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Abstract

of gold, Cyclic voltammetry

A powder of titanium oxide nanoparticles (TiO, NPs) was synthesized in this study by anodizing in 0.7 M HCIO, and
then annealing in N, at 450 °C for 3 h to produce TiO, NPs-N, powder as a catalyst. These TiO, NPs-N, nanoparti-
cles were then encrusted with Au nanoparticles utilizing the photodeposition procedure with tetrachloroauric acid
(HAuCl,) and isopropanol as sacrificial donors. With a surface area of 121 m”g™", the Au NPs/TiO, NPs-N, powder
catalyst has a high surface area, according to the Barrett-Joyner-Halenda technique. According to X-ray diffraction
(XRD) analysis, TiO, NPs-N, contained uniformly integrated Au nanoparticles with an average crystallite size of about
26.8 nm. The XRD patterns showed that the prepared Au NPs/TiO, NPs-N, were crystallites and nano-sized. The
transmission electron microscopy image revealed the spherical shape of the nanoparticles and their tendency for
agglomeration. Utilizing the cyclic voltammetry, the electrochemical properties of the catalyst TiO, NPs powders in a
basic glucose solution were investigated. The electrocatalytic activity and stability of the loaded Au NPs/TiO, NPs-N,
powder on the working electrode for the electrocatalytic oxidation of glucose were astonishingly high. The Au NPs/
TiO, NPs-N, catalyst demonstrated electrocatalytic characteristics that were superior to a commercially available poly-
crystalline gold electrode in the application involving glucose alkaline fuel cells.
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Introduction

One of the drawbacks of using TiO, is the rapid recom-
bination of the induced electron-hole in the surface of
TiO,. Several studies were conducted to address this sur-
face problem of TiO, using some noble metals such as
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gold, platinum, silver, and palladium. These metals greatly
enhance surface activity by reducing the electron—hole
recombination process on the surface of the noble metal—
TiO, composite (Chen et al. 2013; Noothongkaew et al.
2017; Wang et al. 2019).

The Au/TiO, nanocomposite has attracted research-
ers due to its several applications in different aspects. A
survey article about the applications of Au-loaded TiO,
nanoparticles in water pollutant removal revealed the
efficacy of these nanoparticles to remove contaminants
from wastewater, groundwater, and surface water (Ayati
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et al. 2014). In relation to the effect of loading Au on TiO,
on its photoelectric characteristics, it was discovered that
doping the surface of TiO, nanotubes with gold nanopar-
ticles increased the photoelectron density and promoted
the photoconversion process of the TiO, NTs. This is due
to the fact that the deposited gold nanoparticles do not
change the energy gap value of titanium dioxide signifi-
cantly. The energy interaction between the photon and
the conduction electrons takes place in what is called
the surface plasmon resonance (SPR), and this process
is responsible for the photoelectric activity of the surface
(Pisarek et al. 2021).

The electro-oxidation of glucose has drawn various
interests because of its potential applications in a few
aspects, for example, the advancement of glucose sensors
and biological fuel cells (Heller and Feldman 2008; LaC-
onti et al. 2003). There are three principles of performing
glucose electro-oxidation, contingent upon the presence
of dynamic oxidant agents or intermediaries: microor-
ganism-helped oxidation, enzyme-helped oxidation, and
the electronic/ionic conductor interface oxidation. Even
so, there are many advantages to immediate oxidation,
including easy electrode preparation, long device lifes-
pans, and high thermodynamic productivity in fuel cell
applications. It has not been well investigated, and only
a few important works have addressed this topic (Abdul-
lah and Kamarudin 2015; Hameed et al. 2022; Lertanan-
tawong et al. 2008).

Glucose electro-oxidation was first studied in a sulfuric
acid electrolyte using a lead electrode over a century ago
(Corbett and Liddle 1961). Subsequently, the research
efforts were focused on electrocatalytic surfaces, and
then, an understanding of the oxidation mechanism was
achieved (Burke and Nugent 1998; Burke and Nugent
1997; Jin and Chen 2007; Zhou et al. 2009). From those
preliminary investigations, it was determined that the
reaction depends surprisingly on the electrode materials
and the crystallite orientation of their surfaces. Glucose
oxidation on a gold electrode was explained by means
of the polarization method, cyclic voltammetry (Burke
and Nugent 1998; Jin and Chen 2007; Zhou et al. 2009),
and massive amplitude Fourier transformed alternat-
ing current voltammetry, currently (Wang et al. 2010). It
has been demonstrated that, among extraordinary sub-
stances, glucose oxidation is most energetic in alkaline
solutions (Burke and Nugent 1997). Furthermore, it has
been demonstrated that the electrolyte solution’s pH and
chemical makeup have a significant impact on gold activ-
ity. The ability of gold to oxidize glucose in a weak alka-
line solution (7 < pH < 10.5) depends, in particular, on the
presence of an appropriate buffer solution (Zhou et al.
2009). Neither result is obtained by employing diluted
alkali. The main point from the pronounced studies was
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that the function of the buffer’s compounds (either phos-
phate or carbonate) is not merely pH stabilization due to
their interaction with the sugar unit. At higher pH 11, due
to the presence of KOH, gold is moderately energetic, and
the dependence of the oxidation reaction on the pH was
investigated (Burke and Nugent 1997). The oxidation of
glucose in sturdy alkaline media is especially interesting
in sugar-fed fuel cells (Martins et al. 2020). The chemical
instability of glucose during oxidation at high pH levels
and its kinetics of degradation, on the other hand, have
been extensively studied in recent years (Janitabar Darzi
and Bastami 2022). This shows the formation of complex
mixtures of high-and-low-molecular-weight carboxylates
and aldehydes in place of simple gluconate.

Based on earlier research on the electrocatalytic and
oxidation behavior of gold in aqueous solutions (Anti¢
et al. 2012; Xu et al. 2008), the underlying methodology
of glucose electro-oxidation on a gold electrode entails a
fast adsorption process of glucose on the electrode, fol-
lowed by dehydrogenation and degradation, in parallel,
of the organic molecule (Burke and Nugent 1997). The
oxidative maximum during the cathodic examination (Jin
and Chen 2007; Zhou et al. 2009) was described by con-
sidering the location of oxygen anions desorbed from the
metallic surface (Zhou et al. 2009), and this was an excit-
ing feature of glucose voltammograms on gold. Recently,
a number of studies have focused on improving the over-
all performance of gold electrodes through chemical and
morphological alteration for use in fuel cells or glucose
sensors (Anti¢ et al. 2012; Govindaraj et al. 2014; Lazar
et al. 2020). At moderately alkaline pH levels, modified
gold nanoparticles were found to have the best glucose
oxidation efficiency (Winjobi et al. 2010).

