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Abstract

Titanium dioxide (TiOy) is employed in various
environmental science applications due to its exceptional
photocatalytic activity and semiconductor behavior. The
efficacy of TiO in these applications is intrinsically linked
to its crystal structure, morphology and particle size.
Titanium dioxide exhibits three well-defined crystalline
phases: Anatase (octahedral structure), Rutile (tetragonal
structure) and Brookite (orthorhombic structure). This
work studies the effect of different concentrations, types
of acids, and calcination temperatures on the crystalline
structure and morphology of TiO; synthesized via
hydrothermal route using characterization techniques such
as DLS (Dynamic Light Scattering), ATR-FTIR
(Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy), XRD (X-Ray Diffraction) and SEM
(Scanning Electron Microscopy).
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Resumen

El diéxido de titanio (TiO;) se emplea en diversas
aplicaciones de ciencia ambiental debido a su excepcional
actividad fotocatalitica y su comportamiento como
semiconductor, La eficacia del TiO: en estas aplicaciones
esta intrinsecamente ligada a su estructura cristalina,
morfologia y tamafio de particula. EI TiO, presenta tres
fases cristalinas bien definidas: Anatasa (estructura
octaédrica), Rutilo (estructura tetragonal) y Brookita
(estructura ortorrémbica). En este trabajo se estudia el
efecto de diferentes concentraciones, tipos de acidos y
temperatura de calcinacién en la estructura cristalina y
morfologia del TiO. sintetizado por via hidrotermal
mediante las técnicas de caracterizacion de dispersion de
luz dindmica (DLS), espectroscopia infrarroja por
transformada de Fourier con reflectancia total atenuada
(ATR-FTIR), difraccién de rayos X (XRD) y microscopia
electrénica de barrido (SEM).
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Introduction

Titania has a wide range of applications in
environmental science due to its excellent
catalytic, optical and electrical properties
(Farooq, 2024). It is frequently used for the
photodegradation of organic molecules, water
purification, disinfection of wastewater, self-
cleaning coatings for buildings in urban areas
and in water splitting for hydrogen generation
(Ali, 2018). Additionally, exhibits utility in air
remediation systems, disinfection processes, and
targeted organic transformations (Arun, 2023).
These applications highlight the importance of
TiO2 in addressing environmental challenges
and promoting sustainability (Pelaez, 2012).

Numerous methodologies have been developed
for the synthesis of titanium dioxide,
encompassing techniques such as hydrothermal
synthesis  (Hidalgo, 2007), metal-organic
chemical vapor deposition (MOCVD) (Li, 2002),
electrochemical approaches (Anandgaonker,
2019), sonochemical processes (Guo, 2011), and
green synthesis routes (Dulger, 2024), among
others.

Hydrothermal  synthesis of TiO2
nanoparticles was performed. This method
typically involves the crystallization of TiO>
from a precursor solution under high pressure
and temperature conditions. The hydrothermal
process can produce either rutile or anatase
phase nanoparticles depending on the specific
conditions and precursors used (Gupta, 2021),
(Rehan, 2011). The influence of reactant
concentration and acid type on the final
properties of TiO2 nanoparticles synthesized via
hydrothermal methods is an important area of
research for evaluating the impact of key
reaction parameters on their crystallinity
(Kignelman, 2021).

Precursor concentration is known to
significantly impact the size, morphology, and
crystallinity of the resulting nanostructures
(Bindra, 2022), (Huang, 2012), these factors
directly influence the catalytic efficiency and
potential applications of TiO.. Similarly, the
type of acid employed dictates the etching
behavior during synthesis, thereby affecting the
final morphology and size of the nanostructures
(Eaimsumang, 2020). A thorough understanding
of these influences allows for the targeted design
and optimization of TiO. for specific
applications.
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In the present investigation, the effects of
nitric acid (HNOs) concentration gradients and
calcination temperature on the hydrothermal
fabrication of titanium dioxide are elucidated.
Furthermore, this work delineates the
comparative impact of acid type on TiO>
synthesis by utilizing both HNOs: and
hydrochloric acid (HCI) across a spectrum of
concentrations and thermal conditions.

