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Abstract: Reduced graphene oxide (rGO) was successfully deposited in situ onto Ti foil via a
microwave-assisted hydrothermal method for the development of Ti-TiO,-rGO composite structures.
The TiO; crystallin layer was produced by the thermal oxidation of titanium foil in the presence
of 0.5 M hydrofluoric acid in a controlled atmosphere consisting of a mixed flow gas of Ar and
O, at 500 °C. A great advantage of using the microwave-assisted hydrothermal method for obtain-
ing composite structures is the fast and uniform heating mode, which prevents the aggregation of
graphene layers. Specific analyses, such as X-ray diffraction, UV-VIS analysis, and SEM morphology,
were used to investigate the structural, optical, and morphological characteristics of the composites.
The I-V measurements of the Ti-TiO,-rGO composite structures were performed using forward
bias with an applied voltage between —3 V and +3 V and a step rate of 10 mV/s. Moreover, the
electrochemical behavior was obtained by cyclic voltammetry in a 1 M KNOj3 supporting electrolyte
and in the presence of 4 mM K3Fe(CN)g to determine the electroactive surface area and apparent
diffusion coefficient. The charge transfer resistance was investigated via electrochemical impedance
spectroscopy (EIS) in a 0.1 M Na,SO4 supporting electrolyte and within a frequency range of 100 kHz
to 0.1 Hz to confirm the role of rGO on the electrode’s surface. This study provided new insights
into the development of high-performance and cost-effective Ti-TiO,-rGO structures both for the
development of electrochemical electrodes and gas sensors.

Keywords: reduced graphene-oxide; TiO,; microwave reaction; in situ deposition

1. Introduction

Graphene is one of the most promising advanced carbon-based nanomaterials due to
its extraordinary electronic transport properties, large surface area, and high electrocatalytic
activity. Graphene has been widely used in various fields such as photocatalysts, lithium
battery electrodes, supercapacitors, sensors, and electronic devices [1,2]. Most of the
graphene used in electrochemistry is produced from the reduction of graphene oxide and
usually has functional groups, such as hydroxyl and carboxyl, which are advantageous
for adsorbing heavy metal ions. Reduced graphene oxide (rGO), which plays the role of
a p-type semiconductor, can form heterojunctions when forming composites with most
metal-oxide semiconductors [3].

GO nanosheets decorated with metal oxide nanoparticles combine the outstanding
features of each because of the synergistic effect between them. Metal oxide semiconduc-
tors, such as tin oxide (SnO;) [4], titanium dioxide (TiO,) [5], zinc oxide (ZnO) [6], copper
oxide (CuO) [7], tungsten oxide (WO3) [8,9], indium oxide (In,O3) [10], molybdenum
sulfide (MoSy) [11], ferric oxide (Fe;O3) [12], and cobalt oxide (Co304) [13] possess many
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outstanding advantages such as high sensitivity, fast response/recovery times, and low
cost, such that they are often used as important materials for gas sensors. The synergistic
effects of graphene hybridization with metal oxides revealed high levels of electrochem-
ical properties, helping to improve the selectivity and sensitivity of the electrochemical
sensor. The formation of p-n heterojunction nanocomposites could modify and engineer
the gas-sensing capabilities of gas sensors by changing the electrical performance near
the heterointerfaces. In addition, the large specific surface area of the nanocomposites
could provide more available active sites and promote gas adsorption for specific oxygen
adsorption to design a gas sensor with high responsiveness.

