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Abstract:

TiO, was synthesized from titanium tetraisopropoxide in the presence of H,O and H,0, to
form TiOz,0) and TiOog202) respectively. Thermo gravimetric analysis (TGA) was utilized to
investigate the thermal stability and select proper calcination temperatures of the solid powders
used to prepare the oxides. Accordingly, TiO, was obtained by calcination at 550 and 750°C.
These oxides were characterized by TEM, XRD, FTIR, XRF and UV-Vis spectroscopy. Results
showed that TiO2¢202) is more thermally stable than TiO,20) and its nanoparticles are smaller.
TiO2(H202)s50) Was doped with palladium to form Pd/TiOz¢202)s50). The effect of palladium on the
properties of TiOxw202)s50) Was discussed. Palladium showed no significant effect on the phase
composition and crystal size of TiOyw202)550. However, the absorption onset wavelength of
Pd/TiOyr202)s50 Was significantly red shifted compared to that of TiOz20v)ss0. Pure and doped
TiO, were used as modifiers for carbon paste electrode. Modification of carbon paste electrode
with different pure and palladium doped TiO, resulted in a significant increase in the peak current
and the electrochemical active surface area. Among all the modifiers used in this study,
Pd/TiOzr202)s50 Showed the most significant effect on the electrode properties.

Keywords: TiO, nanoparticles, modified carbon paste electrode, Pd-doped TiO,, nanoparticles,
voltammetry.

1- Introduction

It is well known that chemical, physical, optical, electrical, and other properties of
nanomaterial are significantly different from those of bulk materials due to their smaller sizes (1—
100 nm). As a result of that nanomaterial have been widely used in different scientific and
research fields. In analytical chemistry for instance, they are used for fabrication of new and
better sensing devices (Tiwari et al., 2009). Titanium dioxide, also known as titanium (IV) oxide
or titania, is a mineral and a well-known semiconductor. In the nanosize, where one or more
dimensions in the order of 100 nm in size or less (Zhao et al., 2005) it exhibits excellent features.
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As a result of that and other features like easy manufacturing control, low cost, and non-
hazardous nature, it has been extensively studied for applications in various fields. Solar cells,
chemical sensors, pigments, self-cleaning surfaces, and environmental purification are among
these fields (Bai et al., 2014).

Titanium dioxide exists in the amorphous and crystalline forms. Anatase, rutile, and
brookite are the most common crystalline polymorphs. The anatase and rutile phases are
tetragonal, but the brookite phase is orthorhombic (Mahshid et al., 2007). Rutile and anatase are
the active crystallite phases of titanium dioxide (Liu et al., 2009). Crystalline structures reveal
certain physical properties which determine their applications and uses. Doping pure materials
with proper quantities of some elements can significantly affect their crystalline structures and
physical properties and hence the performance of these materials (Suo et al., 2020).

Microemulsion, hydrothermal crystallization, and the sol—gel are examples of the suitable
technologies utilized for the synthesis of TiO, of high surface area due to the formation of very
low particle size (Gupta & Tripathi, 2012). The sol-gel method has been used to generate
titanium dioxide nanoparticles and it is one of the most successful ways for the generation of
nano-sized metals oxides. It was reported that the sol-gel prepared titanium dioxide nanoparticles
are extremely crystalline and have smaller crystal sizes in comparison to those prepared by the
previously mentioned technologies (Gupta & Tripathi, 2012). The nano sized TiO, used in this
study was obtained from titanium tetraisopropoxide (TTIP) which is non-hazardous, non-toxic to
the environment, stable and simple to use (Aravind et al., 2021).

