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Abstract
In this work, a straightforward solvothermal approach to growing titanium dioxide (TiO2) structures into porous silicon 
substrates was developed. It was possible to modulate the morphology and optical characteristics of TiO2 by varying the 
concentration of the precursor and the kind of solvent. It was determined that these parameters strongly influence the mor-
phology, photoluminescent response, bandgap, and structural characteristics of TiO2. The morphology of the TiO2 particles 
deposited on the walls of porous Si can be modulated from elongated particles to nanoflakes by increasing the precursor 
concentration. On the other hand, their morphology is flake-like, semi-spherical, and sea urchin-like, for methanol, ethylene 
glycol, and acetone, respectively. The particle size also varies with the precursor concentration; the size is smaller for lower 
concentrations, producing that the bandgap and emission energy increase. The variety of TiO2 structures presented in this 
work, with different properties, can find potential applications in photocatalysis, solar cells, and sensing devices.

1  Introduction

Titanium dioxide (TiO2) is one of the most important semi-
conductor materials. This material can be found in three 
crystalline phases called anatase, rutile, and brookite, with 
a tetragonal structure for the two first phases, while the last 
phase possesses an orthorhombic structure [1, 2]. Every 
phase can be obtained at different temperatures [3]. TiO2 has 
been widely investigated due to its photoelectric properties, 
non-toxicity, biocompatibility, thermal stability, chemical 
resistance [2], and its potential application in photocatalysis 
[4–7], photovoltaics [8], sensors, batteries, fuel cells, and 
energy storage [3]. There are many ways of synthesizing 
TiO2 structures, such as solgel [3], electrochemical anodi-
zation [3], sputtering [9], thermal evaporation [10], solvo-
thermal [11], direct thermal oxidation [12], hydrothermal 
[13], and others [14, 15]. However, the solvothermal method 

has shown to be a facile and effective method to prepare 
TiO2 structures in only one step, allowing to obtain different 
morphologies, just varying parameters such as temperature, 
time, additives, solution pH, and solvent medium. [16]. Pho-
tocatalysis applications have been studied for a long time; 
however, the efficiency of these systems is reduced due to 
the fast recombination of photo-generated electron–hole 
pairs [4]. In order to eliminate this fast recombination, 
TiO2 structures have been modified with different materi-
als. Semiconductor coupling employing immobilization of 
TiO2 structures is considered to be one of the best ways to 
increase the photocatalytic efficiency without modifying the 
optical, electrical, and crystal structure of TiO2 [4]. Catalyst 
supports such as carbon, carbon nanotubes, activated carbon, 
and porous silicon (PS) have been used [5]. Among them, 
one of the most promising, and underexplored supports, 
is PS. The immobilization of metallic oxide nanoparticles 
inside PS could lead to the creation of a promising technol-
ogy in photocatalysis [6], because its porosity allows the 
interaction with atoms, ions, and molecules in applications 
that involve ion exchange, adsorption, and catalysis [7], and 
its additional (well known in electronics) semiconducting 
properties.

Porous silicon (PS) was discovered in 1956 [17]; however, 
it has been extensively studied for photonics and electronics 
applications just after the evidence of photoluminescence 
(PL) at room temperature in 1990 by Canham [18]. PS has 
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shown intense PL, antireflective properties, and modulation 
of the energy bandgap [19].

Combining metallic oxides and PS results in an enhance-
ment of the surface area and other characteristics; moreover, 
it modifies the electrical and optical properties of PS [20]. 
There are some reports about the immobilization of TiO2 
structures in PS [4–7]. However, the insertion of TiO2 nano-
particles is commonly performed using high-cost methods 
such as atomic layer deposition (ALD) [4], or magnetron 
sputtering [21], in order to achieve uniform coatings inside 
the PS. In comparison with those methods, the solvothermal 
method can be considered a low-cost method. However, it is 
commonly necessary to optimize its many synthesis param-
eters to be able to obtain the desired crystal structures and 
morphologies. Nevertheless, the low effectiveness of this 
method is compensated by its simplicity and low cost, in 
comparison with ALD or sputtering. Additionally, different 
material morphologies can be obtained by this technique, 
which is not common for any other method.

In this work, the synthesis of the TiO2 nanostructures has 
been carried out in one step by the low-cost and straightfor-
ward solvothermal method at low temperatures (180 °C). 
The solvent used and the titanium butoxide (used as the pre-
cursor) concentration have been varied to evidence how they 
affect the morphology, crystal structure, and morphology 
of TiO2. Moreover, the PS has been synthesized by a cheap, 
simple, effective, and novel MACE (metal-assisted chemical 
etching) method. This study aims to grow TiO2 nanostruc-
tures on and inside PS in a controlled way to observe and 
correlate optical, structural, and morphological properties.