Materials and methods

Two series of syntheses were conducted. In
series 1, different concentrations of nitric acid
and two distinct calcination temperatures were
utilized, whereas in series Il, molar ratios of
nitric acid to hydrochloric acid were employed.

Series I: Synthesis of titania particles was
achieved utilizing titanium isopropoxide (Ti
1(PrO)+) as the precursor. This precursor was
incrementally introduced, via a dropwise method,
into diverse solutions of nitric acid (HNO3),
accompanied by continuous stirring for a
duration of 30 minutes at ambient temperature.
To one synthesis batch, sodium fluoride (NaF)
was incorporated to evaluate its effect, given that
the fluoride ion (F~) demonstrates a pronounced
complexation propensity towards Ti(IV). The
specific compositions for each solution are
enumerated in Table No. 1.

After the completion of the stirring phase,
all synthetic mixtures were transferred to
hermetically sealed polyethylene containers and
subjected to an aging process at 85°C within an
oven for a period of 24 hours. Post-aging,
selected sample aliquots underwent calcination
at temperatures of 300°C and 500°C. The
residual precipitates were subjected to
centrifugation at 8000 rpm for 10 minutes
followed by washing. The precipitates that
resulted from this process were then calcined at
a temperature of 300°C.

Table 1
Reactant Concentrations for Titanium Dioxide
Synthesis in Series |

Reactant  — 15 Sa:]jsf) : 14 | 15
HNO; oM | 1M | 3M | 1M |05M
Tii(PrO); |0.15M |0.15M | 0.15M | 0.15M |0.15M
NaF ] ] - |o.owm

Source: own elaboration
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Series II: Titanium dioxide was
synthesized by introducing titanium
isopropoxide into a variety of HCI and HNOs3
solutions, maintaining an aggregate acid
concentration of 3M while varying their
respective proportions. The synthesis proceeded
under continuous stirring for 30 minutes. The
final concentrations are enumerated in Table No.
2.

Subsequently, the samples underwent an
aging process for 24 hours at 85°C within a
controlled oven environment. Post-aging, the
samples were subjected to centrifugation, and
the resultant solid was rinsed and re-centrifuged
at 8000 rpm for a duration of 5 minutes. The
solid isolated from this stage was then
redissolved in 50 mL of 3M HNO3 with stirring
maintained for 20 minutes. Following this, the
samples were once again centrifuged and
washed; the solid fraction was segregated from
the supernatant and subsequently desiccated.

Table 2
Reactant Concentrations for Titanium Dioxide
Synthesis in Series |1

Sample
Reactant
11-1 11-2 11-3
HNO3 0.5M M 1.5M
HCI 2.5M 2M 1.5M
Tii(PrO)a 0.15M 0.15M 0.15M

The  suspensions  derived  post-
centrifugation in series | were subjected to
particle size analysis utilizing a Dynamic Light
Scattering (DLS) device NanoBrook 90Plus
Particle Size Analyzer (Brookhaven Instruments
Corporation).

The two series of samples were
characterized by XRD using a PANalytical
X’Pert PRO diffractometer operated at 40kV and
40mA, employing Cu-Ko radiation (A=
1.54060A) with a step size of 0.0260° and a
counting time of 1.0s per step.

The presence of functional groups was
determined using a Shimadzu IRAffinity FTIR
instrument, equipped with a Gladi ATR module
(PIKE Technologies, INC) with a spectral range
of 500 to 4000 cm™,
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The morphology of the materials was
determined using Field Emission Scanning
Electron Microscopy (FESEM) on a Carl Zeiss
Supra 40 NTS instrument.

Results and discussions

Characterization by DLS

The soles obtained from samples I-2, 1-4, and |-
5 were characterized. Samples I-1 and 1-3 could
not be peptized due to consecutive washing of
the solid obtained by thermal hydrolysis.