Carbon paste electrodes (CPEs) are widely employed in the field of electro analytical
chemistry in recent years. They have many advantages like low cost, suitable surface properties,
low background current, ease of surface renewal, proper polarizability, and ease of modification
(Tiwari et al., 2009). Furthermore, using CPEs modified with many nanostructured components
significantly improves the electrochemical behavior of many essential chemicals (Naeemy et al.,
2017; Nasikhudin et al., 2017). In comparison, of nanoparticle modified electrodes with the
conventional unmodified macroelectrodes, it becomes clear that the former has significant
benefits such as larger effective surface area and mass transfer (Raj & Viswanathan, 2009). In
this context using TiO, nanoparticles electrode modifiers attract considerable attention.
Moreover, the incorporation of nano-sized substances like palladium (Pd) considerably improves
the properties of such materials and it has been an active area of material preparation to develop
material characteristics for applications like electrochemical sensor design (Chen, A. & Ostrom,
2015). In this study pure and palladium doped TiO, samples were synthesized, characterized and
used as modifiers for carbon paste electrode.

2. Materials and Methods

2.1. Materials.

Titanium tetra isopropoxide (Ti{OCH(CHs),}sDAEJUNG, 98%), hydrogen peroxide
(H202, Alpha chem., 50%), potassium chloride ( KCI, 0.1 M), potassium hexacyanoferrate (I11)
(K3[Fe(CN)g],1.0 mM), potassium hexacyanoferrate (I1) (Ks;[Fe(CN)g], 1.0 mM) were used in this
study.

2.2. Apparatus.
A three- electrode system: the working electrode, the reference electrode (Ag/AgCl) and a
Pt wire as a counter one with a computer-aided electrochemistry system were used in the
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photometric studies. The computer-aided electrochemistry system consists of the following
components:

1- A Versa STAT 4 (potentiostat/galvanostat) Princeton Applied Research.

2-A potentiostat model 263 (EG& G PARC) Princeton applied corporation (made in USA).

3-A 305 magnetic stirrer (PARC).

4- Electro analytical software model 270/250 version 4.0 (PARC) which controls the
potentiostat via IEEE 488 GPIB using IBM compatible 386 with VGA monitor.

2.3. Characterization.

TGA was used to examine the thermal stability of the dried solid powders used for the
synthesis of TiO, with a 30°C min™ heating rate up to 800°C and a 100 mL min™ Ar gas flow.
The FTIR spectrum was obtained in the range 450 to 4000 cm™ using Shimadzu FTIR, Kyoto,
Japan. The phase structure and crystal sizes of TiO, NPs were determined using a powder x-ray
diffractometer (X'Pert3 Powder, PAN alytical, The Netherlands) operating at 40 kV voltage and
30 mA current, monochromatic radiation (Cu-Ka, 1.5406 A) with nickel monochromator, and a
diffraction angle of 10-80°. The crystal sizes were calculated using the Scherrer’s equation (D =
KMBcosh). A Jeol Jem-1230 transmission electron microscope (TEM) was used to take images of
TiO, NPs. Ultraviolet-Visible spectra were recorded with a UV 2300 double beam
spectrophotometer in the range 200 and 800 nm. The existence of Pd in the synthesized TiO,
sample was confirmed by the energy-dispersive X-ray fluorescence (ED-XRF, Epsilon 1;
PANalytical).

2.4 Synthesis of TiO, samples:
2.4.1.Synthesis of TiOzH20):

TiO220) Was synthesized from titanium tetra isopropoxide (TTIP) as follows: 5ml of TTIP
was added to 10 ml of distilled water in a 500ml beaker and the mixture was stirred till a gel was
formed. The gel was left to dry in air and then in an oven at 100 'C for 3 hrs. The dry solid
formed was carefully milled and then was calcined at 550 and 750 °C. The resulting oxides were
termed TiOz(r20)s50) and TiO2H20)(750), respectively.

2.4.2.Synthesis of TiO; (202):

TiO2(H202) Was prepared from TTIP as follows: 5 ml of TTIP was added to 10 ml of H,0;
in a 500 ml beaker. The yellow precipitate formed was stirred for 2 hrs and left to dry in air and
then in an oven at 100 "C for 3 hrs. The dry solid was milled and then calcined at 550 and 750 "C.
The resulting oxides were termed TiOz202)s50) and TiO2H202)750), respectively.