In order to demonstrate the potential of those nano-
structured electrodes as anodic catalytic materials in
glucose alkaline fuel cells (GAFC), this work aims to
examine the morphology and structure of Au NPs sup-
ported on TiO, nanoparticles, analyze the electrocata-
lytic performances of gold nanoparticles on glucose
oxidation in alkaline solutions, and compare the results
with those of industrial polycrystallite gold.

Experimental

Materials

All chemicals used in this work were as follows: Ti foils
(>99.5% purity, Alfa Aesar, thickness: 0.25 mm), perchlo-
ric acid HCIO, (Perchloric acid 70% HCIO,, MERCK,
Germany), tetrachloroauric acid (HAuCl,, Sigma-—
Aldrich, 99.9+ %) as a precursor, isopropanol (99.0%) as a
sacrificial donor (Winlab, Laboratory Chemicals Reagent,
Fine Chemicals), Nafion (5 wt%), Flakes Extra Pure KOH
(LOBA Chemie, Laboratories reagents and Fine Chemi-
cals, India), glucose anhydrous, C,H;,O, (99% purity,
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Sigma—Aldrich), titanium foils (>99.5% purity, from Alfa
Aesar, thickness: 0.25 mm), and Pt foil (99.99% purity,
Sigma—Aldrich).

Synthesis of TiO, nanoparticles powder

The anodization process was used to create titanium
oxide nanoparticles powder (TiO, NPs powder). The
titanium foils were anodized in an aqueous solution
comprising 0.7 M perchloric acid (HCIO,) by using a
two-electrode polypropylene electrochemical cell, which
consists of Ti foil as the anode and Pt foil as the cathode,
at 20 V for 1 h at room temperature. TiO, NPs powder
was formed and then separated from the solution using
a centrifuge. It was then dried in an oven at 80 °C over-
night. An annealing was performed for TiO, NPs pow-
der in a nitrogen atmosphere at 450 °C with rates of
5°C min~!, and then, the sample was cooled in the same
condition and at the same rate. Finally, TiO, NPs-N,
powder was obtained.

Synthesis of Au NPs/TiO, NPs-N, catalyst using
photodeposition method

In a glass beaker, 10 mM HAuCl; and 0.3 M isopro-
panol were combined with 150 mg of the catalyst TiO,
NPs-N,, which was then exposed to a 400 W UV lamp
for two hours while being stirred magnetically. Utiliz-
ing an instrument from (Thorlabs), the wavelength and
power used during experiments were measured and were
380 nm and 39 mW. The color of the solution changed
noticeably from yellow to white when exposed to radia-
tion in the case of Au photodeposited on TiO, NPs-N,,
providing proof that the metal has been adsorbed onto
the powder’s surface.

After photodeposition, the resulting powder (Au NPs/
TiO, NPs-N,) was removed from the solution using cen-
trifugation. This powder was then cleaned with DI water
and dried at 80 °C overnight. To make the ink, combine
50 mg of Au NPs/TiO, NPs-N, powder with 1 mL of D.I
water and 10 L of 0.5 wt.% Nafion and homogenize them
with an ultrasonic bath.

Physicochemical Characterizations

The chemical structure of the prepared materials was
analyzed using energy-dispersive X-ray (EDX), Vantage
4105, NORAN.

The transmission electron microscopy (TEM) images
were obtained using a TEM system from JEOL, the JEM-
2100F, operating at 200 kV.

The XRD patterns (intensity versus 26) were recorded
using a Rigaku Miniflex 100 X-ray diffractometer. The
system was operated at a voltage of 40 kV and a current of
15 mA. The X-ray tube target was Cu-Ka (A =1.5406 nm).
With a scanning rate of 20 degrees per minute, the range
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of 20 degrees was 5-80 degrees. For chilling the system,
water flow was used at a rate of 3.7 L/min.

BET (Brunauer—Emmett—Teller) surface area and
porosity measurements were carried out by N, adsorp-
tion at 77.3 K using a Quantachrome instrument.

Electrochemical measurements

Using a computerized potentiostat/galvanostat (Autolab,
FRA2, AUTOLAB, TYPE III), cyclic voltammetry (CV)
was carried out in a typical three-electrode single-com-
partment Pyrex glass cell. SCE and pure Pt foil were used
as the reference and auxiliary electrodes, respectively.
The SCE electrode is the sole basis for all potentials given
in the text. Both a saturated calomel reference electrode
(SCE) and a Pt wire auxiliary electrode were utilized.
Additionally, a 3-mm Pt polycrystallite working elec-
trode was utilized (with a geometric surface of 0.07 cm?).
NOVA 1.9 was the computer application used to conduct
the cyclic voltammetry tests.

Material characterization

Using an inductively coupled plasma spectroscopy sys-
tem, the mass loading of the (metal) Au NPs on the
produced materials (TiO, NPs-N,) was calculated (ICPS-
7000 ver.2 Shimadzu, SEQUENTIAL PLASMA SPEC-
TROMETER). Samples were dissolved in aqua regia
acid using a high-pressure microwave digestion device
in a Teflon tube vessel (MARSX; CEM) at 450 K and 170
psi to make the diagnosis. It made use of the Microwave
Accelerated Reaction System (MARS).

