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ARTICLE INFO ABSTRACT

Keywords: Titanium oxide nanopowder (TiO3 NPs) was synthesized via anodization in 0.7 M perchloric acid
TiO, nanoparticles then annealed in nitrogen at 450 °C for 3 h to prepared the Titanium Oxide Nitrogen annealed
A“‘)dization_ nanoparticles (TiO2 NPs-N5) powder as catalytic support. Using a photodeposition process, gold
Au “am’par,n,des was added with isopropanol as a sacrificial donor and H[AuCl4] acid, producing gold nano-
Photodeposition

Glycerol electrooxidation particles on nitrogen-annealed titanium oxide nanoparticles (Au-NPs on TiO2-NPs-Nj). The mass

Cyclic voltammetry loading of Au NPs was 2.86 x 10~* (g/cm?). TEM images of Au NPs on TiOy-NPs-N suggest

Antimicrobial activity circular particles with a tendency to agglomerate. Cyclic voltammetry (CV) was used to inves-
tigate the electrocatalytic performance of the Au NPs/TiO,-NPs-Ny catalysts in ferrocyanide,
KOH, and H3S0O4, and the results were compared to those of a polycrystalline Au electrode that is
readily accessible in the market. In KOH, HSO4, and (2 M KOH + 0.1 M glycerol) solutions, the
Au NPs/TiO-NPs-N; electrode displayed a startlingly high electrocatalytic performance. Using
CV, the electrocatalytic oxygen reduction reaction (ORR) of Au NPs/TiO-NPs-N; and Au-NPs
against glycerol oxidation in basic media was studied. The results indicated that Au NPs/TiO2-
NPs-Nj is a promising support material for improving the electrocatalytic activity for acidic and
basic oxidation. The electrode made of Au NPs/TiO,-NTs-N; has steady electrocatalytic activity
and may be reused repeatedly. TiO; NPs and Au NPs/TiO2NPs-Ny showed satisfactory antibac-
terial activity against some human pathogenic bacteria using the disc diffusion method.

1. Introduction

Owing to their multiple uses in heterogeneous catalysis, nanoparticles of noble metals placed on metal oxides have attracted the
interest of several researchers over the past few decades [1]. Applications for metal nanoparticles supported on the semiconductor
surface of a metal oxide include wastewater treatment, purification, medicine, photocatalytic production of solar fuel, and industrial
photocatalysis processes [2]. According to Wenderich & Mul (2016), nanoparticles can significantly enhance the functioning and
constancy of semiconductors in operations initiated by the absorption of energy from light. When loaded properly, catalyst nano-
particles can serve as (i) charge carriers upon photoexcitation, inhibiting electron/hole recombination, (ii) active sites for processes
including charge transfer, and (iii) enhanced absorption of light, especially for Au and Ag [2].
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During the last few decades, in the area of environmental growth, semiconductor nanomaterials have initiated an excellent cu-
riosity in researchers on account of the exceptional physicochemical characteristics, including nontoxicity and environmental sus-
tainability [3]. Recently, advancements in the field of nanotechnology have attracted significant attention for nanomaterials (NMs)
owing to their higher surface area-to-volume percentage in comparison to bulk, with sizes in nanometers (1-100 nm), resulting in an
outstanding increase in catalytic and biological activity [4]. Recently, nanostructures such as zero-dimensional (0D), one-dimensional
(1D), two-dimensional (2D), and three-dimensional (3D) nanostructures have attracted particular attention owing to their unique
properties and potential for innovative applications [5,6].

The surface area of the electrodes increases when nanomaterials are used to alter them, increasing their ability to sense the
electrochemical biosensor. This is now well recognized. Because of this, several possible electrode applications have been modified
with nanomaterials, including energy-conversion technologies, biochemical sensors, and catalysis [7-10]. In this context the most used
nanomaterials nowadays are carbon derivatives (carbon nanotubes (CNT), graphene oxide (GO), etc.) [11,12], metallic nanoparticles
(as Ag, Au, and Cu) [13,14], carbon derivatives and their hybrids [15-17] are currently the majority of frequently used nanomaterials
in this field. Owing to their electronic, optical, and magnetic properties, gold nanoparticles have received considerable attention [18,
19]. Au NPs also increase electron transport and strengthen analytical sensibility [20]. Therefore, the electro catalytic activity of Au
NPs is affected by their shape and size [21-23], the synthesis process and technique of electrode surface immobilization must be
carefully managed.

Because of the relatively slow kinetics of oxygen generation and breakdown on most electrodes, the oxygen reduction reaction
(ORR) considerably restricts the wide-ranging use of fuel cells [24]. In these applications, platinum (Pt)and its alloys are primarily
employed as anodic and cathodic catalysts, but this metal is expensive and has a finite supply [25,26]. Consequently, Pt is a costly and
scarce metal. Thus, reducing its loading or completely replacing it with abundant and cheap materials would be advantageous for
lowering the cost of fuel cell vehicles (FCVs) [27]. Gold has received less attention for electrocatalysis than Pt-group metals, mostly
because of its subpar catalytic activity. However, in the ORR, bulk gold single-crystal electrodes with orientations of (111), (110), and
(100) show promising behavior. As a result, the ORR efficiency of the Au(100) electrode in alkaline media is comparable to that of
platinum [28]. To achieve a large specific surface area and lower the cost, gold is frequently dispersed across a nanoparticle form that is
adsorbed onto a hard surface [29,30]. Semiconductive oxides are of great interest as support materials because of their strong
physicochemical characteristics and excellent stability in alkaline and acidic environments [31]. Additionally, the strong metal-
—support interaction (SMSI) action, as seen at the Pt/TiO3 and Au/TiO; interfaces [32-35], may help noble metal NPs supported by
semiconductive oxides to increase their catalytic activity. Layers of arranged TiO, nanotubes laden with Au NPs were recently reported
by Macak et al. to exhibit effective oxygen electroreduction in acidic media [36].