2.4.3.Pd/Ti02(H202)(550)

To prepare Pd/TiOxw202)5s50), the previous steps used for the preparation of TiO2 (H202)s00)
were repeated, but in addition, a calculated amount of palladium powder required to get 3.5 wt %
of Pd in the final oxide sample was added to the dry yellow precipitate and the mixture was
carefully mechanically mixed in a crucible and then calcined at 550°C for 3 hrs. to form
Pd/TiO2(H202)(550)
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2.5 Preparation of the working electrodes.

i.  Preparation of unmodified carbon paste electrode.

This electrode was prepared by mixing 75% of pure graphite (99.9%) with 25% paraffin wax
as a binder. The mixture was heated, and the paste formed was packed in a Teflon tube with 3
mm diameter. Finally, a copper wire was immersed in the paste.

ii.  Preparation of modified carbon paste electrodes:

The modified electrodes were prepared by mixing 60% of the pure graphite with 15% of
different modifiers in the presence of 25% of the paraffin wax. The mixture was heated, and the
paste formed was packed in a Teflon tube with ¥ mm diameter. Finally, a copper wire was
immersed in the paste as seen in Fig.1. To activate the electrode surface, cyclic voltammograms
were recorded in phosphate buffer solution (pH = 5) between 0 V and 1.0 V until a steady
voltammogram was obtained.

paraffin wax

N

Ti020420), T105¢0202)
graphite or Pd/yi0p202)

Figure 1. Schematic representation of the modified electrode and the electrochemical cell for CV
experiments.

3. RESULTS AND DISCUSSION

3.1. Thermogravimetric Analysis

The TGA-DTG results of the solid powders used for the synthesis of TiOy20) and
TiO2202) are shown in Figure 2.a, b, respectively. Figure 2.a shows three distinct weight loss
steps. These steps can be attributed, respectively, to the evaporation of physically adsorbed water,
the combustion of organic molecules, and dehydroxylation (Zhu et al., 2018). The DTG curve
shows corresponding peaks as it is clear from Figure 2.a. Figure 2.b, on the other hand, shows a
single steep weight loss step in the temperature range 100 - 400 °C. This step is accompanied
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with about 23.5% weight loss. The corresponding DTG shows a single peak at 132°C due to
physical or chemical desorption of H,O (dehydration) and the thermal decomposition of organic
substrates (Dulian et al., 2020). These results indicate that calcination at around 500°C is suitable
for the creation of the oxides.
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Figure 2. TGA, DTG curves of the solid powder used for the preparation of (a) TiOx20y and (b)
TiO2(H202).

3.2. X-ray diffraction analysis

Fig.3. presents the XRD patterns of different TiO, samples. Table (1) shows the phase
composition and mean crystallite size of different samples estimated from XRD data using the
Debye Scherrer's equation (Chen, X. & Mao, 2007). It is obvious from these patterns that
TiOzm20) (s50) CONnsists of anatase phase as a single phase. TIOz(Hzo) 750), On the other hand,
contains a mixture of anatase and rutile. This effect of increasing calcinations temperature on
the phase composition is known (Velardi et al., 2020; Wu et al., 2020). It is also clear that as
the calcination temperature increases from 550°C to 750°C, the peaks intensities increase, and
the peaks widths narrow due to increasing particle sizes at the higher temperatures. Table (1)
shows that when the calcination temperature was increased from 550 °C to 750 "C the average
crystallite size of the oxides increased from 24.27 nm to 73.69 nm.

