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THE INFLUENCE OF ELECTROCHEMICAL SYNTHESIS
TIME ON THE PHOTOCATALYTIC PERFORMANCE OF Ag-
TiO: COMPOSITE UNDER UV IRRADIATION

Tonela-Cristina PETCU !, Ana T.S.C. BRANDAO 2, Cosmin ROMANITAN 3,
Oana BRINCOVEANU #, Adina BOLDEIU °, Iuliana MIHALACHE °, Lucia
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This research demonstrates that the time of the green electrochemical
synthesis influences the photodegradation efficiency of Ag-TiO,. While a 3h duration
was previously identified as optimal, this work evaluates the composite synthesized
for 5h (Ag-TiO>-5h). According to XRD and SEM analysis, the composite exhibited a
specific surface area of 19.03 m%g and an average crystallite size of ~22 nm. Zeta
potential measurements of the TiO; revealed a significant surface charge of +33.83
mV at pH 3, ensuring high colloidal stability and a strong electrostatic affinity for the
anionic methyl orange (MO) dye. Consequently, Ag-TiO»-5h achieved a higher colour
removal efficiency of 74.18% compared to TiO; (66.78%) after 360 minutes exposure
to UV light, which confirms that a 3-5h interval is suitable for synthesis.

Keywords: green solvents, electrochemical synthesis time, toxic dyes, methyl
orange, photodegradation, water treatment

1. Introduction

Textile industry generates a lot of pollution every year due to the toxic dyes
they use. One of the most used dyes is methyl orange (MO), whose chemical
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structure is depicted in Fig. 1, an anionic azo dye which is also used in the paper,
plastic and food industry [1]. MO is hard to biodegrade because it contains a strong
and stable functional group (~N=N- group), which is responsible for the toxicity of
the dye [2]. MO also presents high solubility in water due to the anionic sulphonic
group (-SOs3H) in its structure, which makes it even more harmful [3].
Unfortunately, untreated waste which contains MO is discharged in the waters and
contaminates the aquatic life [4]. This toxic dye can also cause a lot of serious health
problems, such as nausea, dizziness and eye irritation in humans [5].
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Fig. 1. 2D chemical structure of MO.

Various methods have been used to remove this dye and other dyes from
wastewater. One of the most efficient and eco-friendly procedures is the
photodegradation. During the photodegradation process, reactive oxidizing species
(ROS) react with the dyes and lead to their decomposition [6]. Semiconductors such
as zinc oxide, tin oxide or titanium dioxide are mostly used photocatalysts due to
their ability to produce ROS under light irradiation [7]. Among these, titanium
dioxide (TiO2) is a versatile compound often utilized for its photocatalytic
properties, particularly in applications such as environmental remediation,
including the degradation of azo dyes [8, 9]. TiO; is biocompatible and presents a
high specific surface area in powder form. In addition, it possesses remarkable
electrical, mechanical and optical properties, and moreover, it can be reused.
Nevertheless, TiO2 has an intrinsic bandgap of approximately 3.23 eV, which
restricts its photocatalytic capabilities to the ultraviolet (UV) region, constituting
only 4 % of the solar spectrum. To overcome these limitations, several approaches
have been proposed, such as doping with metal ions, coupling with semiconductors,
modifying with graphene and sensitizing with dyes [10]. Recent studies also
demonstrate that the photodegradation efficiency of TiO2 can be enhanced by
improving nanoparticle dispersion on various supports, such as silica fume
particles, which increases the active surface area available for pollutant adsorption
[11] or through the synergy between TiO> and inorganic cation species, facilitating
also the selective degradation of complex molecules like antibiotics [12].

One of the most used methods is represented by doping/decorating TiO>
nanoparticles (NPs) with silver (Ag) [11, 12]. Compared to TiO» NPs, it was
demonstrated that Ag-TiO> composite extends the photocatalytic activity to visible
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light and enhances the antimicrobial properties for Gram positive and Gram
negative bacteria [15].

Ti0; and Ag-TiO> NPs can be obtained through several methods, including
sol-gel [16], co-precipitation, hydrothermal, impregnation, electrochemical,
microwave discharge methods [17], etc. The electrochemical route represents one
of the simplest and cost-effective procedures to synthesize these NPs. Kim and
Mohanty [18] reported the electrochemical synthesis of TiO» nanotubes, nanograss,
and nanolace using aqueous electrolytes. A promising alternative to aqueous
electrolytes during electrochemical synthesis is represented by deep eutectic
solvents (DESs) [19], a class of ionic liquids, that are environmentally friendly,
cost-effective, and stable with respect to air and moisture [17, 18]. Electrochemical
synthesis in DESs ensures growth and nucleation control of NPs, which leads to
well defined nanostructures [22].