According to several studies, metals including Au [37], Cu [38], Co [39], and Ag [40] have been used to functionalize the surfaces
of TiO, nanoparticles. Noble metal nanoparticles on the exterior of TiO; can take up electrons when exposed to radiation, preventing
the photon-produced electron-hole pairs from recombining [41,42]. Theoretically, glycerol has an energy density of 6.4 kWh L ™! and is
non-flammable, volatile, or toxic. Glycerol is a key by-product of the biodiesel manufacturing process and is sold in large volumes at a
discount [43]. Therefore, it is likely that glycerol will be employed in DAFCs as a low-cost, renewable, and eco-friendly fuel [44]. In an
alkaline environment, glycerol was electrooxidized in a number of studies [45,46]. Au has been shown to exhibit high reactivity in the
heterogeneous catalytic oxidation of glycerol [47-49].

Catalysts made of AuNPs have been used in several chemical reactions. The surface of a gold nanoparticle can be used to minimize
the process or selectively oxidize an object. The production of AuNPs for use in fuel cell applications has begun. The auto and display
industries may benefit from these developments [50]. Au NPs have a wide range of applications, including drug delivery [51],
antibacterial [52], cancer prevention [53], catalytic and antioxidant properties [54], and antiinflammatory and anticancer effects
[55]. Additionally, the commercial cost of mastitis in the dairy sector is considerable. It is accompanied by pathological irregularities
in the structures of the mammary glands, as well as physical, chemical, and microbiological deviations in milk. Different influences,
including host, environment, season, and specific agent parasites, such as Staphylococcus aureus and E. coli, are responsible for it [56].

Metal and metal oxide nanoparticles (NPs) such as gold, copper, silver, zinc oxide, manganese oxide, and titanium oxide have been
identified as the most antibacterial inorganic materials [57]. S. aureus and E. coli are common pathogenic bacteria that threaten human
health [58].

The results of our study focused on the shape and structure of Au NPs based on TiO5 nanoparticles, along with the electro catalytic
activities of Au nanoparticles in acidic, basic, and glycerol-basic solutions. Consequently, the outcomes were compared with those of
industrial polycrystalline gold, and our results were excellent compared to industrial polycrystalline. Oxygen-hydrogen gas evolution,
surface oxidation, and oxide reduction processes were studied using cyclic voltammetry (CV). For this purpose, Au nanoparticles were
positioned on TiOz-nanoparticles. The observations of TiO2 NPs and Au NPs/TiO, NPs acting satisfactorily as antimicrobial agents
against some human pathogenic bacteria are also discussed.

2. Experimental
2.1. Materials

Alfa Aesar Ti foils with a purity of more than 99.5 % and with a thickness of 0.25 mm, tetrachloroauric acid (H[AuCl4] 99.9+%) as a
precursor, 99.0 % isopropanol as a sacrificial donor, perchloric acid HCIO4 70 % From MERCK, Made in Germany, TiO» nanoparticle

powder prepared in our lab with a surface area of 109 m?/ g, Nafion (5 wt %), HySO4 from Sigma-Aldrich, Potassium chloride GRG KCl
(WINLAB), potassium hexacyanoferrate (II) trihydrate K4[Fe(CN)g], and flakes extra pure KOH from LOBA Chemie, India. Mueller-
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Hinton agar (MHA, HIMEDIA, India), dimethyl sulfoxide (DMSO), potassium hexacyanoferrate(III) K3[Fe (CN)¢] (MERCK), glycerol,
and gentamicin (10 pg/ml) were obtained from MERCK.

2.2. Synthesis of TiO» nanoparticles powder

Titanium oxide nanoparticle (TiO, NPs) powder was created using the anodization procedure. An aqueous solution was used to
anodize the Ti foils. containing 0.7 M per chloric acid (HClO4), and Alfa Aesar Ti foils with a purity of more than 99.5 %. utilizing a 2-
electrode polypropylene electrochemical cell that operates at room temperature and 20V for an hour with a Ti foil anode and a Pt foil
cathode. A centrifuge was used to remove the TiO2 NPs powder from the solution, and which was then dried overnight at 80 °C. To
create the TiO3 NPs-N; powder, the TiO5 NPs powder was then annealed at 450 °C under N, for 3h at 5 °C min~! heating and cooling
rate.

2.3. Au photodeposition supported on catalyst supports

The mechanism of Au photodeposition on TiO5 NPs-N» to produce Au NPs/TiO; NPs-Nj catalyst using UV-400 W is shown in Fig. 1.
Radiation with UV-400 W is suitable for Au to be reduced and deposited onto the surface of TiO; NPs-N, powder [59,60]. The anion
[AuCl4]  is converted to Au metal nanoparticles by the photoelectrons generated by TiO, nanoparticles. As opposed to this, aldehyde is
produced when isopropanol and photogenerated holes from the band of valence interact [59-63]. In contrast, UV irradiation leads to
the reduction and fixation of Au NPs on the exterior of the TiO, NPs-Ny powder.

2.3.1. Synthesis of Au nanoparticle on TiOz nanoparticles support

150 mg The catalyst support TiOp NPs —-N, was mixed with 10 mM H[AuCl4] and 0.3 M isopropanol in a glass beaker and then
irradiated using a UV lamp (400 W) for 2h under magnetic stirring. The intensity or power used during the experiments was measured
using a Thorlab instrument at a wavelength of 380 nm and power of 39 mW. During the irradiation of the solution, in the case of Au
photodeposition on TiO9 NPs-Ny, it was obvious that the yellow color turned white, indicating the adsorption of gold on the exterior of
the TiO, NPs-N; powder.

Centrifuging The solution was centrifuged to separate of the Au NPs/TiO, NPs-Ny powder, which was subsequently collected,
cleaned with deionized water, then overnight drying at 80 °C. TiOy NPs-Ny powder with loaded Au was used to prepare ink by
weighing 50 mg of Au NPs/TiO2 NPs —N powder and adding 1 ml DI (deionized) water plus 10 p L of 0.5 wt % Nafion as a binder and
then homogenized by using an ultrasonic bath to prepare the ink for the electrochemical experiments.