Figures 1 to 3 display the histograms
corresponding to the different samples. In
sample I-2, a particle size of 220 nm with a
polydispersity index of 0.261 was obtained,
sample 1-4 has a particle size of 167 nm with a
polydispersity index of 0.278, while in sample I-
5, the particle size is 1291 nm with a
polydispersity index of 0.005. In syntheses I-2
and I-4, higher acid concentrations were used
compared with sample -5, which generated
smaller particles resulting in a more stable sol.
Sample I-5, containing a lower concentration of
HNOs3, produced an unstable sol that formed a
precipitate after 30 minutes.
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Figure 1

DLS size distribution of sample I-2
Source: 90Plus Nanoparticle Size Analyzer

100

75

Number

50 ‘

25 ill
i
il
0 K -

5.0 ) 5000.0

Figure 2

DLS size distribution of sample 1-4
Source: 90Plus Nanoparticle Size Analyzer
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Figure 3

DLS size distribution of sample 1-5
Source: 90Plus Nanoparticle Size Analyzer

Characterization by XRD

The samples from series 1, subjected to
calcination at 300°C, were analyzed using X-ray
diffraction (XRD). In Figure 4, it is evident that
samples I-2 and I-5 exhibit the crystalline phase
of anatase, as indicated by the International
Centre for Diffraction Data (ICDD) card 00-004-
0477. Conversely, the crystalline phase of
sample 1-3 corresponds to rutile, matching with
the information linked to the ICDD 01-073-1765
card.

sample I-2

A
i
BBV PN

sample I-5

ICDD 00-004-0477

Ll | | T

| ,‘ sample |-3
/\\ /\\ |
e
MW»««MM \\www 1 \—AMJ U\\\WIMM
N 1 N 1 N 1 N 1 N 1 N 1 N
ICDD 01-073-1765
PR SR B ‘ ||| | " i |I||.|
10 20 30 40 50 60 70 80
20 degrees

Intensity (au.)

Figure 4
X-ray diffraction patterns of Series | samples calcined
at 300°C

Source: Own elaboration
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The average crystallite sizes of the
samples presented in Table 3 were determined
using the Scherrer equation, analyzing the
diffraction peaks with the X’Pert HighScore Plus
software.

Table 3
Crystallite Size of Series | Samples Calcined
at 300°

Sample Crystallite size [A]
1-2 815
1-3 108.2
1-5 41.6

Source: own elaboration

XRD analysis was performed on Series |
samples calcined at 500°C. The corresponding
diffractograms are presented in Figure 5.
Consistent with the observations for samples
calcined at 300°C, samples I-2 and I-5 exhibit
the anatase crystalline phase, as evidenced by
their diffraction patterns matching the 1ICDD
card 00-004-0477. In contrast, sample I-3
possesses a rutile crystalline phase, as confirmed
by its diffraction pattern aligning with the ICDD
card 01-073-1765.

sample 1-2
1 L 1 L 1 L 1 L 1 L 1 L
k sample I-5
I
\ |
/‘ Jh‘ M ”\ 1
, i ‘ u ‘ ‘
= ——— \“Wﬁ“’f \ At Ml WWJ'MA'/\-M‘ M
< L 1 L 1 L 1 L 1 L 1 1 L
N ICDD 00-004-0477
>
‘»
g ] ) ] |||| , || H ||| [ I|
- sample I-3
1 L 1 L 1 L 1 L 1 L 1 L
ICDD 01-073-1765
N R .‘ ! ‘.' i |I [ L1l

WL
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Figure 5
X-ray diffraction patterns of Series | samples calcined
at 500°C

Source: Own elaboration
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Crystallite size was determined by
analyzing the diffraction peaks of Figure 5 using
the Scherrer equation within X'Pert HighScore
Plus software. The results are presented in Table
4,

Table 4
Crystallite Size of Series | Samples Calcined
at 500°

Sample Crystallite size [A]
I-2 170.9
1-3 182.5
I-5 161.5

Source: own elaboration

In the syntheses of Series I, it is evident
that as the precursor solution is prepared in a
more acidic medium, the development of the
rutile phase is favored (sample 1-3), in contrast
to samples synthesized in a less acidic medium
(samples I-2 and 1-5), where characteristic peaks
corresponding to the anatase phase are observed.