Results and discussion

Physicochemical characterization of the Au NP/TiO, NPs-N,
catalyst

Energy-dispersive X-ray diffractive (EDX) analysis

The chemical elements contained in the prepared mate-
rials were discovered by EDX analysis and are shown in
Fig. 1. From the EDX spectra, it is evident that there are

Spectrum 4

1 2 3 4 5 6 7 g 9
ull Scale 4497 cts Cursor: 0.000 keV
Fig. 1 The chemical elemental analysis results of the Au NPs/TiO,
NPs-N, sample using EDX
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no other peaks other than C, O, F, Sj, S, Cl, K, Ti, Cu, and
Au elements. As it can be seen, the real metal content in
the samples was lower than the nominal content (10 mM
HAuCl,) indicating a partial reduction of the metal pre-
cursor during the photochemical deposition process car-
ried out under the experimental conditions of this work
(Senthilkumar et al. 2017). However, it is well known
that EDX cannot detect elements with a lower atomic
number, such as nitrogen (Z=7) (Yedra et al. 2021). The
average values of the EDX shown in Table 1 indicate the
deposition of gold nanoparticles on TiO, nanoparticles.
In Fig. 1, the peaks of the titanium (Ti) element were
observed at 0.5 keV, 4.5 keV, and 5 keV. The peaks of the
gold element were observed at 1.7 keV, 2.2 keV, 8.5 keV,
and 9.7 keV. These indicate the presence of Au nanoparti-
cles and TiO, nanoparticles.

Size and morphology

The TEM images in Fig. 2 prove the formation of the
TiO, NPs-N, powder catalyst without varying the origi-
nal morphology of TiO, NPs. The TiO, NPs-N, average
particle size measured from the TEM image is 12.01 +
2.39 nm, showing good agreement with the XRD result
(7.8 nm). TEM’s images show the spherical shape with
some square edges of the TiO,-N, nanoparticles.

Figure 3 displays a typical TEM image of Au NPs/TiO,
NPs-N, powder. The majority of Au NPs/TiO, NPs-N,
is a spherical shape, demonstrating that the catalyst is
formed without changing the TiO, nanoparticles’ natural
morphology. Additionally, the images support the size of
gold nanoparticles that have formed. It has been observed
that the majority of Au NPs are rounded and agglomer-
ated on the TiO, NPs-N, (Moon et al. 2020; Smart and
Moore 2012). The average particle size Au NPs/TiO,

Table 1 The element weight and atomic percentage of the
chemical elements in the Au NPs/TiO, NPs-N, sample

Element Weight % Atomic %
CK 11.75 20.96
OK 40.45 54.19
FK 6.03 6.80
SiK 0.16 0.12
SK 0.21 0.14
K 0.17 0.10
KK 0.65 0.36
TiK 36.86 1649
CuK 1.96 0.66
AuM 1.77 0.19
Total 100% 100%
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NPs-N, powder measured from the TEM image using
Image] and Origin software is 23.18 + 4.39 nm, showing
consistency with the XRD outcome (26.8 nm).

From Fig. 3b, it seems that the gold incorporated in the
lattice of TiO, was in between or beneath the TiO, nano-
particles. So, it can be concluded that the darker particles
indicate Au nanoparticles, while the lighter dark particles
are TiO, nanoparticles. The Au NPs/TiO, NPs-N, sizes
vary between 15 and 35 nm, and it is 23.18 £4.39 nm.
From that, it can be concluded by using the average size
of TiO, NPs-N, that the average size of Au nanoparticle
be concluded 11.08 nm (Buso et al. 2007; Cozzoli et al.
2006; Pennington et al. 2020).

XRD analysis
The instrumental broadening impact was eliminated in
the current work by employing LaB6’s line broadening as a
reference material, so that there is no need to calculate the
instrumental broadening after this correction (Meier 2005).
There are three major types of TiO, crystal structures:
rutile, anatase, and brookite; knowing that rutile is the
most common and stable form in nature. The crystal
structure of anatase and rutile is tetragonal, while the
brookite has an orthorhombic structure (Landmann et al.
2012). The obtained pattern similarly verified the brook-
ite and rutile phases’ presence. The symbols A, B, and
R indicate anatase, brookite, and rutile phases of TiO,,
respectively. Figure 4a displays the TiO, NPs-N, X-ray
diffraction patterns that were captured. Major peaks at 26
of approximately 25.491° and 54.30°, which are the peaks
of the anatase A(101) and A(105), are visible in the XRD
study. Furthermore, the XRD examination reveals minor
peaks at approximately 27.57°, 36.29°, 37.98°, 48.22°,
62.99°, 69.18°, 75.16°, and 82.83°, which correspond to the
R(110), R (102), A(004), A(200), A(204), A(220), A(301),
and A(303) facets, respectively, of TiO, NPs-N,. The aver-
age crystallite size of TiO, NPs-N, was calculated using
Scherrer equation and found to be 7.8 nm by X-ray dif-
fraction as in Table 2. The diffraction patterns of the syn-
thesized anatase phase TiO, nanoparticles have the two
most observable and strong diffraction peaks detected at
26 equal to 25.5° (101) and 48.2° (200). According to the
XRD patterns, the Au NPs/TiO, NPs-N, prefer orienta-
tion A(111). However, the prepared sample TiO, NPs-N,
has the preferred orientation (101), according to the TiO,
anatase phase (JCPDS card no. 21-1272) (Xu et al. 2008).
Actually, there was no special peak related to N, in the
XRD pattern. The existence of nitrogen inside the crystal-
lite lattice of TiO, shows a slight effect on the XRD peaks.
By comparing the XRD peak positions of the reference
(JCPDS card no. 21-1272) with the prepared samples, a
shift was found in every peak position. This shift in peak
position can be explained by the fact that doped nitrogen
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Table 2 Crystallite size calculations of TiO, NPs-N, using Scherrer equation

Plane(hkl) 20 O (rad) Cos (0) rad FWHM (deg) B=[FWHM] (rad) Scherrer D (nm) D average (nm)
A(101) 2549 0.223 0.9999925 0.87 0.0151 9.181 7.8
R(110) 27.57 0.241 0.9999912 0.53 0.0093 14.993

B(211) 30.89 0.269 0.9999889 0.85 0.0148 9.349

R(102) 36.29 0317 0.9999847 0.64 0.0112 12416

A(004) 3798 0331 0.9999833 1.21 0.0211 6.567

B(302) 46.06 0402 0.9999754 0.77 00134 10.320

A(200) 4822 0.421 0.9999730 0.83 0.0145 9574

A(105) 5430 0474 0.9999658 1.95 0.0340 4075

A(204) 62.99 0.549 0.9999539 273 0.0477 2911

A(220) 69.18 0.604 0.9999445 235 0.0410 3382

A(301) 75.16 0.656 0.9999345 1.71 0.0299 4647

A(303) 82.83 0.723 0.9999204 1.28 0.0223 6.209

The average particle size = 12.10 + 2.39 nm

Count

s

(a) (b) (C) Diameter (nm)