2 � Experimental methods

PS was prepared by MACE from Si wafers as it has been 
reported in [22], without illumination of the backside of the 
substrate. After the chemical etching, the wafers were rinsed 
with deionized water and dried with nitrogen.

TiO2 was synthesized by the solvothermal method using 
titanium butoxide as the precursor at 180 °C. In the lit-
erature, the TiO2 synthesis has been obtained varying the 
type of solvent; in this work, the precursor concentration 
was also varied. Hydrochloric acid (HCl) was used to add 
acidity to the medium (it is common to obtain nanopar-
ticles instead of bigger particles when working in acidic 
medium), and ethylene glycol (HOCH2CH2OH), methanol 
(CH3OH), and acetone (CH3COCH3) were employed as 
solvents. For the synthesis, two experimental setups were 
performed; in the first one, the titanium butoxide con-
centration was varied. The amount of this substance was 
2, 0.25, and 0.083 mL for the experiments. It was mixed 
with 1 mL of HCl and dispersed into 10 mL ethylene gly-
col (used as solvent) in a Teflon-lined autoclave with a 

capacity of 15 mL under magnetic stirring for 5 min, and 
then a small piece of PS was introduced before closing 
it. Then, the autoclave was introduced into the furnace at 
180 °C for 4 h. The second experimental setup was car-
ried out varying the type of solvent. 0.083 mL of titanium 
butoxide and 1 mL of HCl were dispersed into 10 mL of 
ethylene glycol, methanol, or acetone, under the same con-
ditions previously mentioned. After taking the autoclaves 
out of the oven, they were left to cool down naturally at 
room temperature. The samples were rinsed with deion-
ized water and dried with nitrogen. Finally, the samples 
were thermally treated at 400 °C for 3 h under air. Table 1 
lists the samples prepared under different conditions.

The samples were characterized by field-emission 
scanning electron microscopy (FE-SEM) FEI-SCIOS 
DualBeam in order to observe the PS morphology before 
and after introducing the TiO2, in cross section and top 
view. Raman spectra of the samples were recorded using 
a Raman microscope Horiba LabRam HR, with a 632 nm 
laser, using a × 50 objective. Room-temperature diffuse 
reflectance spectroscopy of the samples was measured 
using a Cary 5000 UV–Vis–NIR system (Agilent Tech-
nologies Inc., Santa Clara, CA, USA). The reflectance 
spectra were recorded in a range from 200 to 1500 nm 
with a resolution of 1 nm. The photoluminescence (PL) 
response was measured at room temperature using a Hor-
iba Jobin–Yvon spectrometer model FluoroMax 3 (Edi-
son, NJ, USA) with a pulsed xenon excitation source and 
a multiplier tube detector controlled by a computer. The 
samples were excited using radiation of 330 nm, and the 
luminescence response was recorded in a range from 370 
to 1000 nm with a resolution of 1 nm. The X-ray diffrac-
tion (XRD) diffractograms were obtained with a D8 dis-
cover Bruker diffractometer operated at 40 kV and 40 mA 
using the CuKα1 radiation (1.5406 Å). The TiO2 powder 
diffractograms were recorded from 20° to 80° 2θ in 0.04° 
steps.

Table 1   Samples prepared under different conditions

Sample Precursor solution Propor-
tion 
(V:V:V)

PTI01 Titanium butoxide/HCl/ethylene glycol (EG) 2:1:10
PTI02 Titanium butoxide/HCl/ethylene glycol (EG) 1:4:40
PTI03 Titanium butoxide/HCl/ethylene glycol (EG) 1:6:60
PTI04 Titanium butoxide/HCl/methanol (M) 1:6:60
PTI05 Titanium butoxide/HCl/acetone (A) 1:6:60
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3 � Results and discussion

Figure 1 shows the XRD patterns corresponding to TiO2 
structures obtained under different processing conditions.

As can be appreciated in Fig.  1, the samples PTI01, 
PTI02, PTI03, and PTI04 show the characteristic peaks of 
TiO2 around 25.36°, 37.88°, 48.09°, 53.99°, 55.01°, and 
70.47° 2θ, associated with (101), (004), (200), (105), (211), 
and (220) planes, respectively. These peaks confirm that the 
predominant phase is the tetragonal anatase, being in good 
agreement with the report of [23]. However, two additional 
peaks found around 62.74° and 68.97° can be easily con-
fused between the anatase and the rutile phase, due to the 
closed position between peaks. The peak around 62.74° can 
be the (204) plane of anatase or the (002) plane of rutile. 
The peak around 68.97° could correspond to the (116) plane 
of anatase or the (301) of rutile. On the other hand, sample 
PTI05 shows peaks distinctive of the rutile phase, around 
27.51°, 36.1°, 39.13°, 41.28°, 44.01°, 54.35°, and 56.5° 2θ, 
which correspond to (110), (101), (200), (111), (210), (211), 
and (220) planes, respectively. Moreover, one additional 
peak around 48° can be associated with the (200) plane, 
which is typically related to the anatase phase. Samples tend 
to form monophasic TiO2 structures (anatase or rutile). Nev-
ertheless, some peaks are confirming the formation of mix-
tures with the remaining amount of a new TiO2 polymorphic 
phase, as will be presented in the results of Raman.

