
Vol.:(0123456789)

SN Applied Sciences (2020) 2:872 | https://doi.org/10.1007/s42452-020-2633-3

Research Article

Effects of Ti‑precursor concentration and annealing temperature 
on structural and morphological properties of  TiO2 nano‑aerogels 
synthesized in supercritical ethanol

S. Chelbi1 · D. Djouadi1  · A. Chelouche1 · L. Hammiche1 · T. Touam2,3 · A. Doghmane2

Received: 9 January 2020 / Accepted: 30 March 2020 / Published online: 10 April 2020 
© Springer Nature Switzerland AG 2020

Abstract
TiO2 nano-aerogels are elaborated by using acid-modified sol–gel approach from titanium tetra isopropoxide under 
supercritical drying conditions of ethanol. The effects of Ti-precursor concentration and annealing temperature on 
structural and morphological properties of  TiO2 nanoparticles are investigated by XRD, infrared spectroscopy, SEM and 
specific surface area measurements. It was found, from XRD analysis, that pure anatase phase is obtained for the aero-
gels synthesized with various precursor concentrations. The increase of sol concentration leads to a slight and uniform 
variation of  TiO2 cell parameters. The specific surface area of aerogels particles decreases and the pore volume increases 
with increasing of Ti-concentration. The presence of Ti–O and Ti–O–Ti bonds is confirmed by FTIR measurements. EDAX 
analysis shows that  TiO2 nano-aerogels are oxygen rich. SEM images put into evidence the almost spherical elaborated 
particles with an enhanced agglomeration at high precursor concentration. With the increase of annealing temperature, 
the mixture of the phases did not happen and the pure anatase to pure rutile transition phase temperature is found to 
be around 900 °C. The Ti–O–C bonds disappear with annealing temperature. The heat treatment leads not only to the 
changes in crystal structure but also in morphology of the elaborated aerogels grains.
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1 Introduction

Nowadays, a great deal of research interest is shown all 
over the world in the investigation of Titanium dioxide 
 (TiO2) which is one of the most attractive materials in 
nanoscience and nanotechnology for its very important 
photocatalytic properties [1], high catalytic activity [2, 
3], chemical stability [4], low cost and non-toxicity [5]. 
 TiO2crystallites are known to be chemically very stable and 
strongly active to degrade organic compounds. The most 
promising application of photocatalysis under UV–Vis radi-
ation has largely been studied [6, 7]. Moreover, it should 

be noted that  TiO2 can be used in several practical appli-
cations, such as: catalysis of photo-degradation of pollut-
ants [8, 9], alcohol dehydration reaction [10], oxidation of 
aromatic compounds and nitrogen oxide reduction [11]. 
Titanium dioxide exists in three allotropic forms: anatase, 
rutile and brookite [12].

However, several studies have shown that photo-
catalytic activity of titania is greatly affected by several 
parameters, in particular, crystalline phase [13, 14], crys-
tallites size [15], specific surface area [16] and prepara-
tion techniques [17]. In fact, not only different results are 
obtained for each synthesis methods, but even for the 
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same method, size and morphology of the particles are 
found to be dependent on the concentration of reagents 
and others experimental parameters [18]. Several methods 
have been used to synthesis of  TiO2 nanstructures includ-
ing continuous reaction [19], thermal precipitation [20], 
chemical phase decomposition vapor [21], solvothermal 
crystallization [22], ultrasonic irradiation [23] and sol–gel 
[24]. However, experimental parameters strongly affect 
structural and morphological properties of particles. These 
methods lead, in general, to a mixture of crystal phases of 
titania when annealing temperature is increased. Fortu-
nately, the sol–gel process is considered one of the best 
elaboration approaches for the preparation of ultrafine 
titanium dioxide nanoparticles [17]. The sol–gel process 
followed by drying in supercritical conditions of alcohols 
is one of the most promising pathways to synthesis nano-
structured aerogels of different metal oxides because it 
controls the size, shape, size distribution and crystalline 
phase of nanocrystallites.

In this context, we successfully prepared titanium diox-
ide aerogels by sol–gel process associated with drying at 
supercritical conditions of ethanol using titanium tetra-
isopropoxide (TTIP) as precursor. Then, structural and 
morphological properties of the elaborated aerogels are 
investigated. Finally, the effects of Ti-precursor concentra-
tion and the annealing temperature on the structural and 
morphological characteristics of the  TiO2 nanostructured 
aerogels are discussed.