In our previous work [23], Ag-TiO2 composites electrochemically
synthesized in DES showed enhanced photocatalytic performance over pure TiO>
for MO dye degradation. The electrochemical synthesis was performed using the
pulsed reverse current (PRC) method. The duration and the current density of the
Ton and Tofr times have been optimized to £100 mA, 100 ms and 200 ms,
respectively. The overall duration of the electrochemical process was varied from
1 hto 3 h and 6 h, respectively, being labelled as Ag-TiO»-1h, Ag-Ti0,-3h and Ag-
TiO2-6h. The composites synthesized for 1 h, 3 h, and 6 h presented distinct
behaviours. Ag-Ti0>-3h presented surface plasmon resonance (SPR) effect, which
led to better absorption of the light and better photodegradation properties. The
other composite synthesized for 6 h, presented lower photodegradation
performance compared to the material synthesized for 3 h due to the formation of
silver oxides attributed to the longer deposition time. However, intermediate
electrochemical synthesis times have not yet been explored.

Therefore, the aim of this study is to investigate the Ag-TiO> composite
synthesized electrochemically in DES by PRC deposition at an intermediate
deposition time of 5 h. The comparison between the Sh composite and the samples
investigated before, Ag-TiO2-3h and Ag-TiO»-6h, will shed light on the optimal
deposition window for the electrochemical synthesis of Ag-TiO, composites in
DESs.

2. Materials and methods
2.1 Chemicals

Choline chloride (ChCl) and ethylene glycol (EG) were purchased from
Thermo Scientific. Poly (N-vinyl pyrrolidone) (PVP 10) and tetrabutylammonium
bromide (TBAB) were purchased from Sigma Aldrich. Ethanol (EtOH) was from
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Ingen Laboratory, Timisoara, Romania, while methyl orange (MO) was provided
by Polymed Trade, Bucharest, Romania. All chemicals were used as received.

2.2. DES preparation

To obtain the DES electrolyte, ChCIl was mixed with EG in a 1:2 molar ratio
under continuous stirring at 70 °C until a transparent liquid was formed. The
mixture remained liquid after cooling down to room temperature.

2.3 Electrochemical synthesis of TiO2 NPs and Ag-TiO2 composite

TiO2 NPs employed in the composite synthesis were obtained using the
sacrificial anode method previously reported [20]. Ag-TiOz-5h composite was
synthesized using a pulsed reverse current (PRC) method, schematically presented
in Fig. 2.
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Fig. 2. The pulse plating wave of the electrochemical synthesis
of Ag-Ti0,-5h composite.
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The electrochemical conditions are described in detail in our previous work,
the only difference being the total deposition time of 5 h [23]. Briefly, the anodic
(Ton") and cathodic (Ton") currents were fixed at 100 mA, and the duration of the
pulse was set to 100 ms. Between these pulses, a period during which no current is
applied, namely Tom, was fixed for 200 ms. The overall duration of the
electrochemical process is 5 h. After the synthesis process, the resulting gel was
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cleaned with ethanol and water, dried at 100 °C, and calcined at 600 °C for 2 h and
30 min.

2.4 Characterization Techniques

Field Emission Scanning Electron Microscopy (FESEM, Nova NanoSEM
630 equipment) operated at 10 kV was used to examine the morphology of the
samples. For the composition, an Energy Dispersive X-Ray analysis (EDS) was
performed using Smart Insight AMETEK.

To get insights into the crystallinity of the material and the phases present,
a 9 kW X-ray Diffractometer (XRD) from Rigaku SmartLab (CuKal source - 1 =
0.15406 nm) was used. The 20 range varied from 10° to 70°. The measurements
were done at room temperature.

The surface charge of TiO> at different pH values was assessed using
electrophoretic light scattering (ELS) with a Beckman Coulter (USA)
DelsaTMNano C instrument. A laser diode of 658 nm illuminated the nanoparticles,
producing time-dependent fluctuations in the intensity of laser light, while the angle
for Zeta potential measurements was 15°. The measurements were performed at
25°C and the DelsaNano 3.73/2.30 software was used to further process the data.

Brunauer-Emmett-Teller (BET) nitrogen adsorption analyser from TriStar
Plus-Micromeritics, Norcross was employed to determine the specific surface area
and pore volume of the samples.