A typical three-electrode cell was used to conduct electrochemical measurements with a solution of 2 M KOH, 1 M HzSO4, and 2 M
KOH +0.1 M glycerol, A typical three-electrode cell was carried out to conduct the electrochemical measurements. A platinum foil
counter electrode was used. The operating electrode was a polycrystalline platinum electrode with an area of 0.07 cm?. A Luggin
capillary linked the saturated calomel electrode (SCE), which served as the reference electrode, to the cell. A micropipette was used to
load the electrocatalyst (Au NPs/TiO2 NPs-N5) onto the electrode surface. The reaction scheme is shown schematically in Fig. 2.

2.4. Transmission electron microscopy (TEM)

Transmission electron microscope (JEOL JEM-2100F) set to 200 kV, the TEM pictures were captured.

y : Au*+ 3¢ >Au
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TiO, nanotubes
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Fig. 1. Mechanism of Au photodeposition to prepare Au NPs/TiO, NPs-N, catalyst using UV-400 W lamp.
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Fig. 2. The schematic diagram for the preparation of Au NPs/TiO; NPs-Ny.

2.5. Electrochemical investigations

Cyclic voltammetry (CV) was performed using a standard 3-electrode Pyrex glass cell and programmable galvanostat/potentiostat
(Autolab, FRA2, AUTOLAB, TYPE III). The reference electrode was pure Pt foil, while the auxiliary electrode was SCE. The SCE
electrode was the sole electrode used to calculate the potential presented in the written content. A saturated calomel reference
electrode (SCE) and a Pt wire auxiliary electrode were utilized. In addition, a working electrode made of 3 mm polycrystalline Pt with a
surface area of 0.07 cm? was employed. Cyclic voltammetry signals were obtained using the NOVA 1.9 software. By ultrasonically
blending 50 mg of the catalyst with 1 mL of deionized water for 30 min, a consistently distributed suspension ink (i.e., homogenized
ink) was produced. Therefore, a Pt polycrystalline working electrode with a 3 mm diameter and 0.07 cm? thickness was covered with 3
L of the suspension product. 1 L of Nafion (5 wt percent) solution was applied to the catalyst surface after it had dried at 40 °C, and
extra drying time was permitted. Consequently, the operating electrode was fabricated, and the specific metal loading at the Pt
operating electrode surface was approximately 0.020 mg (20.0 g) in 3 L. of Au NPs/TiO2 NPs-N5. In 2 M KOH, 1 M H,SO4, and 2 M KOH
+0.1 M glycerol, electrochemical measurements were conducted.

2.6. Material characterization

With the aid of an inductively coupled plasma spectroscopy equipment, the Au weight loading in the produced components of
interest was ascertained. For this assessment, the components were dissolved in an acidic solution of aqua regia (3HC1:1HNO3) using a
Teflon tube vessel system and a high-pressure microwave digestion system (MARSX; CEM) operating at 450 K and 170 psi. A Mi-
crowave Accelerated Reaction System (MARS) was employed for the digestion procedure.

2.7. TiOz nanoparticles’ antimicrobial properties

The disc diffusion technique was used to gauge the TiO2 NPs’ antimicrobial properties. The experiment was run against reference
strains of gram-positive (S. aureus) and gram-negative (E. coli) bacteria from the AL-Garfi Laboratory in Thamar, Yemen. Mueller-
Hinton Agar (MHA) was inoculated at 105 cells/ml. Briefly, 20 ml of MHA was placed on Petri plates and left to set. Petri dishes
were then properly positioned with 6 mm thick sterile discs. Finally, each disc was filled with TiO, NPs at various doses (1, 2, 4, 8, and
16 mg/mL). The reference standard (10 pg/mL) used was gentamicin (GM) disc, and the negative control (DMSO) was employed. All of
the plates had an incubation period of 37 °C [64,65].

2.8. Antimicrobial activity of Au NPs/TiO2 nanoparticles

A typical disc diffusion technique was utilized for antibacterial experiments with gram-positive Staphylococcus aureus and gram-
negative Escherichia coli [66]. Sterile paper discs measuring 6 mm in diameter were placed on swabbed MHA plates. Various
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concentrations of nanoparticles (1, 2, 4, 8, and 16 mg/ml) were poured over the discs. Additionally, a conventional antibiotic disc
(gentamicin 10 pg/ml) was positioned alongside dimethyl sulfoxide (DMSO) as a checkpoint. for 24 h, at 37 °C, the plates were
cultured. Three plates were used for each sample. An inhibitory zone is also detected. mm after the incubation (mm).

3. Results and discussion
3.1. Size and morphology

Our most recent research, which was previously published [67], contained a typical TEM image and XRD pattern of TiO2 NPs-N;
and Au NPs/TiO NPs-Nj are given in Fig. 3. It was demonstrated that most of the TiO; NPs-Ny were circular. According to the TEM
image [67], the average nanoparticle size of annealed TiO5 in nitrogen was 12.01 =+ 2.39 nm. The TEM images demonstrate the size of
the gold nanoparticles and that the Au NPs/TiOo NPs-N» powder catalyst was formed without changing the original shape of the TiO,
nanoparticles. The images demonstrate that the majority of Au-NPs are evenly distributed over a TiO2 nanoparticle support that has
been annealed in Ny, confirming that most Au NPs/TiO3 NPs-N; are round. The mean size of the Au Nanoparticles in the TEM image is
(23.18 + 4.39 nm) Fig. 3c, which is almost twice as large as that of TiO2-NPs.

Equation (1) was employed to ascertain the average number of gold atoms present in each nanoparticle. A spherical form was used
to compute the average number of Au atoms that exist in each nanoparticle. This estimate was calculated using Equation (1).