Recently, several efficient synthesis methods for GO-based metal oxides have been
studied to obtain materials with a controlled shape and stability, and that are monodis-
persed via chemical precipitation, selfassembly, sol-gel, microwave irradiation, solution
mixing method, direct growth of metal oxide nanoparticles on the surface of graphene
oxide, and hydrothermal synthesis techniques [14,15]. Yoon et al. synthesized GO and rGO
composites via the chemical precipitation of the Fe304 precursor in GO and rGO solutions
to study the comparative evaluation of magnetite-graphene oxide and magnetite-reduced
graphene oxide for the removal of As(III) and As(V), establishing a high adsorption ca-
pacity (of M-GO and M-rGO toward As(Ill) and As(V)) [16]. Chandra et al. studied the
removal of arsenic from weather conditions using magnetite rGO hybrids, synthesized
by a chemical reaction with the nanosized Fe;O, particle (10 nm). These compounds
show almost complete (over 99.9%) arsenic removal up to 1 ppb due to the high binding
capacity of As(Ill) and As(V) in the as-synthesized compound [17]. Another study shows
the highly selective adsorption of lead ions from water by magnetic chitosan/graphene
oxide materials fabricated through a facile and fast process of chemical precipitation. Their
research showed that the synthesis materials are a viable alternative in the removal of
Pb?* from agricultural and industrial wastewater because of the increased surface area
of the composite material, enhancing the stability, adsorption capacity (76.94 mg/g), and
desorption capacity (90.3%) [18]. Liu et al. synthesized (via selfassembly) a porous Fe304
hollow microsphere/graphene oxide composite for the removal of Cr(VI), with a higher
sorption capacity for the Cr(VI) ions from water [19]. Liu et al. presented a novel approach
for the removal of heavy metal ions using a three-dimensional (3D) graphene/-MnO,
aerogel, fabricated via selfassembly and the reduction of graphene oxide followed by the in
situ solution-phase deposition of ultrathin 5-MnO; nanosheets [20]. Babu et al. focused on
the characterization of a composite of rGO and mesoporous Fe;O3/TiO, nanoparticles via a
sol-gel process for the removal of As(III) and As(V) from potable water. A clear influence of
the pH of the solution on the adsorption capacity was revealed, proving that an rGO-MFT
solution with a pH of 6 is the best for As(Il) and As(V) [21]. A simple hydrothermal method
for the synthesis of a nanocomposite rGO/ZrO, used to remove fluoride from aqueous
solutions was prepared by Mohan et al. The results showed a large surface area, which
makes a remarkable adsorption capacity for the composite synthesized via a hydrothermal
process [22].

Another paper reported the electrochemical deposition of ZnO nanorods and p-type
and n-type Cu,O films on rGO films, which were coated on flexible polyethylene tereph-
thalate (PET) substrates. The authors believed that the functional material deposited on
a flexible rGO-PET film makes it suitable for electronic device applications, such as solar
cells [23]. Similarly, Tai et al. deposited ZnO nanoparticles and GO thin films on gold
interdigital electrodes (IDEs) through a simple spray process and thermally reduced the
deposits of the ZnO-rGO composites. The composite sensor with the optimal amount
of GO was highly sensitive to low concentrations of NH3 and responded dramatically,
which could be attributed to the p—n heterojunctions formed between ZnO and rGO [24].
Fauzi et al. demonstrated a mixed-potential-type gas sensor using a Ce-intercalated GO
membrane fitted with an Au-WQOj3/rGO electrode for the detection of ethanol at a low
ppb level in air at room temperature; the main drawback of this sensor was its slow re-
sponse and recovery [25]. Zhang et al. synthesized CuO nanoflowers via the hydrothermal
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method, and then CuO and rGO were deposited on the substrate with Ni/Cu IDEs to
fabricate the CuO-rGO sensor. The CuO-rGO sensor showed a higher sensitivity to CO and
a faster response/recovery time than the rGO sensor, while the pure CuO sensor showed
no response to CO at room temperature [26]. Over time, some researchers have studied
the electrochemical properties of rGO-TiO; nanocomposites for application in photoelec-
trochemical detection processes [27,28]. Arfin et al. presented a ZnO functionalized GO
modified glassy carbon electrode (GO-ZnO/GCE), which was used for the electrochem-
ical sensory detection of phenol. The results revealed that GO-ZnO exhibited favorable
electrochemical behavior for phenol oxidation, which was assigned to the joint efficiency
of the properties of ZnO and GO [29]. Another study demonstrated that the aptasensor
rGO-TiO; acts as an excellent biosensing platform that offers a reliable, rapid, and sensitive
alternative for foodborne pathogen detection [30]. Vajedi and Dehghani have studied
TiO, /rGO nanocomposites that were modified GCEs for the electrochemical detection of
Cd (II), Pb (II), and Cu (II), and concluded that the improved electrochemical performance
of the electrode based on TiO, /rGO could be attributed to the presence of GO that en-
hances electrochemical properties [31]. In this study, a Ti-TiOp-rGO composite structure
was obtained in situ by a simple and low-cost synthesis process: a microwave-assisted
hydrothermal method. To the best of our knowledge, there are no reported works on the in
situ synthesis of Ti-TiO-rGO structures in microwave-assisted hydrothermal conditions
via the deposition of graphene oxide (GO) on a titanium foil support. This work provided
new perspectives on obtaining high-performance and cost-effective Ti-TiO,-rGO composite
structures obtained in microwave-assisted hydrothermal conditions that could be used in
both the development of electrochemical electrodes for the detection of pollutants and as
gas sensors.