2  Materials and methods

Pure  TiO2 aerogels were synthesized with different precur-
sor concentrations through the addition of various vol-
umes of titanium tetra-isopropoxide (TTIP) [Ti-(OC3H7)4, 
purity (97%), density (0.96)] into a fixed 40 mL mixture 
volume (20 mL of methanol [(CH3OH), 99%] and 20 mL of 
acetic acid [(CH3COOH), 99.8%]). TTIP, methanol and acetic 
acid were used as precursor, solvent and catalyst, respec-
tively. To study the effect of Ti-precursor concentration, the 
added volumes of TTIP were chosen to be 1, 2, 3 and 4 mL 
to obtain solutions with concentration of 0.084 M (aerogel 
S1), 0.168 M (aerogel S2), 0.252 M (aerogel S3) and 0.336 M 
(aerogel S4), respectively. Every solution was first magneti-
cally stirred for about 30 min, to obtain a homogeneous 
mixture, and then placed in an autoclave to undergo dry-
ing in supercritical conditions of ethanol (250 °C and 70 
bars).

When the supercritical conditions were reached, the sol-
vent was rapidly removed from the autoclave which was 
spontaneously cooled down to room temperature. Thus, 
a very fine powder was recuperated and characterized 
without chemical or heat treatments. To study the effect 

of annealing temperature, the sample S4 was annealed in 
air in a muffle furnace at 500 °C, 800 °C and 1000 °C for 2 h.

All the elaborated  TiO2 aerogels were analyzed by X-ray 
diffraction (XRD) using a PanAnalytical type diffractometer 
whose X-rays are produced from CuKα radiation source 
(λ = 1.54 Å) with an acceleration voltage of 40 kV and a cur-
rent of 30 mA. Fourier transform infrared spectroscopy (FT-
IR) analysis was carried out via a Shimadzu Iraffinity-1 type 
spectrometer using KBr pellet transmission (KPT) method. 
Scanning electron microscopy (SEM) images were taken 
with a Quanta Electronics 600 W type microscope. The spe-
cific surface area and pore volume were measured by the 
BET method using the QC Novawin 2 apparatus.

3  Results and discussion

The XRD patterns of the powder prepared with different 
Ti-precursor concentrations are shown in Fig. 1. All the 
diffraction peaks [(101), (004), (200), (105), (211), (204), 
(116), (220) and (215)] observed respectively at the 
(2θ) angles 25.20°, 37.77°, 48.03°, 54.00°, 54.84°, 62.62°, 
68.82°, 70.24° and 75.12°, belong to the anatase phase 
of tetragonal structure which corresponds to JCPDS 
00-004-0477. These results indicate that all as-prepared 
 TiO2 aerogels are crystallized in pure anatase phase; no 
traces of others phases (rutile and brookite) appeared in 
the patterns. It can also be seen that XRD peaks inten-
sity increases and then decreases with Ti-precursor 
concentration with a maximum obtained for the aero-
gel S2. The relatively high peaks intensity indicates that 
the as-prepared aerogels are polycrystalline with good 

Fig. 1  XRD patterns of  TiO2 aerogels synthesized with different Ti-
precursor concentrations
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crystal quality, whereas their wide broadness indicates 
the nanometric scale of the crystallites.

To put into evidence the effect of the Ti-precursor 
concentration on the intensity of the XRD patterns, 
we show in Fig. 2 the (101) peak. For clarity, the inset 
illustrates the lattice parameters a and c and the height 
of the peak (101) as a function of the Ti-precursor vol-
ume. The most intense and the widest XRD patterns are 
obtained with 2 mL volume Ti-precursor (S2), indicating 
that the aerogel S2 has the best crystalline quality and 
the smallest crystallites. On the other hand, the opposite 
characteristics belong to the aerogel S1. The size of the 
crystallites, supposedly spherical, is calculated by Scher-
rer’s formula:

where λ is the wavelength of the X-ray line  Kα, θ is the 
diffraction angle and β is the half-height width of the 
diffraction peak expressed in radians. The d-spacing of 
the tetragonal crystallographic structure is given by the 
equation:

where d is distance between adjacent lattice planes and h, 
k, l are lattice vectors in Miller index notation.