N=mpNy D'/ 6 M (€Y

where M is 197 g/mol, which is the atomic mass of gold (Au), D is the average diameter of nanoparticles in nanometers, Ny is

The average particle size =23.18 + 4.39 nm
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Fig. 3. TEM images of Au NPs/TiO; NPs-N, powder (a) at 20 nm and (b) at 50 nm and (c) corresponding particle size distribution histograms of Au

NPs/TiO, NPs-Nj, catalyst.(d) XRD pattern of TiO, NPs-N5 and Au nanoparticles supported on TiO, nanoparticles annealed in ambient of nitrogen.
After Jamil et al. [67].
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Avogadro’s number of element atoms (6.02214179 x 102%), and p is the gold density (1.93 x 1072° g/nm®) [68].
In XRD the (JCPDS anatase cards TiOy (No. 21-1272)) card for TiO5 and the (JCPDS 04-0784) card for Au NPs.

3.2. Electrochemical investigations of Au NP/TiOz NPs-N; catalyst

3.2.1. Cyclic voltammetry in ferrocyanide system

Fig. 4 shows the CV profile of 10 mM K4[Fe (CN) ¢1, K3 [Fe (CN)¢] and 0.5 M KCI on Au NPs/TiO3 NPs-N; and the polycrystalline
working electrodes of Au and Pt. For the Au polycrystalline operating electrode, the peak-to-peak separation (AEp) for the 10 mM
Potassium Ferro cyanide/ferric cyanide complex (10 mM [Fe (CN) ¢] -3/ ’4) for the Au polycrystalline working electrode was 70 mV at
50 mV/s, which is approximately equivalent to the hypothetical quantity of 59/n mV with n = 1. The proportion of backward and
forward peak currents (Ipa/I,c) was 0.98. The collected findings demonstrated that the Fe (III)/Fe (II) approximate reversible mech-
anism was used to generate the typical electrochemical behavior of Au NPs in potassium ferricyanide solution [69]. Au NPs were used
to modify the TiO2 NPs-N; electrode, and the results showed a noticeable drop in the current and an increase in (AE;). The reversibility
of the couple is lost as a result of the impact of the nanoparticles on the electronic transmission, which makes it more challenging.
Table 1 shows that the ratio (Ipa/Ip) remained constant, that is, an equal quantity of redox mediator was both reduced and oxidized.
The (AE,) decreases in the following order: Au polycrystalline electrode, Au NPs/TiO, NPs-Ny, and Pt polycrystalline electrodes, as
shown in the table. The pattern of the order was the same as that of the active surface area, as shown in Table 1. Therefore, the Au WE
has the largest active surface area and the most heterogeneous film. The smallest AE, value indicates a high electrical conductivity.

The photo-deposited Au NPs/TiO2 NPs-Nj electrodes exhibit typical Nernstian behavior, as shown in Fig. 4. The values of the
pertinent parameters E® = 249 mV, AEp =76 mV, and I,p/Icp = 1.02 (n = 1) amply demonstrate the reproducibility and similarity of
the electrode response to those of produced gold electrodes.

The I¢/Tp, values for the Au NPs/TiO NPs-Ny and for 0.07 cm? gold and platinum polycrystalline working electrodes for each of the
anodic and cathodic pathways, the peak height-mA/cm?, are shown in Table 1 together with the Ip (peak height-mA/cm?) values.

In some previous studies, the electrocatalyst Au NPs/nano-diamond (ND)/carbon ionic liquid electrode (CILE) was characterized
electrochemically by cyclic voltammetry in Ferro cyanide system with peak anode current (I,) of 64.18 pA, peak cathode current ()
was found to be (66.53 pA) and the ratio Ip./Ipc equals to 0.964 [70]. In our research, the electrochemical characteristics of the Ferro
cyanide system electrocatalyst Au NPs/TiO2 NPs-N,. with a peak anode current (I,,) equal to (2.751 mA/cm?), peak cathode current
(Tpc) equal to (-2.708 mA/cm?) and the ratio Loa/Ipc is 1.02, that is, with a higher current.

Table 2 summarizes the oxidation and reduction peaks of potentials, separation, and AG°(kJ) of Au NPs/TiO; NPs-Nj, 0.07 em? Au
and Pt polycrystalline working electrodes in a ferrocyanide system.

Fig. 4 illustrates the use of [Fe(CN)6]3’/ 4 redox probes in the CV method to examine the electron transport properties of various
electrode surfaces. Compared to the bare Pt polycrystalline electrode, Au NPs/TiO5 NPs-N; exhibited higher [Fe(CN)g]>/# redox
currents. Because of the effective ability of TiO5 NPs-Ny, the potential difference between the oxidation and reduction peaks of the [Fe
(CN)]®/* redox probe. When redox probes were placed on Au NPs/TiO, NPs-No, their redox currents were further increased
compared to when they were placed on bare Pt polycrystalline electrodes, proving that the Au NPs significantly increased electron
transfer capabilities [71].

The Au NPs/TiO5 NTs-N; samples were evaluated as electrodes using a one-electron redox couple to ensure that there was an
extremely strong electrical link between Au and the Ti electrode underneath it. The voltammogram curves for the reduction of KsFe
(CN)g are shown in Fig. 4 for electrodes made of Au NPs/TiO5 NTs-Nj, Au polycrystalline electrodes with an area of 0.07 cm?, and Pt
polycrystalline electrodes with an area of 0.07 cm?. The predicted reversible action for the reduction of the Pt polycrystalline electrode
is shown in the voltammogram of the Au NPs/TiO3 NTs-N; electrodes. This implies that titanium and electrodeposited gold sheets have
acceptable adhesion and electrical contact.