2. Materials and Methods
2.1. Reagents

Synthesis reagents were as follows: graphene oxide 4 mg/mL dispersed in H,O,
titanium foil (99.99% purity), titanium isopropoxide (TTIP, 98%), hydrofluoric acid (HF)
solution (0.5 M), acetone, ethyl alcohol; all were used without any previous treatment,
purchased from Sigma-Aldrich Company (St. Louis, MO, USA).

2.2. Synthesis of Ti-TiO»-rGO Composite Structures

The Ti-TiO,-rGO composite structures were achieved as illustrated in Figure 1. Firstly,
the crystalline TiO; layers were grown on the titanium (Ti) foil by thermal oxidation, as
previously reported in our research paper [32], carried out in a controlled atmosphere
consisting of a mixed gas flow of 95% Ar and 5% O,. Depending on the etching times, the
supports were named: Ti-TiO;-1h, Ti-TiO,-2h, and Ti-TiO,-3h. Secondly, the Ti-TiO»-rGO
composites structures were obtained in situ by microwave-assisted hydrothermal method
as described: An aqueous solution containing 0.5 mL TTIP, 2 mL ethanol, and 3 mL GO
was stirred for 30 min and ultrasounded for 15 min to form a homogenous mixture at
room temperature; afterward, the mixture, together with Ti-TiO, supports (1 x 1.5 cm?),
was transferred into a 100 mL quartz autoclave with 10% fullness degree in a microwave-
assisted hydrothermal reaction (Multiwave 3000 Microwave Digestion Oven, Anton Paar,
Graz, Austria). The microwave-assisted hydrothermal treatment was applied by using a
temperature of 200 °C for 60 min (with an increase in gradient temperature of 20 min), and
the power of the microwave oven was about 1200 W. Finally, when the quartz autoclave
was cooled in air, the as-obtained composite structures were washed with distilled water
and dried at 50 °C for 30 min. The as-synthesized composite structures were coded as
follows: Ti-TiO-rGO-1h, Ti-TiO-rGO-2h, and Ti-TiO,-rGO-3h.
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Ti-Ti0 GO
Composite structure

Figure 1. Schematic illustration of the achievement process for composite structures.