Fig. 2 TEM images of TiO, NPs-N, powder a at 20 nm and b at 50 nm and ¢ corresponding particle size distribution histograms of TiO, NPs-N,. The
Au NPs/TiO, NPs-N, sizes vary between 15 and 35 nm, and it is 23.18 £4.39 nm. From that, it can be concluded by using the average size of TiO,
NPs-N, that the average size of Au nanoparticles is around 11.08 nm
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134 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-N, catalyst
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Fig. 4 XRD pattern of TiO, NPs-N, and Au nanoparticles supported
on TiO, nanoparticles annealed in ambient of nitrogen

takes the place of oxygen atoms and slightly deforms the
lattice parameters. This also led to the change in the crys-
tal size of TiO,. This explanation was ascertained from the
previous studies on TiO, or metal-oxide nanoparticles.
This also led to the change in the crystal size of TiO, (Nto-
zakhe et al. 2019; Theivasanthi and Alagar 2013; Valour
et al. 2016; Yuan et al. 2010).

In order to quantify the particle size effects, we can
estimate the mean crystallite size (D) of these sam-
ples by applying the Scherrer equation as in Ref (Kibas-
omba et al. 2018). The average crystallite size of the TiO,
NPs-N, at the strongest (101) plane diffraction peak
(260=25.491°) is 9.2 nm.

The X-ray diffraction patterns of the Au NPs/TiO, NPs-
N, are shown in Fig. 4b. The occurrence of four different
high diffraction peaks at 38.18°, 44.43°, 64.52°, and 77.55°,
respectively, indexing the Bragg’s reflection planes (111),
(200), (220), and (311) (JCPDS No. 04-0784) (Wang
et al. 2012) confirmed the face-centered cubic (FCC) of
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metal gold structure. The average crystallite size of Au
NPs/TiO, NPs-N, was found to be 17.41£1.7 nm (see
Table 3), and the crystallite size of Au nanoparticle can
be calculated based on the crystallite size of TiO, NPs-
N, and the Debye—Scherrer formula as follows D = ﬁg 2
, where K is constant (0.9) (shape factor, dimensionless
factor), D is the mean crystal size (D is the average crys-
tallite domain size perpendicular to the reflection planes)
or grain size, A is the wavelength of the x-ray (1.5406 A°),
B is the full width at half maximum of the peak (rad)
(FWHM), and 6,,,, is the Bragg angle (rad) of Au (200) or
0 is the diffraction angle. It was found to be 9.61 nm.

The XRD results clearly show that Au NPs were formed
by the reduction Au™ ions to Au NPs and revealed the
spherical structure of Au NPs and the high peaks indicate
the energetic gold composition and crystallite nature of
the Au NPs. The compound is steady, which is confirmed
by its angle values (Sirdeshmukh et al. 2006).

Comparing TiO, NPs-N, to Au NPs/TiO, NPs-N,, the
crystal size of TiO, increased after Au deposition. It can
be said that the incorporation of Au NPs into the crys-
tal lattice of TiO, enhanced the crystallinity of the lattice,
while the crystal structures of both Au and TiO, (two
phases: anatase and rutile) kept their form. The size of the
pores inside the TiO, structure enhances the possibility
of this hypothesis. The crystal size of the nanocompos-
ite (Au NPs/TiO,-N, NPs) increased as a result (Permana
et al. 2022; Romero-Torres et al. 2018).

On the other hand, those some new XRD peaks,
appeared at 20=38.2°, 44.4°, 64.52° and 77.546, were
evidence for the formation of Au NPs on the TiO, NPs-
N, compared with that of TiO, NPs-N,, ascribing to the
diffraction peaks of (111), (200), (220) and (311) planes
of Au NPs/TiO, NPs-N,, respectively, and the lattice
constant computed from the diffraction peak (111) is
a=4.0803 A (Wang et al. 2012).

Table 3 Crystallite size calculations of Au NPs/TiO, NPs-N, using Scherrer equation

Plane (hkl) 20 0 (rad) Cos (0) rad FWHM (deg) B=[FWHM] (rad) Scherrer D (nm) D average (nm)
A(101) 2535 0.221 0.9999925 0.58 0.0101 13.692 1741
R(110) 27.39 0.239 0.9999913 047 0.0082 16.896

R(101) 35.94 0314 0.9999850 041 0.0072 19.369

A(200) 47.85 0418 0.9999734 .11 0.0194 7.154

A(105) 5430 0474 0.9999658 1.80 0.0314 4412

A(204) 62.69 0.547 0.9999544 1.53 0.0267 5.191

Au(111) 38.18 0333 0.9999831 0.21 0.0037 37816

Au(200) 4443 0.388 0.9999771 0.28 0.0049 28362

Au(220) 64.52 0.563 0.9999517 043 0.0076 18469

Au(311) 77.55 0677 0.9999303 035 0.0061 22.691
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Table 4 Properties of the three major types of TiO,
nanoparticles’ crystal structures (rutile, anatase, and brookite)

Crystal system Anatase (A) Rutile (R) Brookite (B)
Tetragonal  Tetragonal Orthorhombic
a=b,V=a*> a=b,V=a> a=b=c V=a
c c bc

a(A°) 3.838829 45730 9.184

b (A°) - - 5447

c(A°) 947136 2.9090 5.145

c/a 246725 0.6361 0.5602

V(A% 139.5757 60.83397 25738

Coordination number-Z 4 2 8

Table 5 The inter-planer d-spacing TiO, NPs-N, samples of
crystal structure tetragonal of TiO, NPs anatase and rutile phases

Plane (hkl) 20 D d D
(Miller (degree) Practical (A°) (Bragg) (A°) (theoretical)
indices) (A°)
A(101) 25491 3492 34924 34924
R(110) 2757 3.232 3.2336 3.2336
R(102) 36.29 2474 24741 24741
A(004) 3798 2367 23678 23678
A(200) 4822 1.8858 1.8862 1.8862
A(105) 54.30 1.6880 1.6885 1.6885
A(204) 62.99 14744 147486 147486
A(220) 69.18 1.3569 135723 1.35723
A(301) 75.16 1.2630 1.26339 1.26339
A(303) 82.83 1.1644 1.16476 1.16476

Page 7 of 16

From Tables 2 and 3, there are agreements between the
values of crystallite size (XRD patterns) and particle size
(TEM images) for TiO, NPs-N, and Au NP/TiO, NPs-N,
samples.