The surface area of the Au NPs/TiOz NTs-N; electrode was calculated using 10 mM K4Fe(CN)g in 0.5 M KCl by obtaining cyclic
voltammograms. This was performed with the aim of electrochemically determining the actual surface of the electrode and comparing

4 -
] |—— Au NPs/TiO, NPS-N,
3 4 |—— Au polycrystalline WE
1 |—— Pt polycrystalline

T T
0.0 0.1 0.2 0.3 0.4 0.5
Applied Potential (V) vs. SCE

Fig. 4. CVs of 10 mM K4 [Fe (CN) ¢], K3 [Fe (CN)e] and 0.5 M KCl, scan rate 50 mV/s, contains Au NPs/TiO, NPs-N, powder, in contrast with Au
polycrystalline and Pt polycrystalline electrodes with area 0.07 cm?, window of potential range 0-0.5V.
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Table 1
Comparison between Au NPs/TiO, NPs-N, powder, 0.07 cm? Au and Pt polycrystalline working electrodes in Ferro cyanide system.

Electrode Ipa (mA/cm?) Ipe (mA/cm?) Tpa/Tpe

Au NPs/TiO2 NPs-N, 2.751 —2.708 1.02

Au polycrystalline electrode 3.172 -3.233 0.981

Pt polycrystalline 2.408 —2.209 1.09

Au NPs/nano-diamond (ND)/carbon ionic liquid electrode (CILE) 64.18 pA 66.53 pA 0.964 [70]
Table 2

Oxidation and reduction peaks of potentials, reduction/oxidation peaks separation and also AG°(kJ) of Au NPs/TiO5 NPs-N5,0.07 cm? Au and Pt
polycrystalline working electrodes in ferrocyanide system.

Electrode Epa (V) Epe (V) AE (V) AE(mV) E°(V) AG°(kJ)
Au NPs/TiO5 NPs-Nj 0.287 0.211 0.076 76 0.249 24.03
Au polycrystalline electrode with area 0.07 cm? 0.284 0.211 0.073 73 0.248 23.93
Pt polycrystalline electrode with area 0.07 cm? 0.290 0.210 0.08 80 0.25 24.12

the fabricated electrodes with a pure gold electrode. The surface area of the electrode was established by assuming the Randles-Sevcik
Equations (2) and (3) [72-74] from the peak current measured by cyclic voltammetry and the diffusion coefficient of
hexacyanoferrate:

ipe = (2.69 x 10°) n*? A DI V7 C, ®)
A =iy, [2.69 x 10°) n”? DI? V72 C, 3)

where I, stands for the anode’s peak current in mA, n is the number of electrons transferred (1), A is the electrode surface area, D, is
the diffusion coefficient (9.382 10-6 cm? s’l), v is the scan rate (50 mV/s), and C, is the number of electroactive species in moles/cm®
(0.5 M KCD) in moles. The surface area (geometric area) of the three electrodes calculated using the Randles-Sevcik relation was
approximately close to the surface area of the three electrodes, which was found practically (0.07 cm?).

3.2.2. Cyclic voltammetry in 2 M KOH system

Cyclic voltammograms were obtained using commercial Au disks (Au working electrodes) and Au NPs/TiO5 NPs-Nj electrodes in
an alkaline supporting electrolyte. The results are shown in Fig. 5. When measured in 2.0 M KOH under N saturation, the voltam-
mograms of the Au disk electrode and Au NPs/TiO, NPs-N, showed three areas based on the applied potential (Fig. 5). The regions in
Fig. 5 are: (I) is the oxidation peak of the Au catalyst, (II) is the oxygen evolution, (III) is the reduction peak of the Au catalyst, and (IV)
is the oxygen reduction. At higher potentials, space (IV) reveals the adsorption of oxygenated species (oxidation peaks) and desorption
(reduction peaks) at the electrode surface. Small currents related to both the double-layer capacity charge and discharge are typical of
double-layer space. (V), where no net electrochemical reaction occurred [75,76].

When the gold nanoelectrode was cycled through a solution of alkali (Fig. 5), there were two oxidation processes and one reduction
process. The creation of the oxide layer Au-O and the anodic peaks at 0.2 and 0.6 V are often ascribed to each other [77,78]. Au-O is
subsequently decreased at —0.02 V during the cathodic scan [78]. In both acidic and alkaline liquids, the polycrystalline commercial
electrodes exhibit qualitatively identical curves. The last cycle of a CV scan in 2.0 M KOH from (—0.8-0.7 V) at 50 mV/s was used to

0.64 [—— 3 mm Au working electrode I
—— AuNPs/TIO, NPs-N,

0.4

0.2 1

-0.2

|, mAlcm

-0.4 1
-0.6 1

-0.8 1

-1.0 T T T T T T T T ]
-10 -08 -06 -04 -02 0.0 0.2 0.4 0.6 0.8

Applied Potential (V) vs. SCE

Fig. .5. CV of 3 mm Au working electrode, Au NPs/TiO, NPs-N, powder all in 2 M KOH purged in saturated N5 for 3 min at a scan rate of 50 mV/s.
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determine the electrochemical active surface area (ECSA-ECSA) of the Au NPs-TiO, NPs-Nj catalyst as it had been manufactured. A
monolayer of Au oxide was formed and reduced, as shown by the anodic peak of the forward scan and the cathodic peak of the reverse
scan [79]. According to measurements made from the reduction peaks at —0.0114V and —0.0237V, respectively, with 0.386 mC cm 2
of charge density and a double layer correction, the ECSA of the Au NPs-TiO; NPs-Nj catalyst is 19.05 cm? mg™?, and for the Au
polycrystalline working electrode, it is 15.90 cm? mg’1 [79]. Equations (4) and (5) were used to determine the electrochemical active
surface area (ECSA-ECSA) of the Au NPs-TiO NPs-Nj catalyst in 2 M KOH, as previously reported [80].

Peak area (mA.V)
Oh=—"7~—
Scan rate ({)

ECSA = Qy, in mC / q (constant in mC/cmZ) 5)

(€]

3.2.3. Cyclic voltammetry in 1 M H2SO4 system

An overlap between the oxidation peaks of the Au working electrode and the Au NPs-TiOy NPs-N; powder was observed; therefore,
the Au catalyst could not be loaded on the Au working electrode.

