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This work reports the green synthesis of silver doped-titanium dioxide (Ag-TiO,) which was carried
out in aqueous gelatin solution. The Ag-TiO, nanoparticles were characterized with transmission
electron microscopy (TEM), voltammetric and spectroscopic techniques i.e. X-ray diffraction (XRD),
energy-dispersive X-ray (EDX) and Fourier transform-infrared (FT-IR). The results from XRD
indicated pure Ag-TiO;, and TiO, powders in anatase phase with an average crystallite size of 11 nm
and 15 nm, respectively. However, Ag doped in TiO, did not significantly affect the crystalline
structure of TiO,. An efficient Ag-TiO,-based anode was fabricated by casting a solution of the
synthesized Ag-TiO; on glassy carbon electrode (Ag-TiO,/GCE). Linear scanning voltammetry (LSV)
in alkaline media was performed to investigate the electrocatalytic performance of Ag-TiO,/GCE
towards oxygen evolution reaction (OER). The OER is significantly enhanced at the Ag-TiO,/GCE,
evidenced by a negative shift in the LSV curve of Ag-TiO,/GCE compared to the curve obtained at the
unmodified electrode. The energy-savings value of oxygen gas at a current density of 7 mA cm™ was
calculated as 14.4kWh kg™. The cost-effectiveness and stability of the modified electrode make it a
potential design for application in the industrial water electrolysis process.

Keywords: Silver doped titanium dioxide nanoparticles, Gelatin, Oxygen evolution reaction,
Electrocatalyst.

1. INTRODUCTION

Titanium dioxide (TiO) is a semiconducting oxide which finds application in a variety of
industrial applications due to its non-toxicity, relative abundance and resistance to corrosion. TiO,
exhibits remarkable properties such as hydrophilicity [1] as well as antibacterial [2] and self-cleaning
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[3] activity. Due to its optical activity [4], TiO; is often used in photocatalytic decomposition [5] and
more recently as a photocatalyst for the reduction of CO, to methanol [6].

There are many approaches to synthesize TiO, and modified TiO; [7] including hydrothermal
[8], electrochemical [9], microwave [10], sonochemical [11] and sol-gel methods [12]. Among these
methods, the sol-gel method offers simple methodology, high control of surface area, average
crystallite size, phase structure and morphology. All of these parameters determine the photocatalytic
activity of TiO..

Considerable research has been carried out to improve the electrocatalytic and photocatalytic
activity of TiO,, with reported methods such as metal ion doping [13], non-metal ion doping [14], co-
doping [15] and exposed reactive anatase [001] facet [16]. Transition metals doped on TiO, play the
role of charge carrier trap, which allows for light absorption in the visible range and enhances surface
electron excitation by visible-light excited plasmon resonance [17-19]. Thus transition-metal doping
on TiO; results in improved photocatalytic activity of TiO, nanocomposites.

Titania compounds doped with silver have been synthesized for antibacterial and
photoelectrochemical applications [20, 21]. Indeed, TiO, doped with silver nanoparticles have shown
improved photocatalytic activity compared with its undoped counterpart [22, 23]. It was proposed that
Ag doping of TiO; improves charge transfer and charge pair separation efficiency [24].

The oxygen evolution reaction (OER) is a common reaction applied in fields of energy
conversion, water-splitting and storage devices [25, 26]. The OER is often catalyzed using metal
oxide-based anodes e.g. nickel and cobalt due to their notable stability and activity [27, 28]. Electrodes
modified with nanoparticles were found to increase the surface area to volume ratio significantly and
improve the electronic properties of the bare electrode [29, 30]. In this study, silver doped-TiO; (Ag-
TiO,) in anatase form was prepared via sol-gel method. The synthesized Ag-TiO, was then
investigated for enhanced catalytic activity with regards to the oxygen evolution reaction.

2. EXPERIMENTAL PROCEDURE

2.1. Materials and apparatus

Titanium tetraisopropoxide (TIPP) (98% purity) and silver(l) nitrate was purchased from Acros
Organics and Allchem, respectively. Glacial acetic acid (100% purity) was purchased from Merck.
Other analytical-grade reagents were purchased from Aldrich or Merck and used as received without
further purification.

Electrochemical measurements were performed by a potentiostat/galvanostat (Autolab,
Netherlands). A three-electrode system was used in all voltammetric experiments whereby a glassy
carbon electrode coated with the synthesized Ag-TiO, samples was used as the working electrode. A
silver-silver(I) chloride (Ag | AgCl | KClawm) electrode and platinum wire was used as the reference and
auxiliary electrode, respectively (Metrohm). Elemental analysis and chemical characterization of the
sample was carried out using energy-dispersive X-ray (EDX) spectroscopy (INCA Energy 400, Oxford
Instruments). Powder X-ray diffraction (XRD) was used to identify the crystal phase and estimate
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crystal size (Bruker-D8). Transmission electron microscopy (TEM) images of the Ag-TiO;
nanoparticles were obtained using LEO-Libra 120 microscope. A BRUKER FT-IR spectrometer was
used for Fourier transform infrared spectroscopy (FT-IR) studies.