Figure  2 shows the Raman spectra for the samples 
obtained under different synthesis conditions.

Raman spectroscopy was used to determine the TiO2 
phase of the samples according to the position of the peaks 
[1, 20, 24–28]. Figure 2 shows the Raman spectra of the dif-
ferent samples. Sample PTI01 shows peaks at 144 cm−1 [20, 
25, 28], 196 cm−1 [24, 28], 397 cm−1 [25, 27, 28], 516 cm−1 

[24, 25, 28], and 638 cm−1 [25, 28] which have been cata-
logued for anatase phase and can be assigned as the Eg, B1g, 
A1g, B1g modes. Samples PTI02 and PTI03 show the peaks 
at 143.9 cm−1 [20, 25, 28], 226.9 cm−1 [28] 434.9 cm−1 [20], 
620 cm−1 and 623 cm−1 [1, 20] which indicate a combination 
of anatase and rutile phases. Sample PTI04 shows peaks at 
146 cm−1 (Eg) [20, 25, 28], 228.1 cm−1 [28], 432.1 cm−1 [20] 
and 642 cm−1 (B1g) [25] that characterize the anatase phase. 
Finally, sample PTI05 shows the peaks around 144.7 cm−1 
[20, 25, 28], 231.1 cm−1 (Eg) [28], 448.2 cm−1 (Eg) [24], 
and 608.8 cm−1 (A1g) [24, 26] which correspond to the rutile 
phase. Mode Eg is due to the symmetric stretching vibration 
of O–Ti–O, the B1g mode is originated from the symmetric 
bending vibration of O–Ti–O, and the mode A1g corresponds 
to the antisymmetric bending vibration of O–Ti–O in TiO2 
[20].

On the other hand, some peaks around 302 cm−1 and 
521 cm−1 are present in samples PTI02, PTI03, and PTI04; 
this effect is due to the lack of coating of the TiO2 structures 
on the PS, as will be seen in the SEM images. According 
to the literature, these peaks are characteristics of crystal-
line silicon. Due to the formation of pores in Si, the peak at 
521.5 cm−1 must shift to a lower frequency [20]; however, 
in this case, the higher-frequency shift could be explained 

Fig. 1   XRD patterns of TiO2 structures obtained under different pro-
cessing conditions

Fig. 2   Raman spectra of the PS/TiO2 samples
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by any interaction effect of the TiO2 with the PS. Also, the 
peak at 302 cm−1 is explained due to the formation of silicon 
nanocrystal embedded in a PS matrix [20]. Figure 3 shows 
the FESEM images of the top view and the cross section of 
PS obtained by MACE.

According to Raman, the spectra, significant differences 
among the samples, regarding their crystalline phase, can be 
observed. This is strongly related to the synthesis conditions; 
for example, sample PTI01 synthesized with a high titanium 
butoxide concentration shows the characteristic peaks for a 
pure anatase phase. The anatase phase could give the mor-
phology (flake-like). Samples PTI02 and PTI03 show the 
same peaks almost in the same position; however, they indi-
cate a combination of anatase and rutile phases. The com-
bination of these phases could be related to the morphology 
of the TiO2 structures; SEM images (Fig. 4) exhibit radical 
changes in the morphology of the samples from nanosheets 
(PTI01) to short nanorods (PTI02), and elongated nanopar-
ticles (PTI03) will be observed. Sample PTI04 (methanol 
solvent) has almost a pure anatase phase with a peak related 
to the rutile phase. Meanwhile, the sample PTI05 (acetone 
solvent) shows almost a pure rutile phase. The combina-
tion of phases could be attributed to predominance in the 
agglomeration dimensionality. Reference [16] mentions 
that nanorods have a rutile phase, while the anatase phase 
is observed in nanosheets and other irregular morphologies. 
Also, it is important to note the predominance of the rutile 
phase when acetone is used. According to the literature [16], 
a good interface, which could separate the titanium precur-
sor from the aqueous phase, is the key to control the forma-
tion of 3D structures, due to the control of the hydrolysis and 
polycondensation. The control of the morphology is the key 
to the predominant phase, as it was previously mentioned. 
Moreover, Zakrzewska [29] mentions that oxygen nonstoi-
chiometry created at high sputtering rates promotes rutile 
growth. For that reason, the oxygen and the morphology 