In Fig. 6, peak (a) is the anodic oxidation peak of the gold polycrystalline working electrode and Au NPs-TiO, NPs-N, powder
crystalline, peak (b) is oxygen evolution, (c) is the cathodic reduction peak of the gold surface oxide and Au NPs-TiO3 NPs-N3 powder
crystalline, peak (d) is the desorption of chloride traces that result from H[AuCl4] and peak (e) is the adsorption of chloride traces that
result from H[AuCly].

The cathodic peak (c) in Fig. 6 (A) is due to the reduction of the gold surface oxide, whereas the anodic peak (a) is related to the
oxidation of gold. Peak (b) corresponds to oxygen evolution, peak (d) to oxygen reduction, and peak (f) to hydrogen evolution. The
adsorption of protons occurs in area (d), where the peak (d) is located. Fig. 6 (A) shows a cyclic voltammogram of a working electrode
made of 3 mm polycrystalline Au in the potential range of 0-1.5 V set at a scan rate of 50 mV/s. The oxidative peaks a and b are related
to the evolution of oxygen and oxidation of precipitated gold to Au(IIl), respectively. The reduction of gold surface oxide (at 0.88 V),
reduction of protons, and hydrogen development, respectively, are attributed to the reductive peaks c, d, and e [81-83]. The reduction
peak in the second cycle, as shown in Fig. 6, moved to a higher positive potential, facilitating the electrodeposition of gold on the gold
nuclei that had already been deposited [84]. Golden-colored deposits can be seen by cycling the potential from an initial 0-1.5 V,
notably at higher concentrations of gold deposition solutions and longer deposition durations. More gold was placed onto the substrate
during a longer deposition period, although some electrodeposited particles were not spherical, which may have led to the formation of
aggregates. Fig. 5 illustrates how the activation/stabilization cyclic voltammetry scans of nano-sized metal electrodes on a Pt poly-
crystalline electrode reveal the widely recognized gold behavior when used in an extremely acidic solution [85]. The layer was lowered
within the cathodic sweep at a potential of approximately 0.896 V. The development of a thin oxide layer on the outside of gold drives
the oxidation reaction at a high voltage (1.3 V). After 15 cycles, no appreciable variations are observed between the two subsequent
scans.

The last cycle of a CV scan in 1.0 M HSO4 from 0 to 1.6 V at 50 mV/s was used to find the electrochemical active surface area
(ECSA-ECSA) of the Au NPs-TiOy NPs-Nj catalyst as it had been manufactured. A monolayer of Au oxide is formed and reduced as
evidenced by the anodic and cathodic peaks on the forward and backward scans, respectively, with 0.386 mC cm ™2 charge density and
a double layer correction, the ECSA of the Au NPs-TiO, NPs-Nj, catalyst was determined to be 14.0 cm? mg™! from the reduction peak
at 0.89 V. Based on the cyclic voltammograms generated, the total charge of the hydrogen desorption area (Qg) with the adjustment of
the double layer region as stated in Eq. (6) could be used to compute the real surface area (A;) was calculated using Eq. (7) or elec-
trochemical active surface area (EASA-ECSA) by using Eq. (8) of the Au NPs-TiOy NPs-Ng electrode. During the experiment, we
considered that monolayer hydrogen desorption on smooth Au corresponds to a theoretical charge of 0.386 mGC cm 2 (Qp) [86].

1.2

= (A) Au NPs/TiO,NPs-N, on 3 mm Pt electrode in 1 M H,SO,_,3 uL

= (B) 3 mm Au polycrystalline working electrode in 1 M H,SO,
(b

0.8
0.6 (a)
0.4 4
0.2
0.0 4
-0.2 4
-0.4 4
-0.6 4
-0.8
1.0 4 (©)

2

|, mAlcm

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Applied Potential (V) vs. SCE

Fig. 6. CV of (A) Au polycrystalline working electrode and (B) photodeposition of 3 uL of crystalline Au NPs-TiO, NPs-N, powder was placed onto a
working electrode of 3 mm Pt polycrystalline, all in 1 M H,SO,4 at a scan rate of 50 mV/s.
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QH:Vih / 1dE ®)

where V}, is the scan rate mVs !, dE is the potential (mV), and I is the current density mA mAcm 2. Thus, the following formulae can be
used to obtain the actual surface area (A;) and roughness factor (R¢) of the final electrode:

A, (EASA-ECSA) = Qp/Onm, @
RyJA, (EASA-ECSA)/A, ®

where A is equal to 0.07 cm? in terms of the geometric area of the constructed electrode. The standard practice is to assess the
performance of electrocatalysts using their electrochemically active surface area (EASA-ECSA). The roughness factor is directly
proportional to the electrochemically active surface area; that is, an increase in the roughness factor indicates an increase in the
electrochemically active surface area. According to the reduction peak charge and ICP analysis measurements of the mass loading,
electrochemically active surface area, and roughness factors (Rg) of the Au NPs catalysts, Table 3 provides these data. However, the Au
NPs-TiOy NPs-Ny showed a lower roughness factor than that of the Au polycrystalline working electrode, as shown in Table 3.

The electrochemical active surface area (EASA-ECSA) of Au polycrystalline electrode was found to be 0.29 cm?, while the Au NPs/
TiO, NTs-N, electrode offered a lesser electrochemical active surface area of 0.28 cm?.

Au NPs-TiO, NPs-N, powder electrode can be used as a chloride sensor in an acidic solution (1 M HySO4). In Fig. 7, we note that
desorption and adsorption of chloride take place on TiO; NPs-N; powder during the photodeposition of H[AuCly]. In the cyclic vol-
tammetry of Au NPs-TiO2 NPs-N; in an acidic medium (1 M H3SO4), chloride peaks appear, that is, desorption of chloride traces that
result from [AuCly]™ (d) and adsorption of chloride traces that result from H[AuCly] (e). To remove these peaks, the Au NPs-TiO, NPs-
Ny must be treated with 0.1 M NaOH, that is, the powder of Au NPs-TiOz NPs-N; with 0.1 M NaOH to remove chloride, where OH™
replaces Cl ~ as in equation (9).