Many routs for the synthesis of thermally stable anatase phase were reported in the
literature (Nagaraj et al., 2020; Wei et al., 2013). A thermally stable anatase phase was obtained
in case of TiOyw202). Figure (3) shows the XRD patterns of TiOy202) samples calcined at 550
and 750°C. The two samples contain anatase as a single phase. This result indicates that the
anatase phase produced by this method has a higher thermal stability. The mean crystal size of
TiO2(H202)550 and TiOo(H202)750, Calculated from the XRD data using the Sherrer's equation, are
also shown in Table 1. The mean crystal sizes were calculated to be 12.4 and 25.6 nm,
respectively.

Palladium doping of TiO, was reported (Lakshminarayana et al., 2018; Li et al., 2016; Tu
et al.,, 2019; Xiong et al., 2022). Doping was reported to affect peak properties like peak
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broadening (Singh et al., 2019). Others reported that there is no large effect of doping on the peak
characteristics (Abd El-Rady et al., 2013; Zhong et al., 2009). The XRD pattern of Pd/TiO2202)
ss0) 1S also presented in Figure 3. There is no significant effect of palladium on the phase
composition or peak intensities. Also. No peaks due to palladium were observed in the XRD
pattern. This may be due to that palladium content is small and it is homogenously dispersed in
the sample.
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Figure 3. XRD pattern of different TiO, samples

Table 1: XRD data for different TiO, samples

Sample Crystalline Crystal Crystal size nm
phase shape

Ti1O02( H20) (550) anatase Hexagonal 24.27

TiO2( H20) (750) anatase, Hexagonal 73.69
rutile

TiO2( H202) (550) anatase Hexagonal 12.38

TiO2( H202) (750) anatase Hexagonal 25.66

Pd/tiozH202) (550) anatase Hexagonal 15.9

3.3. Fourier Transform Infrared Spectroscopy (FTIR).

The FTIR spectra of different TiO, samples are shown in Fig.4. These spectra show broad
peaks at 3320-3425 cm* due to OH stretching mode (Chougala et al., 2017; Praveen et al.,
2014). The bands at 1615-1635 cm * correspond to the O-H bending vibration of the group due to
chemically adsorbed water (Zewde et al., 2016). The broad peaks at 480-560 cm™ are due to the
Ti-O band. It was reported that when TiO, was doped with metal ions, a small shift was observed
for the stretching vibration band of Ti—-O (Nasikhudin et al., 2017,Singh et al., 2019). It is
noticeable that the Ti-O band of Pd/TiOw202) s50) I figure 4 is slightly shifted
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Figure 4. FT-IR spectra of different samples (a) Pd/TiOz(202) s50), (0) TiO2(H202)s50) 5 (€) TiO2
(H202)(750) » (d) TiO2 (H20) (s50) @nd (€) TiO2 (H20) (750)

3.4. Transmission Electron Microscopy (TEM).

Fig.5. shows the TEM images of different TiO, samples. As can be seen from this figure, the
particles in all samples are spherical and uniform in shape. It's also clear that the particle sizes are
in the nanoscale, which agrees with the results of crystall sizes calculated from the XRD data.

Page 273 Abd El-Raady et al., 2022


https://aujes.journals.ekb.eg/
https://aujes.journals.ekb.eg/

Aswan University Journal of Environmental Studies (AUJES) 3 (3), pp. 267-283, (2022).
Online ISSN: 2735-4237, Print: ISSN 2735-4229. https://aujes.journals.ekb.eq/

Figu re5. TEM images of (a)TiOz (H20) (550),(b) TiO; (H20)(750), (C)TiOz (H202)(550) and TiO, (H202)(750)
3.5 UV-Vis spectroscopy.