The parameters of the tetragonal lattice a and c were 
calculated from the positions of the peaks (200) and 
(004), respectively, using the relations:

(1)D =
0.89�

�cos�

(2)
1

d2
=

h2 + k2

a2
+

l2

c2
,

The volume of the lattice is calculated from the 
formula:

Table 1 regroups the crystallite size, lattice parame-
ters, lattice volume and (101) − d spacing; it can clearly 
be seen that the smallest crystallites size is found in the 
aerogel S2 (7.7 nm). For the lowest concentration (aero-
gel S1), the cell parameters a and c are found to have 
minimum (3.7772 Å) and maximum (9.5356 Å) values, 
respectively. The smallest volume also corresponds to 
aerogel S1. With increasing the precursor concentration, 
the (101)-d spacing increases which indicates the expan-
sion of the inter-planar distance in the considered direc-
tion. When the Ti-precursor concentration increases, 
the a parameter and the cell unit volume V increase 
whereas the c parameter decreases. These results may 
be explained by the chemical composition stoichiometry 
or by local strain exerted along c axis [25]. Grey et al. [26] 
reported that the size dependence of nanocrystalline 
anatase was correlated with Ti vacancy concentration in 
structures formed by distorted  TiO6 octaedra. Also, they 
demonstrated that the presence of Ti vacancies reduces 
the octahedral edge-sharing and relieves the strong Ti–Ti 
repulsion leading to obtain regular octaedra, shortened 
c parameter and lengthened a parameter.

In the present aerogels there are more Ti vacancies (see 
EDS results), the increase in d-spacing leads to longer O–O 
distances perpendicular to c and relatively shorter O–O 
distances along c-axis [25]. The crystallites size slightly 
increases with increasing Ti-precursor concentration indi-
cating that Ti atoms are attached on the surface of the  TiO2 
crystallites. This result indicates that Ti atoms, which can-
not react to form the titanium oxide during the elabora-
tion process, are located on the surface of the crystallites.

(3)a =
�

sin�

(4)c =
2�

sin�

(5)V = a
2
c

Fig. 2  (101) peak XRD patterns (in the inset, the variation of the 
(101) peak intensity, a and c parameters as a function of Ti-precur-
sor concentration)

Table 1  Structural parameters of  TiO2 aerogels elaborated with dif-
ferent Ti-precursor concentrations

Aerogel a (Å) c (Å) D (nm) V (Å3) (101) – d – spac-
ing (Å)

S1 3.7772 9.5356 8.3 136.04 3.511
S2 3.7862 9.5122 7.7 136.36 3.517
S3 3.7893 9.5091 8.9 136.53 3.520
S4 3.7903 9.5088 9.1 136.60 3.520
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In order to study the textural properties of the aerogels, 
nitrogen adsorption desorption analysis at 77 K is per-
formed. Figure 3 illustrates the Bruneauer–Emmett–Teller 
(BET) isotherms curves of the aerogels S2 and S4. These 
curves show a typical type (IV) with type II like hysteresis 
loops, which indicates the presence of mesopores in both 
N–TiO2 aerogels [27, 28]. Pore size data (BJH method) were 
determined using de Boer calculation method (program 
Quantachrome NovaWin2—Data Acquisition and Reduc-
tion for NOVA instruments). The average pore volumes 
are 0.510 cm3/g and 0.725 cm3/g with BET surface areas 
of 159.104 m2/g and 146.711 m2/g for S2 and S4, respec-
tively. The measurements of the specific surface area by 
the BET method show that the average pore radius has 
increased substantially from 154 to 233 Å when the added 
volume of precursor increases from 2 to 4 mL, respectively. 
This certainly indicates that the increase of precursor con-
centration leads to an increase in total pore volume and 
a decrease in the density of  TiO2 aerogels. Moreover, from 
the isotherm curves, it can be seen that aerogel S4 pos-
sesses higher porosity than the others.