NaOH + KCl — KOH + NaCl (C)]

With 50 mV/s in 1 M HClO4 with a potential range of —500 to 1700 mV, the cyclic voltammograms of the Au polycrystalline
working electrode and Au NPs-TiO2 NPs-N, powder electrodes are shown in Fig. 8. A typical voltammogram demonstrating a spotless
gold surface is shown in Fig. 8.

The cyclic voltammogram of 10 pL saturated KCl on a 3 mm Au electrode was obtained in 1 M HClO4 at 50 mV/s and a potential
range between 0 and 1500 mV, as shown in Fig. 9,where peak (a) is the desorption of chloride and peak (b) is the adsorption of
chloride.

3.2.4. Glycerol oxidation reaction of gold supported on TiOz NPs-N;

Investigated was the electrocatalytic oxidation of glycerol in 2.0 M KOH and 0.1 M glycerol on Au NPs/TiO3 NPs-N». As shown in
Fig. 10, the glycerol oxidation CV curves have two distinct anodic peaks in both the forward and backward scans, which is indicative of
an alcohol electrooxidation process [87]. Fig. 10 illustrates the electrocatalytic activity for the glycerol oxidation reaction, that is, the
CVs of the 3 uL Au NPs/TiO; NPs-Ny powder catalyst and the Au polycrystalline electrode in 2 M KOH and 0.1 M glycerol. The peak
current density for the Au NPs/TiO, NPs-N; powder catalyst is shown in Fig. 10 for the 0.1 M glycerol concentration in an alkaline
environment, and it was found to be 57 mA/cm? when scanning forward scan and 40.9 mA/cm? in the backward scan. The Au
NPs/TiO2 NPs-N, powder showed excellent catalytic activity for glycerol electrooxidation.

Alcohol with lower pKj, is more reactive. Because glycerol has a lower pK, than ethylene glycol (EG) (14.77) and methanol (15.50)
under high pH conditions, glycerol deprotonates more easily into glycerolate with high reactivity, which results in large total elec-
trooxidation activity. Glycerol is projected to be a promising fuel for AEM-DGFCs (glycerol fuel cells with an anion-exchange mem-
brane) using Au anode catalysts. Electrooxidation of glycerol was carried out using Au NPs/TiO3 NPs-N, with an average diameter of
26.8 nm. In 2 M KOH with 0.1 M glycerol, a cyclic voltammogram of Au NPs/TiO5 NPs-Njs is displayed in Fig. 10. The cyclic vol-
tammograms demonstrated the low activity of the Au NPs/TiO2 NPs-Nj electrode in 2 M KOH. The complete oxidation of glycerol in
alkaline environments occurs, hypothetically speaking, as follows, according to Jeffery and Camara [88]:

CH,0H-CHOH-CH,0H 420 OH" — 3 CO;* + 14 H,0 + 14 ¢~ 10)

The electro-oxidation of glycerol to its intermediates was attributed to the anodic peak (a) in the forward-going positive scan, and
the oxidation of intermediate species or residues that were still present in the forward-going positive scan belonged to the anodic peak

Table 3
Electrochemically active surface area (ECSA) and roughness factors (Rg) of Au polycrystalline working electrode and Au NPs/TiO; NPs-N; powder in
1 M H,SOg4.

Catalysts Qy (charge density), mC Surface area (cm?) R¢ Mass loading (g/cm?)
(ECSA)

Au polycrystalline working electrode 0.113 0.29 4.1 -

Au NPs/TiO, NPs-N, powder 0.108 0.28 4.0 2.86 x 1074
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Fig. 7. CV for the photodeposition of Au NPs-TiO5 NPs-N, powder on a 3 mm Au working electrode in 1 M H,SOy4 at a scan rate of 50 mV/s (effect

of scan).

Au NPs/TiO, NPs-N,
Au polycrystalline WE

HER

A\

Onset of O, reduction

-0.5 010 0i5 1i0 1.5 2.0
Applied Potential (V) vs. SCE

Fig. 8. CV for Au polycrystalline working electrode and photodeposition of Au NPs/TiO, NPs-N, powder 10 uL placed onto a working 3 mm Pt
electrode all in 1 M HCIO4 at a 50 mV/s scan rate (potential range from —0.5 - 1.5 V).
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Fig. 9. Saturated KCl on 3 mm Au electrode in 1 M HClO, at scan rate was 50 mVs ™1, 10 pL.

(b) in the backward-going negative scan. The heights of the forward (Iy) and backward (I) anodic peak currents are affected by factors
such as temperature, scan rate, quantity of metal nanoparticles loaded on the electrode surface, concentration of the supporting
electrolyte, and (for I,) species formed on the surface of the metal nanoparticles [89].

As shown in Table 4, the I/I}, ratio for the gold working electrode (1.35) in the GOR was lower than that of the Au NPs/TiO5 NPs-Ny
powder (1.39) in the GOR, indicating different electrodes. It is also noted that the I/If ratio for the Au working electrode (0.74) in the
GOR is higher than that of the Au NPs/TiOy NPs-Ny powder (0.72) in the GOR, which is due to the two different electrodes.
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Fig. 10. CV of 3 mm Au working electrode, Au NPs/TiO, NPs-N, powder in (2 M KOH+ 0.1 glycerol) at a scan rate of 50 mV/s.