2.3. Materials Characterization

X-ray diffraction analysis (XRD, PANalytical X'Pert PRO MPD Diffractometer, PANa-
lytical Company, Almelo, Netherlands) with Cu-K« radiation in the range 2theta = 20-80°
was used for the crystalline structure of the composite structures. The morphology of the
composite structures was examined using scanning electron microscopy (SEM, FEI Inspect
S model, FEI Company, Eindhoven, Netherlands). The optical properties were recorded
using UV-VIS analysis (PerkinElmer Lambda 950 UV /Vis spectrophotometer, Shelton, CT,
USA) with an integrating sphere in the range of 300-600 nm. Electrical measurements for
the obtained composite structures were performed using the Keithley 2450 SourceMeter
SMU Instrument (Keithley, Oldbury, UK) in forward bias with an applied voltage between
—3 Vand +3V, and a step rate of 10 mV/s. To collect data, the metal wires were affixed with
silver paste and the location of the electrical contacts is presented in Figure 1. For electro-
chemical measurements, an Autolab potentiostat/galvanostat (PGSTAT 302 Autolab B.V.,
Metrohm, Utrecht, Netherlands) controlled with GPES 4.9 software using a three-electrode
cell system in 1M KNOj3 solution was used. The samples prepared on Ti foil (an effective
area of 1.5 cm?) acted as the working electrodes; Ag/AgCl served as the reference electrode,
and platinum acted as the counter electrode.

3. Results and Discussion
3.1. Structural and Morphological Characteristics

The X-ray patterns for the Ti-TiO; layers, the Ti-TiO,-rGO composite structures, and
the pure rGO are presented in Figure 2. It can be seen that, in Figure 2a, there are strong
peaks at 2theta values of 27.4°,36.1°, 54.41°, and 63.06°, corresponding to rutile-TiO; (JCPDS
No. 01-073-1765), crystallized after the thermal oxidation of Ti foil. Moreover, the specific
peaks of the Ti element were identified at a 2theta of 35.1°, 38.4°, 40.2°, 53.04°, 63.06°,
70.7°, and 76.4° (JCPDS No. 00-044-1294). The weak diffraction peak of the Ti-TiO,-rGO
composite structures at a 2theta of 25.3° corresponds to the (101) of anatase-TiO; (JCPDS
No. 01-083-2243), formed during the synthesis in the microwave-assisted hydrothermal
reaction (Figure 2b). The peaks of rGO are difficult to identify because of the high intensity
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of the diffraction peaks from the Ti foil. Figure 2c shows the X-ray pattern of the pure rGO,
and a 2theta value of 23.7° confirms the existence of rGO [33,34]. Furthermore, the broad
and dispersive diffraction peak at around 23.7° of the Ti-TiO,-rGO composite structures
confirms the presence of rGO [35].
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Figure 2. X-ray patterns of the as-obtained structures; (a) Ti-TiO; layers; (b) Ti-TiOp-rGO composites;
(c) pure rGO.

Figure 3 shows the surface morphologies of the Ti-TiO; layers and the Ti-TiO,-rGO
composite structures. The results revealed that, for the Ti-TiO, layers, the HF concentration
and the etching time caused the complete removal of the passivation layer from the surface
of the Ti foil for all Ti-TiO, samples (Figure 3a,c,e). Therefore, the Ti-TiO; layers have the
appearance of broken stone, and the growth was clearly oriented in a defined direction. In
addition, it can be seen that the rGO sheets cover the Ti-TiO; layer, and the rGO films have
the appearance of slightly wrinkled flakes that appear to be stacked together, which is more
pronounced for the Ti-TiO,-rGO-2h (Figure 3d) and Ti-TiO,-rGO-3h (Figure 3f) composite
structures. This aspect is probably due to the morphology of the Ti-TiO; layers, where the
appearance of broken stones is more pronounced due to the longer etching time.
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Figure 3. SEM images of (a) Ti-TiO,-1h, (b) Ti-TiO,-rGO-1h, (c) Ti-TiO,-2h, (d) Ti-TiO,-rGO-2h, (e)
Ti-TiO;-3h, and (f) Ti-TiO,-rGO-3h.

