong repulsive
charge between particles reduce the probability of
coalescence, and a more stable sol can be formed.
Studies by Su et al. [23] have indicated that the
isoelectric of TiO2 powder varies between the pH
ranges of 5–6.8.

The photoactivity of TiO2 was investigated us-
ing methylene blue (MB) as the representative pol-
lutant. The photocatalytic degradation of methy-
lene blue can be attributed to the hydroxyl radicals
•OH. These radicals are formed by the reaction be-
tween adsorbed OH− on the TiO2 surface and the
holes h+ on the valence band. Adsorption of MB
on the surface of TiO2 did not occur in all cases.
Figure 7 shows the results of photocatalytic activ-
ity on the samples of TiO2 prepared with the addi-
tion of NaOH, NaCl, HCl, and HF and calcined at
600◦C. The optimal annealing temperature of about
500◦C [24] or 600◦C [25] was proposed so that sol–
gel TiO2 films have maximum photocatalytic activ-
ity. The photocatalytic activity of TiO2 prepared
with the NaOH additive was better than that of
the samples prepared with the other additives. This

Fig. 6. Effect of different additives on morphology.
SEM micrographs of synthetized TiO2 powders: (a)
TiO2 at room temperature, (b) TiO2 calcined at
800◦C, (c) TiO2 with addition of HCl at 600◦C, and
(d) TiO2 with addition of NaOH at room tempera-
ture.

additive contributed to an increase in the number
of hydroxyl radicals •OH on the TiO2 surface, and
therefore to an increase in the kinetics degradation.
Na+ in the TiO2 films may affect the photocatalytic
activity by changing the particle size [26], and low
Na+ content promotes high photocatalytic activ-
ity [27]. In the solution with a low concentration
of Na+, there is an increase in OH− ions, which
induces good photocatalytic activity. If this con-
centration exceeds a threshold, their adsorption on
the surface has the effect of countering the TiO2

photoactivity. The sample with NaOH additive was
a biphase TiO2 (anatase/rutile mixture) and con-
tained 83% of the rutile phase at 600◦C. However,
Ohno et al. [28] reported that the sample contain-
ing a higher rutile fraction in the mixed crystalline
phases generated better photoactivity in the dis-
coloration test, compared to pure anatase or pure
rutile powder. The photocatalytic behavior was ex-
plained on the basis of morphological characteris-
tics. These results suggest that the photocatalytic
of an anatase/rutile mixture is more effective for the
degradation of methylene blue. It was indicated in
the literature that the pH value affects the photo-
catalytic degradation of the organic pollutants in
aqueous TiO2 suspensions, which is variable and
controversial [29]. It is well shown that the pho-
todegradation degree increases with the decrease of
pH. Our results show a good photocatalytic activ-
ity for the solution of samples with NaOH additives
that has a pH = 9.1. This can be related to the

230



Effects of Additives on Anatase to Rutile Phase Transformation. . .

Fig. 7. Comparison of the photocatalytic degrada-
tion of MB in the presence of titania powder with
different additives.

increase of OH− ion concentration in this kind of
solution. Since methylene blue (MB) has a cationic
configuration, its adsorption was favored in alka-
line [30]. At basic pH, the degradation rate is high,
with a rapid change in the color of the solution.
The degradation kinetics indicating the photolysis
of MB is improved by the acid pH of the solution,
which is shown in the case of samples prepared with
HCl. Therefore, the photocatalytic activity of pho-
tocatalytic TiO2 prepared with HCl additive was
good despite containing 100% anatase. For solu-
tions with a pH of around 7, the degradation rate
is slow in the case of samples prepared by the ad-
dition of NaCl and HF. The presence of Cl− con-
tributes to trapping •OH radicals by adsorption on
the TiO2 surface and the formation of TiCl and
H2O, which induces •OH radicals reduction and de-
creases the photodegradation degree in the presence
of NaCl [31]. The following reactions

Cl− +H+ → Cl•, (6)

Cl• + ecd → Cl−, (7)

TiOH + Cl− +H+ → TiCl + H2O (8)
describe the whole process. The same mecha-
nism explains the behavior of the sample prepared
with HF.

In other studies, it was observed that the rate
increased with an increase in pH, exhibiting a max-
imum around pH of 6.9–8.0 [32]. The surface state of
the metal oxide surface has a considerable influence
on the photocatalytic activity with varying pH. The
pH effect can be explained based on the zero point
of charge of TiO2.

4. Conclusions

Nanocrystalline anatase TiO2 has been success-
fully prepared by the sol–gel method. The XRD
analysis shows that the anatase to rutile transfor-
mation of TiO2 powder occurs at 600◦C. At this

temperature, the crystallite size is at the maximum
for both the anatase and rutile phases. The transfor-
mation is influenced by the presence of additives. It
can begin at a low temperature and at room tem-
perature when NaCl and/or NaOH are added to
TiO2 powder. Sodium contributes to accelerating
the appearance of rutile at high fractions. However,
when HCl and/or HF is added, the transition from
anatase to rutile is delayed. On the other hand, ad-
ditives modify the pH of the solution and the size of
spherical agglomerates made of crystalline nanopar-
ticles. A more acidic solution leads to smaller ag-
glomerates, while solutions that are more basic give
larger agglomerates, which have a size of a few mi-
crometers. Photodegradation experiments indicated
that the sample comprises ≈ 90% of the rutile phase
and has a higher photocatalytic activity. In the case
of photocatalytic, TiO2 is prepared with NaOH ad-
ditives, which is the basic MB solution. It was also
discovered that the photocatalytic activity is better
in TiO2 prepared with HCl, which is pure anatase
and acid MB solution aqueous.
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