2.5. Photodegradation procedure

The photoreactivity of the TiO2» NPs and Ag-TiO;-5h composite was
evaluated under UV radiation for the degradation of MO dye (10 mg/mL, pH = 3).
1 g/L of nanopowder was added into 25 mL dye solution, and it was magnetically
stirred in the dark for 30 min to establish the adsorption equilibrium. After that, it
was irradiated with a UV lamp (4 = 365 nm, 6 W, Wiesloch) under continuous
stirring. The residual dye concentration was quantified every 60 min of UV
irradiation for a total exposure time of 360 min. The chromophore absorption
maxima at 504 nm were used to assess the degradation efficiency. All experiments
took place in a black box to prevent the dye from being exposed to external light.
The schematic setup diagram is presented in Fig. 3.
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Fig. 3. The schematic diagram of the photodegradation procedure.

3. Results and discussions

In Fig. 4, SEM images of as-synthesized, amorphous TiO> powder are
presented at 100,000% and 200,000%. The NPs are agglomerated and present
spherical shapes. This morphology and the low defined nanoparticles boundaries
indicate an amorphous phase, which was also confirmed by the XRD pattern, where
a broad peak at 28° is noticed. (Fig. 5).
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Fig. 5. XRD diffractograms of:
(a) amorphous TiO, (b) calcined TiO; and (¢) Ag-TiO,-5h.

After calcinating at 600°C for 2 h and 30 min, the amorphous as-synthesized
TiO2 powder transforms into crystalline, as reflected by the narrow and intense
diffraction peaks located at 26 = 25.4°, 37.1°, 48.0°, 53.9°, 55.4°, 62.9° and 68.9°
characteristic of the anatase phase (a - TiO; card no. 21-1272).

The analysis of the mean crystallite size by using Scherrer equation led to a
value of ~ 14 nm, indicating the polycrystalline nature of the material after the
calcination. In addition, for Ag-TiO2 sample, small diffraction peaks at 26 = 38.0°,
44.4° and 64.5° (Ag card no. 01-1164) can be noticed, these coming from cubic Ag.

The SEM images, presented in Fig. 6, show nanoparticles with spherical
morphology, like amorphous TiO», but due to the calcination process, diameter
ranges between 4 and 18 nm with a mean diameter (MD) of 11.99 and a standard
deviation (SD) of 2.55, as shown in Fig. 7.
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Fig. 7. Particle size distribution of calcined TiO, and the Gaussian fit of the
distribution.

To further investigate the surface properties and the potential interaction of
Ti02 NPs with the MO dye, the Zeta potential of calcinated TiO> was measured at
different values of pH (Fig. 8). In acidic conditions (pH 3), the Zeta potential of
TiO, NPs has positive values (+33.83 mV), which shows a strong electrostatic
affinity for anionic azo dyes such as MO. At the pH 5-6, the Zeta potential decreases
significantly, approaching zero. The Point of Zero Charge for the TiO, was



The influence of electrochemical synthesis time on the photocatalytic performance of Ag-TiO; (...) 139

identified at approximately pH 5.8. Beyond this point, the surface becomes
negatively charged (at neutral or alkaline pH). Similar results were obtained by Liao
et al. [24] in the same calcination conditions of TiO2 NPs.
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Fig. 8. Variation of Zeta Potential with pH for the calcinated TiO».

SEM images of Ag-TiO2-5h composite electrochemically synthesized at
100,000x and 200,000x are presented in Fig. 9.

Fig. 9.M rmrograp of Ag-TiO,-5h comp01t at:

a) 100,000x and b) 200,000x.
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According to these images, it was found that the obtained Ag-TiO»-5h
composite presents grains with spherical morphology, whose size ranges between
10 and 40 nm (MD = 22.62, SD = 5.92), which is confirmed by the particle size
distribution analysis, described by a Gaussian fit (Fig. 10). Compared to the anatase
Ti10,, Ag-Ti02-5h composite presents more agglomerated and larger NPs due to the
Ag decoration.
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Fig. 10. Particle size distribution of Ag-TiO,-5h composite
and the Gaussian fit of the distribution.

To further verify the presence of Ag in the sample, a complementary
analysis was performed using EDS (Fig. 11).
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Fig. 11. EDS spectrum of Ag-TiO»-5h composite.
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Peaks associated with titanium (Ti) and oxygen (O) are shown in the EDS
spectrum alongside the peak for silver (Ag) at 3 keV, which confirms the presence
of Ag on the TiO; surface. Other peaks of aluminium (Al), silicon (Si) and carbon
(C) shown in the EDS spectrum are due to the sample holder and the carbon coating
(Fig. 11). No contaminants were detected in the sample, which indicates that a clean
electrochemical synthesis in DESs was performed.