3.2. Optical and Electrical Properties

The optical absorption spectra of the Ti-TiO,-rGO composites in the range of 300-600 nm
are shown in Figure 4. The optical band gap energy of the materials was determined using
the Kubelka—-Munk absorbance calculated by the Tauc plot, as shown in Figure 4b. The
Eg optical bandgap energy was derived from the intersection of the straight line with the
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hv-axis of the Tauc plot. Compared to the bandgap value of the Ti-TiO, layers (Eg = 2.95 eV)
that were previously reported in our research [32] and that correspond to the rutile-TiO2
form, the bandgap slightly decreased due to the presence of rGO for Ti-TiO,-rGO-1h,
up to the value Eg = 2.68 eV, for Ti-TiOp-rGO-2h, up to the value Eg = 2.87 eV, and for
Ti-TiO,-rGO-3h, up to the value Eg = 3.15 eV (Figure 4b). According to the literature data,
the shifting in the valence band is attributed to the Ti-O-C bonds, and furthermore, the
modification of the spectra shown in Figure 4a confirms the interface between TiO, and
rGO, respectively [36].

Kubelka-Munk absorbance (a.u.)

Ti-TiOp-rGO-2h

[F(RmI(ev)

wavelength (nm)

(a)

300 350 400 450 500 550 600

250 275 300 325 350 375 400

Figure 4. Kubelka—Munk absorbance for the Ti-TiO,-rGO composites (a); plot of [F( R)*hv]? versus
the energy for composites structures (b).

The current-voltage characteristics of the n-TiO, /p-rGO heterojunction were investi-
gated at room temperature and are shown in Figure 5. Figure 5a,c,e present the influence
of the etching time of Ti foil on the I-V curve of the as-obtained TiO, /rGO heterojunction.
As presented in our previous paper, an obvious influence of the fabrication parameters
can be observed [32]. A rectifying behavior between the forward and reverse biases is
achieved for all the synthesized samples, with a high rectification ratio (RR) (Irsrward/ IReverse)
of 35.76 at = 3 V observed for the Ti-TiO,-rGO-1h composite, which is much higher than
that of Ti-TiO,- rGO-2h (1.14 at £ 3 V). In the case of the Ti-TiO,-rGO-3h composite struc-
ture, the RR is less than 1 (0.54 at + 3 V), which is due to the increase in the reverse bias
current. From the I-V curve, a slight increase in the turn-on voltage of Ti-TiO,-rGO-1h at
1.668 V to 1.908 V for the Ti-TiO,-rGO-2h structure is observed. The turn-on voltage of the
Ti-TiO,-rGO-3h composite is greater than the testing domain 3 V.

Figure 5b,d,f present a Log (I)-V between the forward and reverse biases of the com-
posite structures. The rectifying nature of the TiO; /rGO heterojunction and an increase in
the asymmetry between the forward and reverse biases is highlighted more for the Ti-TiO,-
rGO-1h structure, as presented in Figure 5b; for the Ti-TiO,-rGO-2h and Ti-TiO,-rGO-3h
structures, a slight rectification behavior appeared (Figure 5d,f) [37]. In order to evaluate
the characteristics of the TiO, /rGO junction, the thermionic emission relation from the
current-voltage was used [38]. From the Log (I)-V plot (Figure 5b,d,f), the ideality factor (n)
and the reverse saturation current (Ip) are calculated as per our previous research [32]. The
heterojunction working parameters are presented in Table 1.
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Figure 5. Current-voltage characteristics of the n-TiO, /p-rGO heterojunction for (a) Ti-TiO,-rGO-1h,
(¢) Ti-TiOy-rGO-2h, and (e) Ti-TiO,-rGO-3h; Log from forward and reverse bias for (b) Ti-TiOp-rGO-1h,
(d) Ti-TiOp-rGO-2h, and (f) Ti-TiO,-rGO-3h.
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Table 1. Electrical parameters of the n-TiO, /p-rGO heterojunction.
Composite Structure Vr (V) Ir (uA) Ir (nA) n Ip (A)
Ti-TiO,-rGO-1h 1.668 46.5 -1.3 2.31 24.28 x 1077
Ti-TiOp-rGO-2h 1.908 92.9 —81.3 15.51 8.93 x 1077
Ti-TiO-rGO-3h - 43.3 —79.5 16.81 1.02 x 1077