Fig.6. Shows the UV-visible absorption spectra of different TiO, samples. Extrapolation of the
base line and the absorption edge of these spectra yields the absorption onset wavelength (A). As
the calcination temperature increased, the onset wavelength of absorptions was shifted to longer
wavelengths (red shifted) and a corresponding decrease in the band gap energy was observed
(Mioduska et al., 2016; Reyes-Coronado et al., 2008). Furthermore, it is noticeable that when
compared to the pure TiO,, the inclusion of palladium has a considerable impact on the spectrum
as presented in Figure 6 (d and f). Figure 7 illustrates Tauc's plots for the different tested samples
and Table 2 displays the onset wavelength of absorption as well as the values of band gaps
energies of different samples.
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Figure 6. UV-Vis absorption spectrum of (&) TiO2¢20) (550) (b) TiO2(H20)750) » (C) TiO2(H202)(550)
and (d) TiO2gH202)750) and (f) Pd/TiOx202)(s50)

Table 2: The onset wavelength of absorption and the corresponding band gap energies of
different TiO, samples.

Sample Onset wavelength of theoretical experimental
absorption(nm) band gap (eV) band gap (eV)
TiO; (H20) (550) 376 3.3 3.34
TiO2 (H20) (750) 386 3.21 3.25
TiO; (H202) (550) 364 3.41 3.4
TiO; (H202) (750) 370 3.35 3.34
Pd/TiO; (1202) (550) 385 3.22 3.26
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3.6 X-ray fluorescence spectroscopy.

XRF analysis was used to confirm the existence of Pd in the synthesized Pd/TiOz¢202)
50) Sample, and the result is shown in Figure 8. Similar result was observed by others (Soman et
al., 2018).

3.7. Voltammetric performance of the electrodes.

The electron transfer behavior of the modified electrodes can be explained and monitored
using the CV of potassium hexacyanoferrate. The electron transport tunnelling via imperfections
on the electrode surface may be facilitated by modification or pretreatment of the electrode (Fu et
al., 2005). In this study, the electrodes were voltammetrically evaluated in the presence of 0.1 M
KCI and 1 mM [Fe (CN)s]*™ as an electrochemical probe. CVs of unmodified and modified
CPEs (TiOz(Hzo) (550)-CPE , TiOz(Hzoz)(55o)_CPE and Pd/TiOz(Hzoz)(55o)-CPE) at a scan rate of 50
mV.s* are shown in Figure 9. Modified CPEs showed superior electroactive performance
compared to the unmodified CPE. As can be seen from the figure, these sensors show a
significant increase in the faradaic anodic and cathodic peaks currents. Moreover, the peak
potential variation (AE,) can be associated with the electron transfer kinetics between the
electrochemical probe and the electrode surface. The values of redox peak currents and potentials
are summarized in table 3. As can be seen, these electrodes exhibited a decrease in AE, values.

Page 276 Abd El-Raady et al., 2022


https://aujes.journals.ekb.eg/
https://aujes.journals.ekb.eg/

Aswan University Journal of Environmental Studies (AUJES) 3 (3), pp. 267-283, (2022).
Online ISSN: 2735-4237, Print: ISSN 2735-4229. https://aujes.journals.ekb.eq/

Intensity (cps) Ti ka
100004
9000 T
80001
70001
6000 T
5000
40001
30001
2000 Ti kg
1000

Energy (keV)

Figure 8. XRF spectrum of Pd/TiOz(+202)ss0) -

Table 3: The values of redox peak currents and potentials

Electrode Current (UA) Potential (V) AE,
Ip 0X Ip red POX Pred
CPE 1.5 -1.4 0.7 0.1 0.6
Ti1O02(H20) 550) — CPE 2.25 -2.1 0.66 0.09 0.55
TiO2(H202) (s50) — CPE 341 -3.38 0.59 0.2 0.39
Pd/TiO21202) (550) 5.9 -5.5 0.57 0.4 0.17
6
4 -
2 -
<
= 0=
-2
— CPE
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Figure 9. CVs of 5x10° M K3[Fe (CN)g] in 0.1 M KCI at unmodified CPE, TiO2(H20)50) — CPE,
TiOQ(Hgoz)(55o) —CPE and Pd/TiOz(Hzoz)(55o) — CPE
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3.7.1 Determination of electroactive surface areas