2.2. Synthesis of Ag-doped TiO, nanoparticles

To prepare the precursor solution, titanium tetraisopropoxide (TIPP), glacial acetic acid (AA)
and deionized water (H,O) were mixed in the mentioned order using a TIPP:AA:H,0O with molar ratio
of 1:10:200 [31]. Three gram gelatin was dissolved in 100 mL of deionized water, stirring at 60°C for
30 minutes and was added to TIPP precursor solution under vigorous stirring. Then 10 mL silver
nitrate solution (0.1M) was added drop wise to this solution. The solution was dried at 80°C overnight.
The dried gel was then ground to a fine powder and calcined in a muffle furnace at 500°C for 5 hours.

2.3. Fabrication of Ag-TiO,/GCE

Prior to the working electrode modification, a bare glassy carbon electrode (GCE) was cleaned
by polishing the electrode surface on chamois leather with 0.05um alumina powder. The GCE was
then sonicated in deionized water and absolute ethanol, respectively. A dispersed solution of the
synthesized Ag-TiO, nanoparticles was prepared by sonicating 1mg of the sample in 5mL absolute
ethanol. The cleaned GCE was coated by casting SuL of the Ag-TiO, solution and dried at room
temperature to allow solvent evaporation.

3. RESULTS AND DISCUSSION

3.1. Powder X-ray diffraction study
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Figure 1. XRD patterns of (a) Ag-TiO, and (b) TiO, nanoparticles.
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The XRD patterns of TiO, and Ag-TiO, powders which were calcined at 500°C in air for 5
hours are shown in Figure 1. The wide-angle XRD pattern showed anatase-phase TiO, with
characteristic diffraction peaks of 20 values at about 25.6(101), 38.1(004), 48.5(200), 54.7(105),
55.3(211), 63.0(204), 68.9(116), 70.8(220) and 76.1(215), respectively. Thus the prepared Ag-TiO;
(pattern a) and TiO, (pattern b) powders were well-crystallized pure anatase form. The average particle
sizes of pure Ag-TiO; and TiO, powders for the (101) plane were approximately 11 and 15 nm,
respectively. This was based on the full-width half maximum measurement at 20 of the maximum
diffraction peak using Scherrer's formula (1),

D=K)\/Bcosb 1)

In this equation, D is the crystallite size, K the Scherrer constant usually taken as 0.89, A the
wavelength of the X-ray radiation (0.15418nm for Cu Ka)). Comparing the XRD patterns of pure TiO;
to Ag-TiO,, it appears that Ag loading does not significantly influence the crystalline structure of TiO,.
Ag phase was not detected in the XRD patterns of Ag-TiO, powders, perhaps due to insufficient Ag
content to form observable crystalline structures.

3.2. FT-IR studies
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Figure 2. FT-IR patterns of (a) TiO,and (b) Ag-TiO, nanoparticles.

Figure 2 illustrates the FT-IR spectra of TiO, (curve a) and Ag-TiO, (curve b) nanoparticles
which were synthesized by sol-gel method. The peaks at 433 and 703 cm™ observed in undoped TiO.
sample correspond to O-Ti-O bonding [32]. Ti-O and O-Ti-O- flexion vibration give rise to the broad
absorption bands at 400 cm™ and 800 cm™. The band centered at 1610 cm™ is characteristic of 8H,0
bending. The vibration bands between 1300 cm™ and 4000 cm™ can be attributed to the chemisorption
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and/or physisorption of H,O and CO, molecules on the surface of the compound. Both doped and
undoped TiO, exhibit similar vibration patterns.

3.3. TEM and EDX

TEM micrographs of TiO, and Ag-TiO, are displayed in Figure 3. Similar morphology can be
observed for the TiO, (image a) and Ag-TiO; (image b) samples. However, the TEM images indicate
smaller particle sizes of Ag-TiO, compared to TiO,. Energy dispersive X-ray spectroscopy (EDX) of
Ag-TiO; indicates the presence of Ti, O and Ag with 60.53, 34.33 and 5.14 weight percent respectively
(Figure 4).