Fig. 3   SEM micrographs of the PS in a top view b cross section

Fig. 4   SEM micrographs in top view and cross section of TiO2 on PS 
a top-view PTI01, b cross section PTI01, c top-view PTI02, d cross 
section PTI02, e top-view PTI03, f cross section PTI03, g top-view 
PTI04, h cross section PTI04, i top-view PTI05, j cross section PTI05
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could be the cause of the rutile phase formation. However, 
Xu et al. [16] mention that the solvent is the main promotor 
to generate 3D structures. The 3D structures are a result of 
the solvent properties such as polarity, boiling point, surface 
tension, dielectric constant, and more. Xu et al. [16] make 
an explanation for the combination of the solvent, the acid 
medium, and the precursor. In this explanation, the dielec-
tric constant reflects the solvent polarity, HCl is soluble in 
some polar solvents, and the titanium butoxide is soluble in 
only organic solvents. A high concentration of H+ and Cl− at 
the interface promotes the formation of the rutile phase, 
and the selective adsorption of Cl− ions on the rutile (110) 
plane creates the growth along [001] direction to form rutile 
nanorods. Therefore, Xu et al. [16] inferred that an excellent 
liquid–liquid interface isolates the precursor agent from the 
aqueous phase and concentrate HCl. Therefore, using ace-
tone makes a good interface, which is favorable for the for-
mation of the quasi-3D urchin-like hierarchical microsphere 
structures. In the resume, the phase of the TiO2 is related to 
the structure (3D agglomerates due to 1D structures), and 
the structure is connected with liquid–liquid interface of the 
elements in the solution.

Figure 3 shows the FESEM images of the top view and 
the cross section of PS obtained by MACE.

Figure 3a shows the microstructural characteristics (top 
view) of PS substrate with 30 min of chemical etching, and 
it is possible to observe a sponge-like structure very similar 
to conventional electrochemical anodization. According to 
Fig. 3a, pores have a uniform distribution, circular morphol-
ogy, and similar sizes. This microstructure correlates with 
the geometry of the metal particles used to generate pores 
in PS. The macropores formation could be related to the 
combined effect of the Ag nanoparticle size and the etching 
time. In this case, the pore size category falls into macropo-
res, since the pore size turned out to be over 50 nm [30].

Figure 3b shows the cross section of the PS. Cross section 
micrograph of PS after 30 min of etching shows channels 
surrounded with a skeleton of crystalline silicon nanowires 
[18]; these structures appreciate in the inset image. Also, two 
regions of the PS are visible; the first region has a thickness 
of around 8 μm, and the second region has a thickness of 
around 20 μm. This phenomenon could be attributed to the 
nature of the chemical etching, since the maximum concen-
tration of the Ag nanoparticles reaches a limit at a specific 
region, causing a reduction in the number of pores. Another 
explanation could be due to a non-perfectly orthogonal tilt 
of the samples during the imaging or defects obtained by the 
cleavage. The thickness of the porous silicon layers is around 
28 μm for 30 min, indicating that the etching rate is close to 
0.93 μm per minute.

Figure 4 shows the top view and cross section of the 
samples of PS/TiO2, varying the titanium butoxide con-
centration and the solvent. Figure 4a and b shows TiO2 on 

the PS synthesized with 2:1:10 of titanium butoxide, HCl, 
and ethylene glycol in volume ratio, respectively. A disor-
dered morphology of loosely packed flocs assembled from 
2D nanosheets with irregular shapes can be observed, and 
similar 2D structures have been reported by Xu et al. [16]. 
Nanosheets fully cover the PS surface, even blocking the 
view of silicon pores. Nevertheless, the cross section shows 
some pores with a partial infiltration of TiO2 agglomerates. 
The TiO2 partial infiltration can be attributed to the size of 
these agglomerates, which is bigger than the pore diameter; 
moreover, the surface tension and the viscosity of the eth-
ylene glycol may affect capillary pressure and absorption 
capacity of the solution, allowing wettability conditions into 
the pores.

Figure 4c and d shows the TiO2 structures synthesized 
with 1:4:40 of titanium butoxide, HCl, and ethylene glycol 
in volume ratio, respectively, in top view and cross section. 
Figure 4c shows that TiO2 morphology and size change con-
siderably compared to the first case (2:1:10) since it can 
be observed spheres with a regular structure and a well-
defined shape. These spherical structures seem to be as TiO2 
agglomeration of short nanorods. This effect is contradictory 
to what is mentioned by Xu et al. [16], where they mentioned 
that the use of ethylene glycol constitutes the formation of 
irregular structures without distinct shape building blocks. 
Another interesting thing that observes is that these sphere 
structures possess a similar size to the pores, or even smaller 
than the pores, which makes the introduction of the spheres 
inside of them possible. Figure 4c shows some spheres 
inside of the pores. Figure 4d shows a cross section to cor-
roborate the introduction of these spheres.