To determine the electroactive surface area of the unmodified CPE TiO2(H20) (s50)-CPE
TlOZ(HZOZ)(550) -CPE and pd/TlOz(sso)(55o) -CPE electrodes CVs of 1X10 M K3[Fe (CN)G] in0.1 M
KCI were recorded at various scan rates. Then, Randles-Sevcik formula was used for surface area
estimation (Naeemy et al., 2017).
Ipa = (2.69 x 10°) n** ACDY2v"

In the previous equation, Ip, is the current response for 1x10° M Kj[Fe(CN)g], n is the
number of electrons involved in the redox process of Ks[Fe(CN)g], A is the electrode surface
area, C is the analytical concentration of Ks[Fe(CN)g] in 0.1 M KCI, D is the diffusion coefficient
(=7.6x10"°cm?s ), and v is the scan rate (mV. s™2).

Figure 10 shows CVs of K3[Fe (CN)¢] at various scan rates for unmodified CPE (A). The
slope of I, vs. v® was utilized for calculation of the electro active surface area for the electrode
(Figure 10.B). Figures (11-13) show CVs of Ks[Fe (CN)s] at various scan rates for TiOz20) (s50)
-CPE, TiO2H202) 50-CPE and Pd/TiOz(H202) (s50)-CPE, respectlvely The experimental results
gave electro active surface areas of 0.088, 0.147, 0.29 and 0.46 cm?, for CPE, TiOx 20y s50-CPE,
TiO2H202) (550)-CPE and pd/TiOys50)-CPE electrodes, respectively. Obviously, the peak current
and the electrochemically active surface area of the unmodified electrode is greatly increased as a
result of modification especially in the case of pd/TiOx202) s0)-CPE. Thus, these modified
electrodes probably can be employed efficiently for the electrochemical sensing of a wide variety
of analytes in different matrices.

A B

3294 Ip=0.7+0.18u"*
R3=0.993
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Figure 10. CVs of 5x10° M K3[Fe (CN)6] in 0.1 M KCI at (A) unmodified CPE at scan rates of
10, 20, 30, 40, 50, 75, and 100 mVs™. A plot of peak current versus square root of scan rate of (B)
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Figure 11. CVs of 5x10™ M K3[Fe (CN)6] in 0.1 M KCl at (A) TiO2(H20) 550)-CPE at scan rates of
10, 20, 30, 40, 50, 75, and 100 mV/s. A plot of peak current versus square root of scan rate of (B).

A
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Figure 12. CVs of 5x10° M Ks[Fe (CN)s] in 0.1 M KCl at (A) TiO2H202) 550)-CPE at scan rates of
10, 20, 30, 40, 50, 75, and 100 mVs™. A plot of peak current versus square root of scan rate of (B).
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Figure 13. CVs of 5x10° M Kj[Fe (CN)6] in 0.1 M KCI at (A) Pd/TiOyss50)-CPE at scan rates of
10, 20, 30, 40, 50, 75, and 100 mVs™. A plot of peak current versus square root of scan rate of (B).

4. Conclusion

In this study pure titanium oxides (TiOar202) and TiOawo0)) Were synthesized and
characterized. The effect of calcination temperature (550 and 750°C) on the characteristics of
these oxides was discussed. The anatase phase of TiOy202) is more stable than that of TiO20)
and the samples calcined at the lower temperature (550°C) showed superior properties than those
calcined at the higher temperature (750°C). Therefore, TiO2202)s50) Was chosen for doping with
palladium. The effect of palladium inclusion on the properties of TiO, was discussed. The effects
of pure and Pd doped TiO, on the characteristics of CBE were evaluated.

Modification of the carbon paste electrode with TiOy20)s50, TiO2(H202) (s50) and
Pd/TiOyw202)550 resulted in a significant increase in the peak current and the electrochemically
active surface area. The relative efficiency of these modifiers to enhance peak current and electro
active surface area follows the following order: TiOz(Hzo)(550)< TiOZ(HZOZ) (550) < Pd/TiOz(Hzoz)(55o).
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