Figure 3. TEM images of (a) TiO,and (b) Ag-TiO, nanoparticles.
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Figure 4. EDAX pattern of Ag-TiO, nanoparticles.
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3.4. Electrochemical behavior of Ag-TiO,/GCE

Cyclic voltammetry is commonly used in electrochemistry to determine electroactivity
performance. Figure 5 shows the cyclic voltammetric response obtained at the Ag-TiO,/GCE in 0.1M
KOH. Figure 5 indicates a series of anodic events which attribute to oxidation of Ag—Ag* for Ag-
TiO,/GCE at a scan rate of 50 mV s which is in agreement with results from literature [33, 34]. The
surface concentration of the electroactive Ag on Ag-TiO»/GCE, I (in mol/cm?), is estimated using the
equation [35]:

I'=0/mFA (1)

Whereas Q is the value of charge consumed measured in Coulombs. Q is obtained from cyclic
voltammograms by integrating the area under the anodic (or cathodic) peak curve with background
correction. The average I” value of (7.36 + 0. 54) x 10™ mol/cm? was obtained. The stability of the
Ag-TiO,/GCE was tested by consecutive cyclic voltammetry of Ag-TiO,/GCE by cycling potential in
the range of -0.4 to 1.4 eV. Very slight activity variation was observed even after 20 cycles indicating

Ag-TiO; stability in KOH medium.
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Figure 5. Cyclic voltammogram of Ag-TiO,/GCE in 0.5 M KOH solution at scan rate 50 mV s

3.5. Electrocatalytic activity of Ag-TiO, /GCE towards OER

The electrocatalytic activity of the Ag-TiO, modified GCE was investigated by measuring the
linear sweep voltammetry (LSV) in 0.1M KOH at a scan rate of 50 mV s, as shown in Figure 6. This
figure reveals a significant enhancement in the electrocatalytic activity towards the OER upon the
modification of GCE with Ag-TiO,. The onset potential of the OER was observed to shift towards the
negative direction at the modified GCE. A significant decrease in the value of Es at the Ag-TiO,/GCE
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can also be observed, compared to the unmodified electrode (GCE) in Figure 6. This indicates a
significant enhancing role of Ag-TiO, towards the OER. This result corresponds to an equivalent
decrease in the energy consumption accompanying the overall electrolysis process.
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Figure 6. Linear sweep voltammograms of (a) bare GCE and (b) Ag-TiO,/GCE in 0.5 M KOH at a
scan rate of 50 mV s

The oxygen evolution reaction mechanism can be presented based on the following reactions:

(1) OH™ = (OH)gy, + €~

(2) (OH )gq: + OH™ = (07)pq, + H,0

(3) (07 )aas 2 (O)ga. + €7

(4) (0)ggs =0, 1

In order to express potential in terms of the oxygen overpotential, # (when the reference
electrode is Ag/AgCl electrode), can be estimated using equation (2) [36]:

7 = Emeas — Erev (2)

Whereas, Enmeas IS the measured electrode potential and E, is the reversible electrode potential.
For the OER (Eyey = 1.23 — 0.059 pH) vs. SHE, at pH 13 (0.1M KOH) E,, = 0.463 V vs. SHE. When
the reference electrode is Ag/AgCI electrode in the same solution as the working anode E,, = 0.266 V.
Clearly, in this case 7 is related to the voltage, Eneas, measured on the Ag/AgCl scale as follows:

7 = Emeas — 0.266 V (3)

Table 1 lists the oxygen evolution overpotentials () at the Ag-TiO,/GCE in 0.1 M KOH at
various current densities. As observed, the values of # increase with the increase in current density.
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Table 1. Oxygen evolution overpotential, shift potential and the rate of energy saving at the GC
electrode obtained after the modification with Ag-TiO, nanoparticles at various current

densities.
JmAcmh o a@v) AR PaKWhig)
2 454 430 115
5 557 480 12.8
7 608 540 14.4
10 650 - -
20 735 - -
30 1006 - -

3.6. Energy savings

The values for the rate of power savings of oxygen gas were calculated and listed in Table 1.
The significant decrease in the potential obtained after GCE modification with Ag-TiO, corresponds to
a reduction in the rate of energy consumption at the anode and consequently, decreases the energy
consumption in the overall process. The energy saving at the anode is given by equation (4) °:

P@ = AE( F /3600 4)

Whereas AEy is anodic potential shift at a current density and Py is the KWh per kg of oxygen
gas. The value of P, calculated at different current densities is listed in Table 1. The observed power
savings of oxygen gas of our designed modified electrode was compared with those already reported in
papers [30, 36-38]. Moreover, the trapping effect of the profusely generated O, gas bubbles at the
modified electrode with Ag-TiO; is very low and the values of P increase with the increase in current
density. Further, the present modified electrode was highly stable and no tedious procedure was
involved in electrode modification.

4. CONCLUSION

In summary, we demonstrated a facile method to synthesize Ag-doped TiO, nanoparticles by
sol-gel method. XRD results show the formation of Ag-TiO, nanoparticles with an average crystallite
size of 11 nm. To investigate the catalytic efficiency of Ag-TiO,, the oxygen evolution reaction (OER)
was studied using the deposited film of Ag-TiO, on glassy carbon electrode in alkaline media using
LSV. The OER was significantly enhanced upon modification of the electrode with Ag-TiO,, as
demonstrated by a negative shift in the LSV curves at the Ag-TiO,/GCE compared to that obtained
using bare GCE. The low cost and stability of the modified electrode make it a promising candidate in
the industrial water electrolysis process.
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