The inset of Fig. 3 shows the corresponding BJH pore 
size distribution curves for the titanium dioxide sam-
ples S2 and S4. Maxima at pore radii of ca. 13–16 nm and 
ca. 23–26 nm were observed in the mesoporous region 
(according to IUPAC nomenclature) for S2 and S4 samples, 
respectively. The changes in the pore size distributions 
may be due to the difference in crystallization, crystallites 
sizes and specific surface area as showed in Tables 1 and 2. 
Table 2 shows that the specific surface area of the samples 
decreases with increasing sol concentration, on contrary 
the pore size increases. Sun et al. [29] reported similar 
behaviors and attributed them to the crystallite growth 

mechanism and the reduction of some amorphous titania 
inserted into the pores of mesopores  TiO2.

Assuming that the aerogels particles have spherical 
shapes and same sizes, the  SBET can be related to the 
average particle size by the empirical equation [30]:

where DBET is the average crystalline size (nm), � is the den-
sity of anatase  TiO2 (4.23 g/cm3) and SBET is the BET specific 
surface area  (m2/g). From Eq. (6) the average crystallites 
sizes are found to be 8.91 and 9.66 nm for the aerogels 
S2 and S4, respectively. These obtained results are in very 
good agreement consistent with XRD measurements. All 
the BET parameters are summarized in the Table 2.

The prepared  TiO2 anatase aerogels are also character-
ized by Fourrier Transform Infrared Spectrometry (FTIR). 
The obtained spectra are shown in Fig. 4. The absorption 
bands characteristic of the O–H elongation located at 
~ 3400 cm−1 is due to the presence of some traces of 
water. This band is also attributed to the Ti–OH stretch-
ing modes at the  TiO2 particles surface [31]. The band 
located at 1630 cm−1 is assigned to the Ti–OH bound 
vibration [31]. The peak at 2343 cm−1 is attributed to the 

(6)DBET =
6000

� ⋅ SBETFig. 3  N2 adsorption–desorption isotherms for aerogels S2 and S4. 
In the inset BJH pore size distribution curves

Table 2  Average pore diameter, total pore volume, specific surface 
area and crystallites size estimated by BET method

Aerogel Average 
pore diam-
eter Dp (nm)

Total pore 
volume Vp 
 (cm3/g)

Specific area 
 SBET (  m2/g)

Crystallites 
size by BET 
method (nm)

S2 30.80 0.510 159.104 8.91
S4 46.60 0.725 146.711 9.66

Fig. 4  FTIR spectra of  TiO2 aerogels synthesized with different Ti-
precursor concentrations
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asymmetric stretching of  CO2 atmospheric molecules 
adsorbed on the surface of the aerogels. The band at 
1520  cm−1 could be recognized as the asymmetric 
stretch of  COO− [32]. The band located at 1430 cm−1 is 
assigned to the νs (COO) symmetric stretching vibrations 
of the acetic acid group coordinated to Ti as a bidentate 
acetate ligands [33, 34]. The bands for Ti–O–Ti and Ti–O 
bonds are present in the 400–1100 cm–1 region, the for-
mer being observed in a very large wavenumber region 
[35]. This broad absorption band indicates different 
vibration modes of the Ti–O–Ti and Ti–O bonds which 
reflect the formation of  TiO2 [35, 36]. The band corre-
sponding to the vibration of Ti–O–Ti bonds was shifted 
towards higher wavenumbers (1000 cm−1), indicating 
the possible formation of Ti–O–C bonds [37].

The effect of Ti-precursor concentration on final mor-
phology of the  TiO2 aerogels is illustrated by SEM images 

in Fig. 5. The very small crystallites with quasi-spherical 
shape agglomerate to form grains with various morpholo-
gies and dimensions (few micrometers). The way in which 
the crystallites agglomerate is considerably influenced by 
the precursor concentration. The surfaces of the grains of 
samples S3 and S4 appear more smooth than those of S1 
and S2. When the Ti-precursor concentration increases, 
the grains become smoother. We suggest that very small 
crystallites can easily penetrate into the large pore at the 
surface of the grains since the pore volume increases with 
Ti-precursor concentration as demonstrated by BET meas-
urements. Thus, the outer surface of the grains appears less 
porous and the grains seem to have smoother surfaces.