However, as can be seen, only some spheres can be appre-
ciated; this could be because the size of the TiO2 structures 
is comparable with the pore size, which generates a bot-
tleneck along the channel. Thus, the introduction of TiO2 
particles along the Si channel is inhibited.

Figure 4e and f shows the top-view and cross section 
FESEM images of TiO2 structures synthesized with 1:6:60 
of titanium butoxide, HCl, and ethylene glycol in volume 
ratio, respectively. Figure 4e presents a new morphology 
concerning the previous experiments shown. In this case, 
the size of the agglomerates decreases considerably, and 
the spherical form remains unchanged as in the second case 
(1:4:40, Fig. 4c and d). TiO2 nanospheres decorate the PS 
surface. In Fig. 4f, the cross section shows pores with nano-
spheres decorating along the Si channel. Hence, it is demon-
strated that titanium butoxide concentration plays an impor-
tant role in morphology and size control. Since, in the first 
case (2:1:10), the morphology turns out to be nanosheets 
or nanoflakes, in the second case (1:4:40) the morphology 
seems to be short nanorods and in the third case (1:6:60 
volume ratio) the morphology drives to the agglomeration 
of nanoparticles.
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Figure 4g and h shows the top-view and cross section 
FESEM images of TiO2 structures synthesized under the 
following conditions: 1:6:60 of titanium butoxide, HCl, and 
methanol volume ratio, respectively. According to the top-
view FESEM image (Fig. 4g), a radical change in compari-
son with the other experiments can be observed; in this case, 
the formation of TiO2 regular nanoparticles (size ~ 15 nm) is 
evident; this morphology is slightly similar to Fig. 4e. How-
ever, size is smaller than using ethylene glycol. Likewise, it 
can be appreciated that nanoparticles cover the fulfill surface 
of the PS and the Si channels; this coating is a conformal 
deposit. Figure 4h shows the cross section of the sample 
with 1:6:60 of titanium butoxide, HCl, and methanol volume 
ratio. Figure 4h corroborates the coating of the Si surface 
and channels by TiO2 nanoparticles like a conformal deposit. 
It is well known that sophisticated processing methods only 
reach conformal deposits such as sputtering, ALD, plasma, 
or PECVD [4, 21, 31, 32].

Finally, Fig. 4i and j shows the top-view and cross section 
images of TiO2 structures synthesized with 1:6:60 of tita-
nium butoxide, HCl, and acetone volume ratio, respectively. 
Figure 4i shows micro-flower structures composed of a large 
number of nanorods along the radial direction from the core 
to the surface. Something similar has been reported by Xu 
et al. [16] with similar sizes. Figure 4j shows the cross sec-
tion of the PS/TiO2 sample; however, because the size of 
these micro-flowers is ten times bigger than the pore size, 
the insertion of these TiO2 structures was impossible.

The morphology observed in SEM images clearly shows 
a tendency both changing the alkoxide concentration and 
varying the solvent. The variation of butoxide concentration 
results in the morphology and size structures from bigger 
(agglomeration of nanosheets with the highest concentra-
tion) to smaller structures (nanospheres and nanoparticles 
with the lowest concentration). Moreover, the change of the 

solvent results in the variation of the morphology or size. 
The EG solvent generates irregular nanoparticles of around 
50 nm, and the M solvent promotes the formation of per-
fect nanoparticles of approximately 15 nm. However, the A 
solvent creates a change in morphology and size as urchin-
like micrometric structures. Therefore, the concentration of 
the titanium precursor and solvent variation can modify the 
morphology and size of the TiO2 structures.

Regarding the coating in the PS, under certain condi-
tions, it is possible to obtain complete coverage of the PS 
structure, and this is related to the morphology and size of 
the TiO2 structures. SEM images show different morpholo-
gies. Therefore, correlating the results of Raman and XRD, 
it could be said that 3D structures tend to have a rutile phase 
if the structures are formed by 1D structures (nanorods); 
meanwhile, the anatase phase is produced by 2D agglomera-
tion structures. Thus, the morphology of the TiO2 plays an 
important role in obtaining a specific phase and morphology 
because it depends on both alkoxide concentration and the 
solvent, as previously mentioned.

The SEM microscope is also equipped with energy-dis-
persive X-ray spectroscopy (EDX) for elemental analysis. 
The results show that TiO2 structures are supported in the 
PS. In some cases, the TiO2 stoichiometry can be confirmed, 
but in special cases (PTI05), there is an excess of Ti, due to 
the large microstructure of Ti. The results are summarized 
in Table 2.

The pore coverage was calculated, taking the cross sec-
tion image of each sample. In this case, it was taken the aver-
age of the area (the Si channel was idealized as a cylinder) 
from different Si channels and the coating area by the TiO2.