The lattice parameters (a, b, and c) for TiO, NPs-N,
with crystal system tetragonal (anatase, rutile, and brook-
ite) were calculated as shown in Table 4, and they are
almost identical to those reported in the (JCPDS anatase
cards TiO, (No. 21-1272)) card for TiO,.

The d-spacing values obtained from practical result,
the Braggs’ law (d=(\)/(2 sin 0)), and the theoretical
(1/d* = [(h2 + kz/az] + (lz/cz)) equations were almost
identical (Table 5).

The plane d-spacing (d) related to the lat-
tice parameters a, b, ¢ and the Miller indices (4,
k, I) were calculated by means of the theoretical
(1/d* = [(h?/a2]+[(k2/b2} + (12/02))and Braggs’ equa-
tions (d =5-5) (see Table 6).

The coordination number in case of tetragonal anatase
system is 4 and for tetragonal rutile system is 2 and for
orthorhombic brookite is 8 (Keswani et al. 2010).

The lattice parameters (a4, b, and ¢) for Au NPs/TiO,
NPs-N, with a face-centered cubic (FCC) crystal struc-
ture were calculated as in Table 7. The lattice param-
eters (a, b, and ¢) (Table 7) are almost identical to those
reported in the (JCPDS 04-0784) card for Au (Ninsonti
et al. 2014). The d-spacing values obtained from Braggs’
law, and the theoretical (dh1<1=ﬂ/\/ (H+ 12+ 2)) equa-
tions, are almost identical (Table 7).

Table 6 The inter-planer d-spacing TiO, NPs-N, sample with brookite phase

Plane (hkl) 20 (degree) d (A°) Practical d (A°) (Bragg) d (A°) (theoretical)

B(110) 25491 3492 34924 34924

B(211) 30.89 2.893 2.8932 2.8932

B(302) 46.06 1.969 1.9695 1.9695

Table 7 Au NPs/TiO, NPs-N, lattice parameters (g, b, and ¢) and the inter-planer d-spacing

Plane (hkl) 260 degree Lattice parameters (A°) Average Volume (V= ad) d(A) Practical d(A°) Bragg d(A°) theoretical
a=b=c(FCC) average (A°)

Au(111) 38.182 40803 4.079 67912 2.3551 2.3558 2.3558

Au(200) 4443 40758 2.0375 20379 20379

Au(220) 64.52 4.0829 1.4431 1.4435 1.4435

Au(311) 77.546 40807 1.23004 1.2304 1.2304
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Specific surface area (SSA)

The surface area plays a critical role inside the nanoparti-
cles, due to their large surface to size ratio with a lower in
particle size (Jiang et al. 2007). SSA is a material property.
It is a systematic value that can be used to determine a
material’s nature and qualities. In the context of adsorp-
tion, heterogeneous catalysis, and surface reactions, it is
particularly significant. SSA stands for each mass’s sur-
face area (SA).

According to Zhang report (Gao and Zhang 2001), as
material sizes shrink, the precise surface area and surface-
to-volume ratio drastically increase. Because of the high
surface area of TiO, nanoparticles, interaction between
the nanoparticles and the surrounding materials is possi-
ble. This interaction often occurs at the surface or on the
interface and is highly dependent on the surface area of
the material (Jiang et al. 2007). Mathematically, SSA can
be computed using the following formula (Pan and Xu
2013), and the calculated data are shown in Table 8.

SSA =6 x 10°/D p

where SSA is the specific surface area, D is the crystal-

lite size, and p is the density of nanoparticles (p(TiO,)
anatase=3.79 g cm > & p(Au)=19.320 g cm ). From
Table 8, it is noted that the average SSA for Au NPs/TiO,
NPs-N, is 121 m?%/g, whereas it is 202.96 m*/g for TiO,
NPs-N,.

Dislocation density

A material’s unit lattice, an atom or an ion, has a liner
flaw called a dislocation. The disordering of these units
in an array by some mechanisms, such as the absence of
atoms or the existence of impurities, results in their dis-
location. For some of the material’s properties, like its
mechanical and electrical properties, this flaw may be
more advantageous. Industrially, these changes in lattice
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structure may be desired according to the resultant prop-
erties. The crystallinity of the substance is related to this
lattice deformation (Jamil and Fasehullah 2021).

The crystallite size and dislocation density can be
computed using X-ray line profile analysis (Ungdr et al.
2005). The dislocation density (§) in the sample was cal-
culated using the expression § = 1/D? and the results
are shown in Table 8. The § average of TiO, NPs-N, is
1.992 x 10'® m™2, and the § average of Au NPs/TiO,
NPs-N, is 1.704 x 10" m ™2,

Morphology index (M)

It is well known that the peak broadening in the XRD
pattern is due to the finite size of the particles. The
width of the diffraction peaks increases with the
decrease in particle size. The morphology index (MI) is
used to affirm the uniformity and fineness of the pre-
pared nanoparticles. It is calculated using the full width
half maximum (FWHM) of the XRD peak. MI gives an
indication that the specific surface area of TiO, nano-
particles relies on the interrelationships between par-
ticle morphology and size. MI is calculated as follows:
MI=FWHM,/(FWHM, + FWHM,) (Theivasanthi and
Alagar 2013), where FWHM, is the highest value of full
width half maximum of XRD peaks, and FWHM,, is
the specific value of full width half maximum of a peak
where the MI has to be computed. These results are
plotted in Figs. 5 and 6 (a and b).

The details are shown in Table 8. The MI range of
TiO, nanoparticles is from 0.50 to 0.82, and the MI
range of Au NPs/TiO, NPs-N, is from 0.5 to 0.67. It is
discovered that MI is, with a minor variation, directly
proportional to particle size and inversely proportional
to exact surface area. The deviations and relationships
between them are indicated by the linear fit within the

Table 8 Morphology Index, specific surface area, and dislocation density of Au NPs/TiO, nanoparticles

Plane (hkl) 20 Scherrer D Specific Surface Area Morphology Index (MI) Dislocation Density (§)  Average (3)
(nm) (SSA) (m?%/g) (unit less) (m?) x 10" (m™?)
A(101) 2535 13.692 115.929 0.756 533 1992 x 10'°
R(110) 27.39 16.896 83.951 0.793 3.50
R(101) 35.94 19.369 73.233 0.815 267
A(200) 47.85 7.154 221.876 0.619 19.54
A(105) 54.30 4412 359.769 0.500 5137
A(204) 62.69 5.191 305.779 0.541 37.11
Au(111) 38.182 37.816 82124 0672 0.699 1704 x 10"
Au(200) 4443 28.362 10.9498 0.606 1.24
Au(220) 64.52 18469 16.8152 0.500 293
Au(311) 77.546 22.691 13.6864 0.551 1.94
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figure. The uniformity and fineness of the prepared
nanoparticles are confirmed by the MI results.