Regarding the calcination temperature,
examination of the diffractograms in figures 4
and 5 reveals that there is no change in the
samples with respect to the phases present.
However, the thermal treatment led to an
increase in crystal size, as evident in Tables 3
and 4.

The average crystallite sizes of the Series
Il samples depicted in Table 5 were obtained
through the Scherrer equation, utilizing an
analysis of the diffraction peaks of Figure 6 with
the X’Pert HighScore Plus software.

Table 5
Crystallite Size Analysis of Series 11 Samples

Sample Crystallite size [A]
-1 98.8
-1 84.5
-1 650.5

Source: own elaboration

Figure 6 presents the diffractograms
corresponding to the various samples from
Series 1l. Notably, when the precursor solution
employed a 1:1 ratio of HNOs to HCI (sample I1-
3), titanium oxide oxalate hydroxide hydrate was
obtained, consistent with the crystallographic
data from ICDD 00-048-1164.
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In contrast, for other ratios, only the
rutile phase was identified, as indicated by the
crystallographic card ICDD 01-073-1765.

] —— sample II-1
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Figure 6
X-ray diffraction patterns of Series Il
Source: Own elaboration

Characterization by ATR-FTIR

The functional groups present in the samples
were identified by ATR-FTIR spectroscopy.

The FTIR transmission spectrum of
Series | samples, calcined at 300°C and 500°C,
is shown in Figure 7. Notably, the spectrum
reveals the presence of broad bands associated
with hydroxyl groups (O—H stretching vibration)
in the 3000 cm™ — 3600 cm ™! range. Specifically,
for sample I-1, synthesized without HNOs, the
corresponding peak related to this OH group is
notably small.

Additionally, a band around 1650 cm™ is
attributed to absorbed water molecules (H-O-H
symmetric vibration) on the surface of the TiO:
crystal (Sanchez-Martinez, 2019). Furthermore,
the broad band spanning the 1000 cm™ to 400
cm ! region is ascribed to Ti-O stretching and Ti-
O-Ti bridging stretching modes (Praveen, 2014).

Del Angel-Sanchez, Maria Magdalena & Martinez-Carreén, Maria de
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Figure 7

ATR-FTIR spectra of Series | samples
Source: Own elaboration

The ATR-FTIR spectra of Series Il
samples, observed on Figure 8, exhibit several
distinct absorption bands that can be attributed
to the various vibrational modes of the oxalate
and titanium-oxygen bonding. For instance, the
band in the 3000 cm™ — 3600 cm™ range is
associated with  hydroxyl groups (O-H
stretching vibration) (Sanchez-Martinez, 2019),
a band in the region of 2300-2400 cm™ is
frequently observed and is attributed to the
adsorption of atmospheric CO, on the sample
surface during the measurement (Liu, 2014), the
strong absorption bands observed in the 1600-
1700 cm? region on sample 11-3 are
characteristic of the C=0 stretching vibrations of
the oxalate group (Young, 2009) while to
samples 11-1 and 11-2 this band is associated with
the NO-stretching (Nishikiori, 2011), the band at
around 900 cm™ is associated to the Ti-O-Ti
vibrations (Haggerty et al., 2017) and the band
that appears around 800 cm? range are
associated with the Ti-O stretching vibrations
(Liu, 2014).

80

70 e

60

50

Transmitance (%)

20 4 sample II-1
sample I1-2
sample 11-3

30 T T T T T T
4000 3500 3000 2500 1 2000 1500 1000 500
v (cm™)

Figure 8

ATR-FTIR spectra of Series Il samples
Source: own elaboration
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Characterization by SEM

Scanning Electron Microscopy (SEM) images
provides detailed insights into the morphology
and structure of materials. In Series I, Figures 9
to 18 display a scale bar on the left side,
indicating 1 micron, emphasizing the high
magnification level. On the right side, these
figures zoom in further, revealing finer details
with a 20 nm scale bar. For Series I, Figures 19
to 21 show a scale bar on the upper side, also
indicating 1 micron, highlighting the high
magnification level. The lower side of these
figures provides even closer views, displaying
finer details with a 200 or 100 nm scale bar.