Photoluminescence spectra are presented in order to know 
the luminescent effect produced before and after deposit-
ing TiO2 structures. Analyzing PL signals is very important 
in order to understand the behavior of photons generated 

Table 2   Characteristics of TiO2 prepared under different conditions: atomic percentage of composing elements (at.%), empirical formula, mor-
phology and size, and pore wall coverage

Sample Elements (atomic%) Stoichiometry

Ti (at.%) O (at.%) Empirical formula Morphology and size Pore wall 
coverage % 
(C)

PTI01 (2:1:10)
(EG)

33.89 66.1 TiO1.95 Nanosheets agglomeration 2D (500 nm) 10

PTI02 (1:4:40)
(EG)

32.05 67.94 TiO2.12 Nanospheres with short nanorods (100 nm) 25

PTI03 (1:6:60)
(EG)

37.59 62.41 TiO1.66 Elongated nanoparticles (50 nm) 40

PTI04 (1:6:60)
(M)

39.21 60.78 TiO1.55 Nanoparticles around 15 nm 100

PTI05 (1:6:60)
(A)

34.01 65.99 TiO1.94 Microspheres with nanorods (5–6 μm) 0
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by the electron–hole recombination effect. The results are 
summarized in Fig. 5 for PS etching chemically and coat-
ing for TiO2 structures. The PS shows a broadband, with a 
maximum emission of around 648 nm or 1.9 eV with a full 
width at half maximum (FWHM) around 0.5 eV, similar to 
Leontis et al. [33]. Moreover, it is possible to observe a weak 
shoulder around 807 nm. In this case, the PL effect could 
be due to the structure and morphology of the PS, since 
the porosity can be seen as Si nanocrystals interconnected 
with different sizes along with the tubular structure [33]. The 
peak position of the PL depends mainly on the size distribu-
tion and chemical composition [33]. In order to explain the 
origin of the PL in these porous structures, many models 
have been proposed as quantum confinement [34, 35], hydro-
gen termination in nanocrystals [36], oxidized nanocrystals 
[35, 37], localized states [35, 37], and structural defects at 
the surface [33, 38]. The most accepted model is quantum 
confinement. This effect takes advantage when the crystal-
line Si size is comparable with the Bohr radius of excitons 
in the Si crystals (around 5 nm) [39]. A study performed by 
Cong et al. [39] mentions that the PL peak at 700 nm is due 
to the quantum confinement originated by Si nanocrystal 
coating silicon nanowires. Also, they have a slight emission 

of around 800 nm, as in this study. This effect attributes to 
electron–hole recombination confined in Si crystals with a 
diameter of a few nanometers [39]. The origin of this peak 
could corroborate with the Raman spectrum peaks found 
around 302.5 cm−1, where the peak is explained, due to the 
formation of silicon nanocrystal embedded in a PS matrix 
[29]. However, it is not possible to discard effects such as 
oxidized nanocrystals, hydrogen-terminated crystals, or 
defects at the surface, since due to the preparation method, 
these three effects are present. A study of FTIR could con-
firm the first two defects (as is presented in Refs. 34 and 
40); meanwhile, defects at the surface have been confirmed 
by SEM images (see Fig. 3a). PL could be a contribution to 
both defects and quantum effects.

On the other hand, the PS with TiO2 coating has an inter-
esting effect, as shown in Fig. 5. A passivation effect of the 
PS surface is evident, since the broadband at 648 nm disap-
pears and a new blueshifting band appears. The passivation 
effect of the PS can corroborate with the TiO2 coating on 
the PS surface. The PL for TiO2 has been explained with 
three origins: the self-trapping excitons, the oxygen vacan-
cies, and the surface states [40, 41]. However, other studies 
add another origin from the band-to-band transition [41].

In the literature, the PL of the anatase TiO2 phase divides 
into three regions for low energies under 2.65 eV, which 
is attributed to TiO2 surface states. Medium energies from 
2.7 to 2.84 eV correspond to the recombination of photoin-
duced electrons and holes via the oxygen vacancies with 
two trapped electrons. High energies over 3.01 eV near band 
edge emission are attributed to indirect transitions [41].

In this study, it can be observed these three regions with 
different intensities that depending on the sample. A green 
emission has been observed in structure PTI03, which is 
sometimes reported and is due to a transition of elec-
trons from the donor level of the oxygen vacancies in the 
valence band [40]. According to the literature, the oxygen 
vacancies are intrinsic defects and are created to maintain 
the charge imbalance [41]. Moreover, they seem to be the 
most important source in the luminescent emission for 
TiO2-denominated Vo, Vo

+, and Vo
++ [40]. PL, both PS and 

TiO2, structures have been already analyzed, and it is pos-
sible to say that TiO2 PL signal changes depending on both 
the synthesis conditions and morphology.