It is generally presented in the literature data that ideality factors that are greater than
2 can be attributed to a complex recombination process in the quasineutral zone [39]. The
results for the TiO, /rGO heterojunction show that the surface modification of the etching
process directly influences the ideality factor [40]. In this study, the higher values of n (15.51
and 16.81) for the Ti-TiOp-rGO-2h and Ti-TiO,-rGO-3h structures indicate that they may
undergo several more recombination processes, dramatically incising the ideality factor.
For Ti-TiO-rGO-1h, an ideality factor of about 2.31, which is very close to the normal range
(1 <n <2),is clearly highlighted with a reduced number of traps/defects in the quasineutral
zone [38,41]. The move of the junction away from an ideal value can be explained by the
growth of the surface area and the TiO, layer generated by the increase in the etching time.
The significant decrease in the reverse saturation current by many orders of magnitude may
explain the increase in traps/defects in the Ti-TiO,-rGO-2h and Ti-TiO,-rGO-3h structures.

3.3. Electrochemical Performance of the Ti-TiO,-rGO Structure

The electrochemical behavior of the Ti-TiO,-rGO composite structures as electrode
materials was assessed using the cyclic voltammetry technique in the presence of the
ferro/ferricyanide redox couple as an electrochemical model of a reversible redox system,
used to determine the electroactive surface area of the working electrode and the apparent
diffusion coefficient. Figure 6 shows the cyclic voltammograms recorded for the tested
Ti-TiO,-rGO composite structures at different scanning rates (i.e., 0.025, 0.05, 0.1, 0.2, and
0.3 Vs~ 1) in a 1M KNOj supporting electrolyte and in the presence of 4 mM KzFe(CN)g.
Moreover, in the Supplementary Materials (Figure Sla—f), we present the cyclic voltam-
mograms recorded in a IM KNOj3 supporting electrolyte and in the presence of 4 mM
K3Fe(CN)g for the Ti-TiO, layers.

The diffusion coefficient and electroactive surface area of the as-synthesized Ti-TiO,-
rGO composite structures and Ti-TiO, layers, respectively, were calculated based on the
Randles—Sevcik Equation (1) [42]:

I = 2.69 x 10°AD"/?n3/%1/2C 1)

where: A-represents the geometric surface area of the sensor (cm?); n-represents the
number of participating electrons in the reaction, equal to 1; D-represents the diffusion
coefficient of the molecules in solution; C—is the molar concentration of K3Fe(CN)g in the
solution (i.e., 4 mM); v—represents the scanning speed (V s’l). The obtained results are
presented in Table 2.

Electrochemical measurements show that, for all the Ti-TiO,-rGO composite structures,
an electroactive surface area greater than the geometric one was obtained, a fact that
recommends these structures for further electrochemical detection applications (Figure 6).
As presented in Table 2, the largest electroactive surface area was obtained for Ti-TiO,-rGO-
1h, and, for Ti-TiO,-rGO-2h and Ti-TiO,-rGO-3h, the electroactive area is almost similar,
compared with Ti-TiO, layers where the electroactive area is smaller than the geometrical
area. The electrochemical characterization of the supporting electrolyte, as well as in the
presence of potassium ferro/ferricyanide, confirmed the resistance of the composite film
on the structure surface during the electrochemical tests.
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Figure 6. Cyclic voltammograms for the (a) Ti-TiO,-rGO-1h, (c) Ti-TiO,-rGO-2h, and (e) Ti-TiO,-rGO-
3h composite structures, recorded in a 1M KNOj electrolyte support and (b) Ti-TiO,-rGO-1h, (d)
Ti-TiO,-rGO-2h, (f) Ti-TiO-rGO-3h composite structures in the presence of 4mM KzFe(CN)g.