Energy dispersion spectroscopy (EDS) patterns of 
anatase nano-aerogels synthesized in supercritical etha-
nol with different Ti-precursor concentrations are shown 
in Fig. 6. The results show the presence of only C, Ti and O 

Fig. 5  SEM images of  TiO2 anatase aerogels synthesized with different Ti-precursor concentrations
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atoms in the synthesized aerogels. The C atoms come prob-
ably from the grid used in the experimental set-up. All the 
aerogels are found to be relatively rich with oxygen atoms. 
The ratio [Ti]/[O] is almost the same for the samples S2, S3 
and S4 (0.33), however, it is equal 0.52 for the sample S1. 
From these results, it seems that there is not a real relation-
ship between Ti-precursor concentration and atomic compo-
sition of the samples. The abundance of Ti vacancies leads to 
a reduction in the number of  TiO6 octahedra in the structure, 
and consequently, a decrease in c parameter and an increase 
in a parameter as confirmed by XRD measurements.

To investigate the effects of annealing temperature on 
structural and morphological properties of  TiO2 aerogels 
and to determine the anatase–rutile transition tempera-
ture, the S4 aerogel was annealed at 500, 800 and 1000 °C 
in air for 2 h. Figure 7 represents the XRD patterns of this 
aerogel annealed at different temperatures. The intensity 

Fig. 6  EDAX results of  TiO2 aerogels synthesized with different Ti-precursor concentrations 

Fig. 7  XRD patterns of S4 aerogel annealed at different tempera-
tures
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of the peaks slightly increases with annealing at 500 °C and 
decreases for the aerogel annealed at 800 °C. This behav-
ior indicates that the initial annealing process at 500 °C 
improves the crystalline quality of the as-prepared aerogel 
whereas subsequent annealing temperatures lead to the 
inverse effect.

Up to 800 °C, the aerogels are crystallized in pure poly-
crystalline anatase phase. With increasing of annealing tem-
perature, the intensity of the peaks decreases, indicating 
the gradual disappearance of the anatase phase (without 
rutile phase emergence). The decrease in the XRD peaks 
intensity might be due to the transformation of anatase 
phase to rutile. At 1000 °C, the pure anatase phase is com-
pletely transformed to pure rutile phase without simulta-
neous phases coexistence. In this case, the anatase–rutile 
transition temperature is found to be between 800 and 
1000 °C; in this temperatures range, the anatase phase is 
completely transformed to rutile. It is worth noting that the 
temperature of anatase to rutile transformation is generally 
dependent on various experimental parameters, synthesis 
method, chemical composition and additional impurities 
into  TiO2 crystals [38–40]. Generally, anatase and rutile 
phases exist simultaneously (anatase–rutile  TiO2 mixture) in 
a large range of temperatures. For example, the metastable 
anatase is completely transformed to stable rutile phase at 
600 °C [41], at 700 °C [42] and at 900 °C [43]. Thermodynamic 
studies demonstrated that metastable anatase transforms 
irreversibly to stable rutile at high temperature with differ-
ent transition temperatures and involved processes. This is 
due to the fact that  TiO2 phases generation depends on all 
the synthesis conditions (particle size and shape, impurities, 
heating rate, measurements conditions, etc.). Anatase–rutile 
transformation is a nucleation and growth process. In pure 
anatase, it has been reported that rutile nucleates at (112) 
interface in anatase as these sites are structurally similar to 
rutile [40]. Rutile is reported to exhibit oxygen deficiency 
and the oxygen vacancies in anatase can be expected to 
enhance the transformation to rutile owing to the facili-
tated rearrangement of ions [44]. In the present work, the 
annealing in air of anatase leads to increase the number 
of oxygen vacancies in the anatase lattice by promoting 
the transformation to rutile and the transition temperature 
occurs between 800 and 1000 °C.

For the annealed aerogel at 1000 °C, all the diffraction 
peaks [(110), (101), (200), (111), (210), (211), (220), (002), 
(310), (301) and (112)] observed at the (2θ) angles 27.24°, 
35.86°, 39.03°, 41.04°, 43.81°, 54.14°, 56.51°, 62.56°, 63.93°, 
68.90° and 69.63°, respectively,belong to the rutile phase 
of tetragonal structure which corresponds to JCPDS 
00-004-1276. The lattice parameters a and c of the anatase 
and rutile phases, crystallites size and the unit cell volume 
are calculated and shown in Table 3.