Sample PTI01 shows a maximum of PL around 2.61 eV, 
due to surface states generated by the recombination of pho-
toinduced holes [41]; these surface states can be generated 
by the large surface area of the nanosheets (see Fig. 4a). 
Sample PTI02 shows a blueshifting related to PTI01, and 
this could be due to the reduction in titanium butoxide con-
centration and the morphology change from nanosheets to 
short nanorods (see Fig. 4c), the maximum PL is observed 
around 2.84 eV due to recombination from oxygen vacan-
cies [41]. However, sample PTI03 shows a redshift around 

Fig. 5   PL spectra of the PS and PS/TiO2 samples (1-column fitting 
image)
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2.07 and 2.28; in this case, the effect can be explained by 
a contribution of PS/TiO2, since, as shown in Fig. 2e, the 
TiO2 does not fully cover the PS surface; for that reason this 
luminescent effect can be a contribution of PS/TiO2 interac-
tion. Also, these peaks can be due to oxidized PS, as it is 
shown in Ref. [42]. This PL contribution could be present 
in all samples, but the PL intensity could be minimal for the 
rest of the samples, which avoids the observation of these 
contributions. However, if this contribution of the oxidized 
PS or the PS does not exist, the connection between alkox-
ide concentration and PL energy tends to grow. Also, the 
tendency can be related to the size of the TiO2 structure, 
since as the energy increases the TiO2 structure reduces; 
this is only suitable for the samples where titanium butoxide 
concentration reduces.

On the other hand, sample PTI05 synthesized with 
acetone shows the maximum PL at 3.04 eV, while sample 
PTI04 synthetized with methanol shows the maximum peak 
at 2.9 eV. Thus, the change of the solvent produced a redshift 
in maximum PL energy. If the highest energy for sample 
PTI03 is considered to be 3.12 eV, it is possible to modulate 
the emission energy of the TiO2 structures, both varying the 
titanium butoxide concentration and changing the solvent.

Diffuse reflectance has been used in order to obtain the 
energy gap of the samples. By using the Kubelka–Munk 
method, it is possible to obtain the bandgap of the TiO2 
samples. The equation for this method is F(R) = (1 − R)2/2R, 
where R is the reflectance and F(R) becomes the absorb-
ance [43]. Since F(R) represents the absorbance, in Fig. 6a, 
it is clear to see that there are different absorbance bands. 
The first absorbance band due to excited electrons from the 
valence band to the conduction band ranges from 250 to 
300 nm, the second band runs from 350 to 400 nm, and the 
third band runs from 400 to 700 nm (2B1g to 2Eg transition 
[43]) similar to Choudhury et al. [43]. The literature reports 
that the valence band is composed of oxygen 2p states, and 
the conduction band is composed of Ti 3d states [43]. Spec-
tra in Fig. 6a are similar among them; we consider that the 
PS contributes strongly to the absorbance spectra, which 
means the PS works as an active layer absorbing the UV 
energy. Therefore, all bands can result from the interaction 
between PS and TiO2. The most important effect is present 
in samples PTI01 and PTI05, where the effect of TiO2 is 
more evident since the contribution of the PS eliminates 
according to the Raman spectra (where the Si peak contribu-
tion does not appear), and the reflectance spectra corroborate 

with this, showing a significant difference in comparison 
with the other spectra. For that reason, the real nature of 
the TiO2 observes in these two samples because there is no 
interaction of the PS. Figure 6b–g shows (F(R)*h)1/2 versus 
h in order to determine the bandgap of the structures. The 
fractional exponent is due to TiO2, which is considered an 
indirect semiconductor [43]. Figure 6b shows the PS energy 
bandgap around 1.67 eV, similar to what reported in Ref. 
[44]. Bandgap for TiO2 structures is presented in Fig. 6c–g 
PTI01, PTI02, PTI03, PTI05, and PTI04, which possess 
almost the same energy gap, 2.94 eV, 2.95 eV, 2.96 eV, 
2.95 eV, and 3.01 eV, respectively. These values around 
2.9 eV can be explained with Fig. 7 as a result of the inser-
tion of the oxygen level defect close to the conduction band, 
which causes a direct transition from the valence band edge 
to the oxygen level defect [45]. This transition makes that 
TiO2 structures tend to this kind of transition.

On the other hand, it is possible to observe a tendency 
for samples PTI01, PTI02, PTI03, and PTI04, i.e., there 
is an increase in the energy gap as the agglomeration size 
decreases. Meanwhile, sample PTI05 does not follow the 
tendency perhaps due to the structure obtained since, accord-
ing to SEM images, it seems to be a well-defined 3D struc-
ture constituted for 1D structural arrays, in contrast with the 
other samples that seem to be agglomerations formed from 
smaller structures. Moreover, the phase change shown in the 
Raman spectra can be another possible option that explains 
the discontinuity in the tendency previously found. This 
effect means that sample PTI05 shows direct band-to-band 
transitions due to the predominant rutile phase.