Nitrogen adsorption and desorption isotherm of Au NPs/TiO,
NPs-N,

The mesoporous TiO, materials are extensively used in
a variety of applications, including the loading of phar-
macological molecules, proteins, nucleic acids, and
other biological macromolecules for tumor multimodal
treatment. Additionally, these nanomaterials have the
capacity to store energy and safeguard the environment
through processes including the photocatalytic destruc-
tion of pollutants, the production of photochemical fuel,
the photoelectrocatalytic separation of water, and cata-
lyst support (Tahir et al. 2015; Zhang et al. 2014).

The prepared samples’ nitrogen adsorption—desorp-
tion isotherms and associated pore size distribution are
shown in Fig. 7. As shown, the sample has the charac-
teristics of a mesoporous material, including progres-
sive adsorption—desorption hysteresis, denoted by type
IV isotherms. This type contains complex pore systems,
called inkbottle-shaped pore networks. The broader pore
body remains filled until a lower pressure is attained,
at which point the neck evaporates, delaying the pore
evaporation, which no longer happens via equilibrium in
an open pore (Jinga et al. 2021; Shelyapina et al. 2022).
Table 9 provides a summary of the variations in BET sur-
face area, average pore size, and pore volume following
Au photo-desorption. After Au NP was adsorbed, it was
discovered that the average pore diameter decreased.
Due to the slight pore obstruction caused by the depos-
ited Au NPs on TiO, NPs-N,, the BET surface area and
average pore decreased (Ismail et al. 2009; Kim et al.
2013).

The P/P° range of 0.67 to 0.99 reveals a sharp rise in
the adsorption volume of N,. As well as, it is clear that
the range 0.6 to 0.98 P/P° exhibits a capillary conden-
sation step. Nitrogen adsorption—desorption isotherms
of Au NPs/TiO, NPs-N, powder are displayed in Fig. 7
and are expressed as a function of relative pressure (P/
P°) versus cc/g (Volume at STP) (N,-physisorption iso-
therm). The BET surface area of the sample Au NPs/

Table 9 The average BET surface area, average pore size, and
pore volume of Au NPs/TiO, NPs-N, powder

Sample BET surface BJH Average Pore volume
area adsorption pore size (cm3/g)
(m?/g) summary  (Pore
surface diameter)
area dv(d) (nm)
(m?/qg)
Au NPs/TIO, 84.6 121.128 5420 0.259

NPs-N,
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TiO, nanoparticles is 84.6 m?/g, and the total pore vol-
ume is 0.259 cm?/g. Its bimodal pore size distribution
exhibits highest values at 5.42 and 7.31 nm, respec-
tively. For effective electrolyte diffusion into the photo-
anode in dye-sensitive solar cells (DSSC), this type of
porous construction can be helpful (Govindaraj et al.
2014).

The nitrogen adsorption and desorption isotherms
shown in Fig. 7 were used to calculate the specific
surface area and porosity of the mesoporous Au NPs/
TiO, NPs-N,. The stepwise adsorption and desorption
branch of the type IV pattern is revealed by the sample’s
isotherm, showing the presence of mesoporous mate-
rial with a three-dimensional (3D) intersection accord-
ing to the IUPAC classification (Jinga et al. 2021). The
material that was produced has a broader mesoporous
structure, according to this result. Table 10 gives the
summary of Barrett—Joyner—Halenda (BJH) adsorption
data.

The average pore diameter, determined through the
BJH method using the adsorption isotherm, is pre-
sented in Table 11.

As shown in Fig. 8, the adsorption branch of the
BJH approach was used to explore the plots of the
pore size distribution in order to look at pore size. The
mesoporous Au NPs/TiO, NPs-N, have 4.61 nm and
5.42 nm average pore sizes. The BJH technique resulted
in a pore size distribution (Fig. 8) that is clearly narrow
(5.42 nm), indicating high sample quality. In the des-
orption branch, it is discovered that the samples form
a type IV isotherm with a type H, hysteresis loop (low
order) close to a relative pressure of 0.50, which is asso-
ciated with abrupt capillary condensation occurring in

Table 10 BJH adsorption summary

Nanostructure  Surface Area Pore volume Pore Diameter
(m?/g) (cc/g) dv (d) (nm)

Au NPs/TiO, 121.128 0.259 5420

NPs-N,

Table 11 The average pore diameters of the sample using the
BJH method

Bimodal ds(d) m?/nm/g dv(d) cc/nm/g
Diameter m?/nm/g Diameter cc/nm/g
(nm) (nm)

Au NPs/TiO, 3.01 22.1 3.01 0.0166

NPs-N, powder 371 204 371 0.0189
461 21.1 461 0.0243
542 19.2 542 0.0260
731 1.2 731 0.0205
9.31 797 9.31 0.0186




Jamil et al. Journal of Analytical Science and Technology (2022) 13:54

mesoporous (Wu et al. 2009). Pore diameter (nm) ver-
sus dv(d) cc (nm/g), or pore size distribution, is used
to express nitrogen adsorption—desorption isotherms
of Au NPs/TiO, NPs-N, powder (as shown in Fig. 9a
and b). The BJH technique resulted in a pore size dis-
tribution that is clearly narrow (3.16 nm) and confirms
the high quality of the material.

Electrochemical characterization

Electrochemical tests were performed in (2 M
KOH+0.1 M glucose). The solution of 7 pL of Au NPs /
TiO, NPs-N, crystallite powder contains 0.05145 mg Au,
which was loaded onto the electrode with a micropipette.