Table 2. The apparent diffusion coefficient and electroactive surface area of the tested Ti-TiO; layers
and the Ti-TiO,-rGO composite structures.

Composite Geometrical Electroactive Diffusion
Structure Surface Area (cm?) Surface Area (cm?)  Coefficient (cm? s—1)
Ti-TiO,-1h 1.8 0.58 7.09 x 1077
Ti-TiO,-rGO-1h 0.99 1.31 3.55 x 10~
Ti-TiO,-2h 1.8 0.57 6.78 x 1077
Ti-TiO,-rGO-2h 0.70 0.87 1.60 x 107°
Ti-TiO,-3h 1.8 0.74 1.13 x 1077
Ti-TiO,-rGO-3h 0.30 0.93 1.80 x 107°
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Moreover, electrochemical impedance spectroscopy (EIS) experiments were performed
for the Ti-TiO,-rGO-1h composite structure that exhibited the highest electroactive surface
area. The supporting electrolyte used for the EIS tests was 0.1 M NaySO,, which was appro-
priate for the further electrochemical detection applications of the obtained electrodes. The
impedance diagrams recorded in a 0.1 M NaySO4 supporting electrolyte and a frequency
range between 100 kHz and 0.1 Hz for the Ti-TiO,-1h and Ti-TiO,-rGO-1h structures were
fit, considering the electrical equivalent circuits shown in Figure 7.

SAVAVCS BT e

Rs
R=123Q

- . CPE
i if‘jopgégo o . Yo=5.31 pMho - SN
e e N =0.852

(a) (b)

Figure 7. Electrical equivalent circuits for the (a) Ti-TiO,-1h and (b) Ti-TiO,-rGO-1h structures.

Both circuits include the following electronic elements: R; is the electrolyte resistance
between the working and reference electrodes, and Ry, is the charge transfer resistance and
a CPE (constant phase element) that simulates the nonideal behavior of the capacitor. The
charge transfer resistance for Ti-TiO,-rGO-1h increased compared with Ti-TiO,-1h, while
the capacitance value decreased in the Ti-TiO,-rGO-1h equivalent circuit, confirming the
role of the rGO on the electrode surface.

4. Conclusions

In summary, the innovative in situ deposition of rGO was approached by synthesiz-
ing Ti-TiO,-rGO composite structures on Ti foil through a one-step microwave-assisted
hydrothermal process. The use of TTIP as a dispersion matrix facilitates the deposition of
the films onto the layers. The microwave-assisted hydrothermal method for obtaining the
composite structures proved to be a feasible and easy-to-use method for the development
of Ti-TiO,-rGO composite structures. The morphological characteristics determined by
SEM analysis showed the clear and defined oriented growth of the Ti-TiO; layers, and the
rGO films were successfully deposited onto the Ti-TiO; layers. From the I-V measurements
on the established TiO,-rGO junction, it was shown that an increase in etching time could
move the junction from an ideal position. In this study, a strong correlation was established
between the ideality factor of the Ti-TiO,-rGO-1h composite structure and the increase in
the electroactive surface area. Moreover, the EIS measurements confirmed the important
role of the rGO deposited onto the electrode surface, showing a higher charge transfer
resistance for Ti-TiO,-rGO-1h compared to Ti-TiO,-1h. The results obtained in this study
offer new perspectives on achieving high-performance and cost-effective Ti-TiO,-rGO
structures that are usable in the development of both electrochemical electrodes and gas
Sensors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/coatings12121805/s1, Figure S1: Cyclic voltammograms recorded
in IM KNOs electrolyte support and in the presence of 1M KMnO3(CN)g for Ti-TiO,-1h (a); Ti-TiO,-
2h (c); Ti-TiO,-3h (e) layersand in 4mM K3Fe(CN)g for Ti-TiO,-1h (b); Ti-TiO,-2h (d); Ti-TiO;-3h (f)
layers.
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