These results indicate that there is an increase in crys-
tallite size from the as-prepared aerogel to the aerogel 
annealed at 800 °C. Moreover, it should be noted that cell 
parameters ( a and c ) and the unit cell volume V  of pure 
anatase phase decrease when annealing temperature 
increases from room temperature to 500  °C and then 
increase until the anatase–rutile transition temperature. 
The lattice parameters of the tetragonal polycrystalline 
rutile phase are a = b = 4.6100Å and c = 2.9659Å with 
a unit cell volume equal to 63.03Å3 . The crystallites size 
also increases with increasing annealing temperature. This 
increase may be due to the fact that the crystallite growths 
can be related to the removal of oxygen ions migration 
towards the outer side of the particles [45]. It is well known 
that anatase is a metastable phase and its conversion to 
rutile involves an irreversible collapse of the anatase struc-
ture. The collapse from anatase to higher density rutile pre-
supposes the transformation of an elongated side-to-side 
packing (anatase) to a close packed arrangement (rutile). 
This transformation can be enhanced or impeded by influ-
encing the rearrangement of the atoms in the anatase and 
rutile lattices [40].

FTIR spectra of S4 aerogel annealed at different tem-
peratures are shown in Fig. 8. With increasing annealing 

Table 3  Structural parameters of S4 aerogel annealed at different 
temperatures

Sample Phase nature a (Å) c (Å) D (nm) V (Å3)

As-prepared (S4) Pure anatase 3.7954 9.5088 8.76 136.97
500 °C (S4) Pure anatase 3.7891 9.5003 9.74 136.39
800 °C (S4) Pure anatase 3.7965 9.5654 18.32 137.87
1000 °C (S4) Pure rutile 4.6100 2.9659 16.6 63.03 Fig. 8  FTIR spectra of S4 aerogel annealed at different tempera-

tures
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temperature, the intensity of the absorption bands 
assigned to  COO−, Ti–OH and O–H vibration bonds 
decreases and these bands disappear completely at 
800 °C. Ti–O-Ti absorption band shifts towards low wave-
numbers side with increasing the annealing temperature. 
The decrease of these bands intensity might be due to 
the structural phase transformation [46]. The shifting of 
the absorption band corresponding to Ti–O stretching to 
lower wavenumbers side with increasing the annealing 
temperature indicates a decrease in the strength of Ti–O 
bond and the elimination of Ti–O–C bonds due to thermal 
treatment.

Figure 9 shows SEM images of S4 aerogel annealed at 
500, 800 and 1000 °C. As can be seen, the grains of the 

as-prepared aerogel (Fig. 5) are more dispersed and give 
a less dense appearance. On the other hand, the texture of 
the annealed aerogels (Fig. 9), resulting from the agglom-
eration of roughly spherical particles, looks slightly com-
pact and smooth. This can be explained by the evacua-
tion by the air molecules and the elimination of organic 
compounds with heat treatment. The purity of  TiO2 crys-
tallites chemically enhanced and annealing greatly favors 
the agglomeration process to form relatively smooth and 
large grains. The SEM image of the S4 aerogel annealed at 
1000 °C (rutile phase) indicates that the annealing process 
not only changes the crystalline structure of the particles 
but also the morphology of the grains.

Fig. 9  SEM images of S4 aerogel annealed at different temperatures
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4  Conclusion

In this work, titania nano-aerogels have been prepared 
by sol–gel method associated with drying in super-
critical conditions of ethanol. The effects of precursor 
concentration and annealing temperature on structural 
and morphological properties of  TiO2 aerogels have 
been investigated. The XRD analysis has revealed that 
pure anatase phase is obtained for the aerogels syn-
thesized with various precursor concentrations with 
crystallite size less than 10 nm. The unit cell parameters 
vary uniformly with Ti-precursor concentration. The 
highest specific surface area was found in S2 aerogel. 
The pore volume increases with increasing sol concen-
tration. The presence of Ti–O and Ti–O–Ti bonds was 
confirmed by FTIR measurements. EDAX analysis has 
indicated that the elaborated powders are oxygen rich 
whereas, SEM images have shown that the nanoparticles 
are nearly spherical with larger agglomeration at high 
precursor concentration. The annealing temperature 
study did not show the emergence of phase’s mixture. 
The anatase–rutile phase transition temperature was 
found to be around 900 °C. Finally, it was found that the 
increase in annealing temperature leads to a shift of 
Ti–O–Ti absorption band towards lower wave numbers 
side due to the Ti–O–C bonds rupture.
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