Glucose oxidation of Au NPs/TiO, NPs-N, powder

From Fig. 10, the cyclic voltammetry (CV) curve of the
Au NPs/TiO, NPs-N, electrode in an alkaline solution of
glucose indicates three clear electrochemical processes
through the anodic sweep and one through the cathodic
return scan.

At the peak “a=-0.59 V; numerous authors have
described it as the region of dehydrogenation of anomeric
carbon within adsorption process (Grochowska et al.
2019; Ouyang et al. 2013). This dehydrogenation of the
anomeric carbon peak was confirmed by the examination
of a platinum electrode (Ernst et al. 1980; Largeaud et al.
1995). The tests demonstrated the maximum energetics
on the electrode surface of CV, which indicates the stabil-
ity of the beta-D-glucose anomer due to its planar mol-
ecules. Moreover, it is significant to note that this peak
shifts almost —0.6 V in the direction of lower potential
with reference to the polycrystallite platinum. The higher
oxidation potential on Pt is almost certainly attributable
to the hydrogen adsorption that competitively hinders
glucose adsorption; this phenomenon is negligible on the
gold surface.

Figure 10 shows the second region at peak “4=0.1 V”
This peak is wider than previous ones, with a large left
shoulder due to several oxidative strategies going on in
the potential range from —0.3 to 0.2 V. The techniques
on a Pt electrode at low temperature (2 °C) were defined,
and it was pointed out that the oxidation of the previ-
ously adsorbed intermediate follows two probable paths.
At E<0.1V, it is oxidized as weakly adsorbed gluconate,
either connected via two or merely one oxygen. At the
second rout, 0.1<E<1.1 V, where glucose is oxidized as
weakly adsorbed &-gluconolactone. At 25 °C, it was dis-
covered that the peak b is a convolution of several peaks,
which means that in each peaks the oxidation product
is constantly gluconate. Using the area under CV curve
(forward scan), the charge can be obtained and then
divided by scan rate and potential range, as well as the
mass of the sample, and the specific capacitance can
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Table 12 Comparison between 7 upL Au NPs/TiO, NPs-N,
powder and 0.07 cm? Au polycrystallite working electrode in
(2 MKOH+0.1 M glucose) at a scan rate was 50 mV/s

Electrode le(mA /em?) 1, (mA /em?) g/l Mass

of (Peaka) of (Peak d) loading(mg)
Au NPs/TiO, 937 13.8 0.679 0.05145
NPs-N,
Au WE 84 12.5 0.672 -

B TiO,NPs- N, (hkl)
B Au NPs (hki

Particle size

0.50 0.55 0.60 0.65 0.70 0.75 0.80

M.I
Fig. 5 Morphological index Vs particle size of Au NPs/TiO,
nanoparticles

be calculated. From that, it was found that the specific
energy density of glucose is equivalent to 6.64 kWh/L or
4.32 kWh/kg.

Around the value of 0.4 V, zone c, the gold surface oxi-
dation occurs according to the CV curves in the pres-
ence and absence of glucose. Quartz crystal microbalance
analysis combined with electrochemical equipment
(Beden et al. 1996) demonstrated the formation of an
Au/O species in the 0.2 V range. The glucose can be oxi-
dized at the metal gold surface, but not on the gold oxide
surface, which stops oxidation at potentials higher than
0.3V.

In the cathodic return scan of CV, an oxidative pinna-
cle was observed, peak d, and was formerly noticed in
previous studies. It is a sharp peak due to the decreasing
oxide layer. Liu and Makovos were the first to explain the
mechanism for oxidation through the cathodic sweep:
The oxide layer is reduced to form free O,— anions,
which then react with glucose to produce gluconic acid.
Following that, the Au surface is re-oxidized via OH- in
solution. Using the unloaded Pt polycrystallite electrode,
no electrochemical mechanisms were found in the glu-
cose solution (Fig. 10, black line) (Hsiao et al. 1992; Xiang
et al. 2003).

Au NPs/TiO, NPs-N, and commercial gold pin electrode
comparison

Figure 11 shows that Au NPs particles outperform the
standard Au polycrystallite electrode in terms of cur-
rent density output and that the oxidation processes
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shift toward lower potentials. It is crucial to stress that
the current densities in both instances were calculated
using the geometric surface area. It is also intriguing to
note the significant increase in peak current density, as
in Fig. 11, which is related to the presence of more faulty
sites on the surface of gold nanoparticles. Given that sur-
face reactions frequently demand lower activation ener-
gies when defective sites are present (such as kink atoms),
the nanoparticles should naturally include a significant

180 BET surface area of Au NPs/TiO, NPs-N,= 84.6 m?/g.
160 TiO,NPs-N,
140 4 —— Au NPs/TiO,NPs-N,
ig 120
o 100
&
® 807
2 60
=
2 40
20
0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P°)
Fig. 7 Adsorption—desorption isotherm of TiO, NPs-N, and Au NPs/
TiO, NPs-N, powder

number of defects that are responsible for the increased
oxidative adsorption of glucose (Basu and Basu 2010;
Feng et al. 2009; Toles et al. 1999). The aim of the com-
parison is to understand the influence of the electrolyte

on the generation of peak d in Fig. 11. Table 12 shows the
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comparison between 7 pL of Au NPs/TiO, NPs-N, pow-
der and 0.07 cm? of Au polycrystallite working electrode
in the basic solution of glucose.

Loading effect of Au NPs/TiO, NPs-N,
Figure 12 demonstrates the effect of putting Au
NPs/TiO, NPs-N, powder catalyst on the working

electrode (3 mm diameter Pt). This investigation
is to determine the optimal loading of Au NPs/TiO,
NPs-N, powder. The catalytic current density clearly
increased with loading quantities of 3 pL, 5 pL, and
7 uL, respectively. When the loading reaches 10 pL,
the catalyst will block and physically detach, which
will result in a drop in the catalytic current density.
From Fig. 12, it is concluded that the number of redox
sites decreases with the amount of Au NPs/TiO, NPs-
N, powder. This is due to the Au NPs/TiO, NPs-N,
powder fusing and clustering at loadings greater than
7 pL. Therefore, it is recommended to use loading
quantities equal to or smaller than 7 pL to provide
satisfactory electrochemical performance for the pre-
pared sample (Ampelli et al. 2015; Ravishankar et al.
2017). Table 13 shows that the //I, value of the 7 uL
(Au NPs/TiO, NPs-N, powder catalyst) is higher than
that of the 3 pL, 5 pL, and 10 pL, and this quantity
of the loaded catalyst has the highest catalytic activity
and current density.