Table 4

The values of I, I, I¢/I, and I,/If of Au working electrode and Au NPs/TiO, NPs-N; for glycerol oxidation reaction (GOR).
Catalysts Ir (mA/cm?) I, (mA/cm?) I¢/Ty In/T¢
Au working electrode 48 35.5 1.35 0.74
Au NPs/TiO5 NPs-N, 57 40.9 1.39 0.72

3.3. The antimicrobial effect

3.3.1. The antibacterial effect of the TiOz NPs

The antibacterial activities of TiO NPs (TiO, nanoparticles) versus E. coli and S. aureus are shown in Fig. 11. TiO9 nanoparticle
concentrations of 1, 2, 4, 8, and 16 mg/ml are represented by 1, 2, 3, 4, and 5, respectively, while DMSO served as a negative control
and gentamicin (10 pg/ml) served as a standard reference (positive control) in numbers 6 and 7. The disc diffusion technique (DDM)
[90] was used to assess the antibacterial activity of TiOz NPs (TiOy nanoparticles) versus E. coli and S. aureus. Fig. 11 displays the
outcomes. These findings demonstrate that whereas TiO; NPs had less effect on E. coli, they may have had inhibitory effects on
S. aureus. TiO, NPs also exhibited greater inhibition, even at reduced doses (Table 5) and Fig. 12. The MIC of TiO, NPs was determined
against all selected bacteria (Table 6).

3.3.2. The Au NPs/TiO2 NPs antimicrobial effect

The use of Au NPs (nanospheres) with a diameter of 20-37 nm for anticancer and antibacterial actions is possible [91]. The
antimicrobial activity of the Au NPs/TiO, NPs was assessed using the disc diffusion technique. Strong antibacterial properties were
observed for both the gold ions and Au NPs. Gram-positive and gram-negative bacteria were inhibited by solutions containing gold
NPs, as shown by their antibacterial activity at various concentrations. Human pathogenic microorganisms of both gram-positive and
gram-negative bacteria, such as S. aureus and E. coli, are susceptible to the antibacterial effects of AuNPs. The permeability and res-
piratory functions of the bacterial cell membrane were disturbed by the addition of Au NPs at concentrations of 1, 2, 4, 8, and 16 mg, as
shown in Fig. 13., which shows the results of the antimicrobial assay. These results demonstrated that the Au NPs had larger inhibition
zones. For Gram-positive Staphylococcus aureus at doses of 1, 2, 4, 8, and 16 mg/ml of synthetic Au NPs/TiO; NPs, the inhibition zone
was determined in mm (Fig. 13) after 24 h of incubation, and the ranges were determined to be 9, 12, 16, 20, and 22 mm, respectively,
in width. When the Au NPs/TiO, NP concentrations were 1, 2, 4, 8, and 16 mg/ml in gram-negative Escherichia coli, the mean values for
zone inhibition were 8, 12, 14, 18, and 20 mm, respectively. The AuNPs showed excellent antibacterial activity against all tested
isolates (Table 7) and Figure (14) a. This may be because gold is a metal nanomaterial that can be used to treat bacterial infections. The
disc diffusion method exhibited the highest antibacterial activity when using 16 mg/mL of gold nanoparticles versus S.aureus followed
by E. coli with a zone of inhibition reaching 22 mm and 20 mm, respectively. The lowest inhibition zone (8 mm) was recorded for
E. coli. However, the inhibition areas were 16 and 14 mm for S.aureus and E.coli, when 4 mg/mL of AuNPs was used. In the same
manner, the MIC of Au nanoparticles was determined against all the selected bacteria (Table 8). The findings reveal that the Au
NPs/TiO2 NPs shown greater antibacterial activity when compared to the reference medication gentamicin. The MIC was determined
as the lowest mean concentration at which microbial growth was completely inhibited.

4. Conclusions
By employing a photodeposition approach to deposit gold nanoparticles over TiO5 nanoparticles that had been annealed in a Ny
electrode using isopropanol as a sacrificial donor, gold nanoparticle electrodes were created. The circularity of the Au NPs/TiOy NPs-

N, particles is evident in the TEM image. When used in KOH, HySO4, and (2 M KOH+ 0.1 M glycerol) solutions, the gold nanoparticles

11
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Fig. 11. Antibacterial investigation: zone of inhibition of TiO, NPs versus E. coli and S. aureus.

Table 5

TiO, NPs inhibition zone for the two chosen microorganisms was measured in millimeters.
TiO, NPs in mg/ml Inhibition zone in mm

Escherichia coli Staphylococcus aureus

1 0 9
2 10 11
4 11 12
8 13 14
16 14 17
Control (DMSO) R° R®
Gentamicin (10 pg/ml) 17 18

Zone of inhibition in (mm)

E.coli S.aureus

Bacteria strains
Fig. 12. Comparative inhibition zone of TiO; NPs in diameters created vs the bacterial strains that were tested.
outperform commercially available polycrystalline electrodes in terms of electrocatalytic characteristics. Significantly greater currents
were observed in the Au NPs/TiO3 NPs-N; electrode in the ferrocyanide system than in the polycrystalline Pt electrode. Au NPs-TiOz

NPs-Ny powder electrode can be used as a chloride sensor in an acidic solution (1 M H3SO4). These findings demonstrate the potential
of Au NPs/TiO, NPs-N; as electrocatalysts for (GOR) in a basic medium. Gram-positive and Gram-negative human pathogenic

12
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Table 6
The minimum inhibitory concentration (MIC) of TiO, NPs versus bacterial
strains E.coli and S.aureus.

Bacteria MIC in (mg/ml) (average)
Escherichia coli 1.92
Staphylococcus aureus 4.2

Fig. 13. Antibacterial investigation: inhibition zone of Au NPS/TiO, NPs versus E. coli and S. aureus.

Table 7

The inhibition zone measurement in mm of Au NPS/TiO, NPs for the two chosen microorganisms.
Au NPS/TiO NPs in mg/ml Inhibition Zone in millimeter

Escherichia coli Staphylococcus aureus

1 8 9
2 12 12
4 14 16
8 18 20
16 20 22
Control (DMSO) R° R°
Gentamicin (10 pg/ml) 17 18

microorganisms were evaluated on TiO, nanoparticles and Au NPs/TiO3 NPs. According to the results of this study, both bacteria were
more responsive to the antibacterial effects of AuNPs. The studied substances possess antibacterial activity that works differently
against the two types of bacteria.
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