Table 3 summarizes the results, where it can be appre-
ciated the relationship between the size of the structures 
and the energy emission photoluminescent and the energy 
bandgap.

4 � Conclusion

In summary, the fabrication of PS-based samples and 
TiO2 using low-cost and straightforward methods has been 
reported. Morphologies for the PS and TiO2 nanostructures 
have been reported. It was also possible to observe how the 
TiO2 morphology varied not only with the solvent but also 
with the titanium butoxide concentration. As the precursor 
concentration was reduced, the morphology of the TiO2 
structure changed from 2D structures (nanosheets) to 0D 
structures (nanoparticles). Also, the variation of the solvent 
affected the morphology and the size of the TiO2 structures 
from irregular nanoparticles (using ethylene glycol) to sea 
urchin structures (using acetone).

Moreover, under certain conditions, a conformal deposit 
was obtained (using methanol). Thanks to Raman spectra, it 
was possible to identify the different phases of TiO2, where 

Fig. 6   Diffuse reflectance of the TiO2 structures and Kubelka–Munk 
method to determine the bandgap: a Kubelka–Munk absorption, b 
determination of Eg for PS, c determination of Eg for PTI01, d deter-
mination of Eg for PTI02, e determination of Eg for PTI03, f determi-
nation of Eg for PTI04, g determination of Eg for PTI05. (2-column 
fitting image)

◂
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some samples had predominance for the anatase or the rutile 
phase. Also, a tendency due to the morphology can be cor-
related thanks to SEM analysis. This tendency means that 
3D structures (PTI05) showed predominance for the rutile 
phase; meanwhile, 0D (nanoparticles) or 2D structures 
(nanosheets) displayed a tendency for the anatase phase. 
Something similar has been reported in the literature.

Moreover, it is possible to eliminate the Si intense peak in 
the samples, depending on the synthesis conditions, which 
cause a passivation effect on the PS surface. The XRD pat-
terns confirmed the results obtained by Raman spectra. The 
patterns confirmed the predominance of any phase (anatase 
or rutile) for each sample related to the morphology of the 
TiO2 structure. The phase combination in the samples has 

even been confirmed by XRD, which makes Raman spec-
troscopy a proper characterization technique in order to find 
the characteristic phases for these samples. By analyzing 
the PL spectra, it was possible to identify the characteristic 
PL band of the PS, but after depositing TiO2, a passivation 
effect in the luminescence from PS was found. The PL spec-
tra corroborated the passivation effect on the surface.

Furthermore, the TiO2 PL can be controlled by the 
synthesis process, either varying solvent or modifying 
the titanium butoxide concentration. The reduction in the 
precursor concentration generated an increase in energy 
emission. The variation of the solvent also exhibited an 
energy emission modulation. On the other hand, the ori-
gin of the PL is uncertain, and it could originate from 
quantum confinement or structural defects on the surface 
of the PS; meanwhile, the luminescence of TiO2 could 
be connected with oxygen vacancies or surface states. By 
using the Kubelka–Munk method from diffuse reflectance 
spectra, the energy gap of the TiO2 samples obtained was 
similar to what reported in the literature. According to the 
energy gaps, the transitions can originate from the edge 
of the valence band to the oxygen level defect. By ana-
lyzing SEM images, there is even a relationship between 
the structure size and energy bandgap. As the size of the 
TiO2 structure reduces, an increase in the energy gap finds 
(when the precursor concentration reduced).

This tendency is similar to the results obtained with 
the energy emission from PL spectra. Moreover, when the 
solvent was changed, the modulation of the energy gap that 
could be related to the TiO2 size could also be seen. That 
means the acetone solvent produced the biggest structures 
that presented the lowest energy gap, and the methanol 
solvent exhibited the smallest structures that showed the 
biggest energy gap. In other words, SEM images have 
shown how the morphology variation of TiO2 (depend-
ing on the synthesis conditions) modifies the properties of 
this material. The dimensionality (3D, 2D, or 0D) of the 
TiO2 structure generates a phase predominance, and the 
size reduction in TiO2 increases the PL emission and the 
energy GAP (for some cases).

Fig. 7   Energy band diagram of TiO2 showing the transition from the 
valence band to oxygen defect level. (1-column fitting image)

Table 3   Results summarized 
correlating all characterization

Sample Fesem 
(average 
size)

Pl (maximum emission peak) Diffuse reflectance 
(bandgap) (eV)

Raman and XRD

PTI01 (EG) 500 nm 2.61 eV 2.94 Anatase phase
PTI02 (EG) 100 nm 2.84 eV 2.95 Combination of phases
PTI03 (EG) 50 nm 2.07 eV or 3.12 eV 2.96 Combination of phases
PTI04 (M) 15 nm 2.9 eV 3.01 Combination of phases 

(mainly anatase)
PTI05 (A) 5 μm 3.04 eV 2.95 Rutile phase
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