Table 13 Different loading quantity, I (peak height) for both the forward and backward paths, ///, the forward and backward current

density at three peaks (g, b, and d) at scan rate was 50 mV/s

Loading (pL) Forward direction Forward direction Backward
(Peak a) dehydrogenation of the anomeric (Peak b) direction (Peak
carbon peak d)

oxidative peak

It (mA /cm?) Iiabia) I¢(mA /cm?) Lol oy I, (MA /cm?)

3L 322 0672 1.86 0.392 4.79

5L 5.01 0.658 3.76 0494 761

7 uL 9.37 0.679 7.25 0.525 13.80

10 uL 5.88 0.503 4.68 0.503 11.69
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Table 14 The scan rate, +/scan rate, /, (peak height) for both the forward and backward paths also contains the values of //1, for the Au
NPs/TiO, NPs-N, powder catalyst loaded on Pt working electrode 20 cycles in (2 M KOH + 0.1 Glucose) (GOR)

Scan (mV/s) J/scan rate Forward direction Forward direction Forward direction Backward
(Peak a) dehydrogenation of (Peak b) (Peak c) direction
mV .
<\/ T> the anomeric carbon peak (Peak d)
oxidative
peak
I (mA/cm?) /o) LmA/em?) I/l I¢(mA /em?) at Lo/l I,(mA/
(—0.59V) (0.147V) voltage (0.49V) cm?) at
voltage
0.023V)
10 3.162 4.77 0.556 5 0.583 0.268 0.031 8.58
20 4472 6.21 0.580 550 0514 (0.384) 0.036 10.7
50 7.071 937 0.679 7.25 0.525 (0.643) 0.047 138
75 8.660 1.1 0.745 8.56 0575 (0.776) 0.052 14.9
100 10 12,67 0.823 9.5258 0619 0.9360 0.061 15.398
154
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Fig. 12 (Effect of loading) CV for photodeposition of (Au supported

on TiO, NPs-N,) loaded on 3 mm Pt polycrystalline working electrode

(conductor) in (2 M KOH4-0.1 M glucose) at a scan rate was 50 mV/s,

and catalyst loading was 3,5,7 and 10 l, 20th cycles

T
-1.0

Scan rate effect of Au NPs/TiO, NPs-N,

The experiment’s scan rate (V/s), or rate of voltage
change over time, is measured during each of these
phases. As opposed to measuring the current between
the working electrode and the counter electrode, one
measures the potential between the working electrode
and the reference electrode. Actually, when the scan
rate increased, the electron and mass transfers accel-
erated. Along with the scan rate, the charging current
and Faraday current both rise. The flux of concentra-
tion at the electrode surface is proportional to the fara-
daic current flowing through the electrode (Park et al.
2012). Positive voltage changes of the current peaks
were observed in both the forward and backward scans.
Oxidation reactions and the release of protons are pro-
cesses happening during the forward scan. On the other
hand, during the backward scan, reduction reactions



Jamil et al. Journal of Analytical Science and Technology (2022) 13:54

—=— If (a)
14 4 —e— If(b)

—a— If (c)
124 |—~—Ib (d)

-2 T T T T T T T T J

3 4 5 6 7 8 9 10 11
VScan rate (¥VmVils)

Fig. 14 |, (peak height-mA/cm?) versus the v/scan rate (v/(mV/s))
for both forward and backward paths of Au NPs/TiO, NPs-N, powder
in (2 M KOH+0.1 M glucose)

involving proton absorption take place (Reichert et al.
2015).

Figure 13 depicts the effect of scan rate (from 10 to
100 mV/s) for an Au NPs/TiO, NPs-N, powder electrode
in the potential range of (—1 V to 0.5 V) recorded at
various scan rates for 0.1 M glucose in the basic medium
(2 M KOH) solution. This performance is typical of an
electrochemical reaction regulated by a diffusion process.

Table 14 depicts the influence of scan rate for an Au
NPs/TiO, NPs-N, powder catalyst electrode measured at
various scan rates (10—100 mV/s) for a solution contain-
ing (2 M KOH+0.1 M glucose), improved forward and
backward current pathways, and the ratio I;/1,.

As shown in Fig. 14, there is a linear relationship
between the square root of the scan rate and the cathodic
forward and anodic backward peak current paths. This
behavior is typical for the glucose oxidation reaction’s
diffusion-controlled electron transfer process.

Due to the constant diffusivity of active species, the
slope will increase with increased scan rate. The higher
current, as predicted by the Randles—Sevcik equation,
which is inversely proportional to the square root of the
scan rate, will result from this. The scan rate is inversely
correlated with the charging current. Therefore, at faster
scan rates, the charging current becomes comparatively
more significant (Chiu et al. 2020; Jovanovi¢ et al. 2020).

Conclusions

A gold nanoparticle electrode was deposited on TiO,
nanoparticles annealed in an N, electrode by the pho-
todeposition technique of the gold medal using tetra-
chloroauric acid (HAuCl,) and isopropanol as a sacrificial
donor. The elemental quantification and stoichiometry
ratio of Au NPs/TiO, NPs-N, were confirmed by EDX
analysis. The TEM image of Au NPs/TiO, NPs-N,
showed that the particles were spherical. The XRD pat-
tern indicated a crystallite and face-centered cubic
(ECC) structure of Au NPs/TiO, NPs-N, with an average
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particle size of 17.41 nm. The resulting Au NPs/TiO,
NPs-N, catalyst exhibited a high surface area of 121 m?/g.
The gold nanoparticles exhibit better electrocatalytic
properties than commercially available polycrystallite
electrodes for glucose oxidation. Furthermore, the oxida-
tion of sorbitol, the reduced form of glucose, showed the
undertaking of the peak at —0.59 V for the anomeric car-
bon oxidation. A very sturdy increment in the electrode’s
overall performance in glucose oxidation was attained
by improving the whole quantity of gold nanoparticles,
which was achieved via a platinum polycrystallite elec-
trode tip support. With this electrode, the current densi-
ties are multiplied up to 13 mA/cm? These effects open
new possibilities for applications for gold nanoparticles
in glucose alkaline fuel cells (GAFC) and glucose sensing.
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