For the Ag-TiO, composite synthesized for Sh, XRD analysis confirmed the
presence of metallic Ag (see Fig. 5), without peaks associated with silver oxides,
which were in the previous work, for synthesis times of 6 h [23]. As confirmed by
the XRD analysis presented in Fig. 5, the Ag-TiO2 composite synthesized for 5 h
contains metallic Ag without peaks associated with silver oxide, as observed for the
synthesis time of 6h [23].

From the BET analysis, Ag-TiO2-5h composite presents a specific surface
area of 19.03 m? g', a pore width of 9.4 nm and a total pore volume of 0.047 cm?.
Compared to anatase TiO2 NPs, which present a specific surface area of 23.05 m?
g', a slight decrease is noticed for the Ag-TiO»-5h composite. The decrease can be
attributed to the partial blocking of TiO2 pores with Ag NPs. Despite that, the Ag-
Ti02-5h composite presents a slightly increased surface area than the Ag-TiO;-6h
composite (17.75 m? g'), which may make this composite an alternative for the
Ag-TiO2-3h composite in photodegradation.

The degradation of MO under UV light was investigated using TiO2 NPs
and Ag-TiO2-5h composite. The absorbance of MO decreases proportionally with
the irradiation time for both samples. After 6 h of exposure of MO to UV in the
presence of TiO2 NPs and Ag-TiO»-5h composite, it was demonstrated that Ag-
Ti0O2-5h composite presents better photocatalytic activity than TiO2 NPs, as it can
be seen in Figs. 12 and 13. The colour removal efficiency after 360 min of exposure
was 66.78 % for TiO2 NPs and 74.18 % for Ag-TiO;-5h composite (Fig. 12b). This
confirms that decorating TiO> NPs with metallic Ag NPs improves the
photodegradation efficiency even at 5 h of electrochemical synthesis because it
promotes effective charge separation and reduces electron-hole recombination. This
mechanism enhances the generation of ROS (*OH and *O2), which are responsible
for MO dye degradation. Similar behavior was reported for Ag modified TiO:
systems by Merdoud et al. [25].

The pseudo-first-order reaction rate constant (k) of the photodegradation
process was calculated using the slope of the fit of In(C/Cy) vs time (Eq. (1)) under
UV irradiation (Fig. 14). Ag-TiO»-5h presents a decay rate of 3.89 x10> min™! for
degradation under UV light, which is lower than the decay rate of Ag-TiO2-3h and
Ag-TiO,-6h, but higher than the decay rate of TiO2 NPs and Ag-Ti0;-1h composite,
previously calculated [23].
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where Cis the MO concentration at different irradiation times (¢) and Cy is the initial
concentration of MO.
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Fig. 12. Absorption spectra to highlight the photocatalytic degradation
of a methyl orange solution in the presence of Ag-TiO»-5h composite.
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Fig. 13. a) Comparison of the photodegradation efficiency after 360 min
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Fig. 14. a) MO dye after various UV irradiation times in the presence
of Ag-TiO-5h composite and b) In(C/Cp) versus UV irradiation time graph.

6. Conclusion

In this work, an Ag-TiO2-5h composite was successfully synthesized by an
innovative and eco-friendly electrodeposition method using a green electrolyte,
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namely a deep eutectic solvent based on choline chloride. This approach is
sustainable and presents low toxicity and high-performance results.

Scanning Electron Microscopy results showed spherical morphology for
amorphous TiOz, crystalline TiO2 and Ag-Ti02-5h composite. The average particle
size diameter was found to be approximately 12 nm for crystalline TiO2,
respectively 22 nm for Ag-TiO2-5h composite due to the decoration with silver. X-
Ray Diffraction pattern confirmed the presence of metallic silver, without the silver
oxides noticed for the sample at 6 hours of synthesis. Brunauer-Emmett-Teller
calculations showed that the composite has a mesoporous structure, with a specific
surface area of 19.03 m? g’!. Furthermore, Zeta potential analysis of the TiO:
showed a high positive charge of +33.83 mV at pH 3, which demonstrates a strong
electrostatic affinity for the anionic azo dyes such as methyl orange.

Photocatalytic tests for the degradation of methyl orange dye were
validated. The Ag-TiO>-5h catalyst demonstrated achieved a colour removal
efficiency of 74.18%, outperforming pure TiOz, which achieved a 66.78%
efficiency, after 360 minutes of exposure to UV light. Accordingly, the interval
between 3 and 5 h represents the optimal window for synthesizing
photocatalytically active Ag-TiO, composites.

The study confirms that the Ag-TiO2-5h composite maintains photocatalytic
properties while avoiding the drawbacks which appear at longer deposition times
like 6 h of synthesis. Future work may focus on reusability and photodegradation
performance of this composite under visible-light irradiation and in real wastewater
samples, as well as on antimicrobial studies for water treatment to expand its
potential applications.
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