jLum EHT = 3.00 kv

Figure 9
SEM micrograph of Sample I-1 calcinated at
300°C

Source: Carl Zeiss Supra 40

Figure 10
Sample I-1 calcinated at 500°C
Source: Carl Zeiss Supra 40

Figure 9 shows the morphology of
sample 1-1 calcinated at 300°C. At this
temperature, various structures are visible,
including flat, angular plate-like formations and
fibrous patterns on surface texture, the particle
size appears to be in the nanometer range, and
there is minimal evidence of agglomeration. The
overall structure is porous, which is typical for
Ti02 calcinated at lower temperatures.

Del Angel-Sanchez, Maria Magdalena & Martinez-Carreén, Maria de
JesUs. [2024]. Influence of concentration, acid type and calcination
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In contrast, the SEM image in Figure 10
of the sample calcinated at 500°C shows that
particles are larger and more crystalline
compared to those in Figures 9, there is a
noticeable increase in particle size, and the
surface texture appears relatively smooth, with
occasional roughness. Additionally, there is
evidence of particle sintering, leading to a denser
structure with reduced porosity.

Figure 11

Sample 1-2 calcinated at 300°C
Source: Carl Zeiss Supra 40

Sample 1-2 calcinated at 500°C
Source: Carl Zeiss Supra 40

The SEM image of sample I-2 calcinated
at 300°C shown on Figure 11, appears more
irregular and porous compared to the same
sample calcined at 500°C (Figure 12) which

exhibits a more uniform and crystalline structure.

This suggests that higher calcination
temperature have improved the crystallinity and
reduced the surface defects of the nanoparticles,
the differences in morphology are attributed to
the increased thermal energy promoting the
elimination of surface defects, leading to a more
ordered and crystalline structure.
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Figure 13

Sample 1-3 calcinated at 300°C
Source: Carl Zeiss Supra 40

Figure 14
Sample 1-3 calcinated at 500°C

Source: Carl Zeiss Supra 40

For sample 1-3, Figure 13, calcinated at
300°C exhibiting a more porous and fibrous
structure compared to Figure 14 related to the
sample calcinated at 500°C, which displayed a
denser and more crystalline appearance. This
change in morphology was attributed to the
increased thermal energy imparted to the TiO>
particles during the higher temperature
calcination process. The higher thermal energy
input also affected the particle size distribution,
with the 500°C calcined sample displaying a
narrower and more finely dispersed particle size
distribution compared to the 300°C calcined
sample.

B

= EMT = 3.00 kv

!’ 1
Figure 15
Sample I-4 calcinated at 300°C

Source: Carl Zeiss Supra 40

Wo=20mm | 20nm EHT = 300 kv W = 20 mm
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1 pm

Figure 16
Sample 1-4 calcinated at 500°C
Source: Carl Zeiss Supra 40

EHT = 3.00

SEM  micrograph of sample 1-4
calcinated at 300°C are displayed on Figure 15
and Figure 16 corresponds to the same sample
calcinated at 500°C. It is observed that the
micrographs show change in crystal structure
and surface morphology after calcination at
500°C compared to 300°C. The surface
morphology of image calcinated at
300°cindicates a relatively rough and porous
nature with irregularly shaped particles, whereas
the surface morphology of image calcinated at
500°C exhibits a much smoother and more
uniform surface with smaller and more rounded
particles.

K WD = 2.6 mm ™ EHT = 3.00 kv WD = 2.6 mm

Figure 17
Sample 1-5 calcinated at 300°C
Source: Carl Zeiss Supra 40

Figure 18
Sample I-5 calcinated at 500°C
Source: Carl Zeiss Supra 40
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The differences observed in the SEM
images of sample 1-5 can be attributed to the
impact of calcination temperature on the
crystallization and phase transformation. The
lower calcination temperature of 300°C was not
sufficient to fully promote the crystallization of
TiO2, leading to the formation of larger, more
irregular, and fibrous particles like is observed
on Figure 17, this is likely due to the incomplete
phase transformation from the amorphous to the
crystalline phase. In contrast, Figure 18 indicates
that the higher calcination temperature of 500°C
enabled the complete crystallization of the
material. This resulted in the formation of
smaller, more uniform, and spherical particles
with a relatively smooth surface morphology.
The elevated temperature facilitated improved
atomic rearrangement and the growth of well-
defined titania crystal structures.

SEM images in Figures 19 to 21 depict
the titania synthesis process using varying ratios
of nitric acid (HNO:s) to hydrochloric acid (HCI).

Figure 19 |
Sample I1-1, obtained with a 1.5 ratio of HNO:s
to HCI

Signal A = InLens n

Source: Carl Zeiss Supra 40
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HT = 3.00 kW

Figure 20
Sample I1-2, obtained with a 1:2 ratio of HNOs
to HCI

Source: Carl Zeiss Supra 40

Figure 19 corresponds to the product
obtained with a 1:5 HNOs-to-HCI ratio, Figure
20 with a 1:2 ratio, and Figure 21 with a 1:1 ratio.
Figures 19 and 20 indeed reveal similar particle
morphology, characterized by spherical shapes.
The confirmation through X-ray diffraction
(XRD) analysis further supports the presence of
the rutile phase of titanium dioxide in these
samples.

290 7 EMT = 5.00 kv WD = 20 mm Mag= 5000KX  sSignaia=iniens [Em |

Figure 21
Sample 11-3, obtained with a 1:1 ratio of HNO3
to HCI

Source: Carl Zeiss Supra 40
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However, Figure 21 represents a distinct
scenario, the synthesis of titanium oxalate. The
particles in this case exhibit hexagonal shapes,
indicating a different crystal structure and
morphology compared to the rutile phase
observed in figures 19 and 20.

The impact of the HNOs-to-HCI ratio on
the final product on the crystalline phase has
significantly influences. In the case of rutile, the
1:5 and 1:2 ratios (Figures 19 and 20) favor its
formation. However, the 1:1 ratio (Figure 21)
leads to the synthesis of titanium oxalate. The
specific acid concentrations affect the
availability of precursor ions and their
interactions during nucleation and growth When
considering particle size and shape, smaller acid
ratios may promote nucleation and result in
smaller particles, while larger ratios may lead to
larger particles. The spherical morphology
observed in rutile (Figures 19 and 20) suggests
controlled growth under specific conditions. The
hexagonal shapes in titanium oxalate (Figure 21)
indicate different growth mechanisms. Beyond
individual particles, the overall morphology of
the synthesized material is influenced. The
arrangement of particles, agglomeration, and
surface features contribute to the macroscopic
appearance. The distinct hexagonal coverage in
Figure 21 highlights the unique morphology of
titanium oxalate.

Conclusions

In Series 1, it was observed that higher nitric acid
concentrations  predominantly  favor  the
development of the rutile phase, while lower
concentrations lead to the formation of the
anatase phase. Intermediate acid concentrations
result in more stable sols. Furthermore, the
pronounced aggregation and rougher surface of
the particles calcined at 300°C suggest that the
lower calcination temperature was not sufficient
to overcome the attractive forces between the
particles, leading to the formation of larger
agglomerates. In comparison, the higher
temperature of 500°C enabled better control over
the particle growth, resulting in a more uniform
and less aggregated particle distribution.
Notably, the type and concentration of acid exert
a more significant influence on phase
determination  than  thermal  treatment.
Additionally, the presence of fluoride induces a
slight increase in nanoparticle size.
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In Series 2, it was determined that a
higher proportion of hydrochloric acid (HCI)
compared to nitric acid (HNOs3) induces the
formation of the rutile phase of TiO.. Conversely,
when the acid ratio is equal, that is, a 1:1
proportion, the generation of Titanium oxide
oxalate hydroxide hydrate is favored.

These  findings  underscore  the
significance of acid  composition in
hydrothermal synthesis and its direct influence
on the crystalline phase, particle size and shape
and overall morphology of the synthesized
titanium-based materials.
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