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Preparation of Au-Doped Two-Phase TiO> Nanoparticles by One-Step Method
as Photocatalytic Applications
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presence of crystallized titanium consisting of anatase and rutile phases. The surface
composition and electronic structure of TiO, and X% Au/TiO; catalysts were investigated
using XPS analysis. Au/TiO; consists of Ti 2p, O Is, and Au4fregions from XPS analysis.
FESEM and TEM were utilized to analyze the morphology of the samples. FTIR spectrum
indicated the presence of OH, CHz and Ti-O-Ti groups in TiO, samples, with an
additional peak at 2108.89 cm™ indicating the presence of gold in X% Au/TiO, samples.
The specific surface area increased from 33.36 m?/g for pure TiO; to 51.62 m?/g after the
doping of 2.5% Au NPs. The incorporation of Au on the TiO, surface significantly
influenced the optical properties in the 490 to 590 nm region, observed through the UV-
vis absorption spectrum. The 2% Au/TiO, NPs exhibited higher catalytic activity than
pure TiO,, degrading methylene blue dye by 72.43% within 120 min.
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m INTRODUCTION literature reviews on MB removal using adsorption [7],

bioremediation [8], and various

combinations [9] as carbons.

. . . noncatalytic
Dyes are used by a variety of businesses to color their vt

products. Dyes are applied to substrates to/ provide
permanent color that will not fade whether exposed to
light,
microbiological attack [1]. Because of these benefits, dyes

Semiconductor photocatalysts were considered

because of their excellent chemical and photochemical

water, oxidizing  chemicals, sweat, or N o
stability, super-hydrophilicity, low toxicity, long

are widely utilized in various industries, including textile, lifespan, and low cost to degrade organic contaminants

food, rubber; printing, cosmietic, medicine, plastic, water. Many semiconductors have been used as

concrete, and paper industries [2-3]. These enterprises photocatalysis materials, such as TiO,, ZnO, CuO, and

generate massive amounts of wastewater including S° O [10-13]. TiO, has been commonly utilized as a
photocatalyst because it is inexpensive, non-toxic, and
has high stability [14-15]. The highest photocatalytic

effectiveness is achieved when two phases of TiO, (rutile

carcinogenic and poisonous dyes, polluting water, and
rendering it unsafe for human consumption [4].
Among these businesses, the textile industry is the

most dye-consuming, using textile dyes, which are highly and anatase) are combined [16].

complex compounds with several structural groups.
Methylene blue (MB), a highly consumed ingredient in
the dye industry, is extensively used to color silk, wool,
cotton, and paper [5-6]. Since 2010, articles on the
breakdown of MB dye have steadily increased. Some

Several studies have been carried out on TiO, to
enhance the performance of photocatalyst activity,
including doping with organic materials [17-18],
transition metals [19-21], non-metals [22-23], and noble
metals [24]. Noble metal nanoparticles (NPs) can behave
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as active sites, capturing photogenerated electrons and
lowering the recombination rate. Furthermore, due to their
surface plasmon resonance (SPR) capabilities in the visible
region, metal NPs can improve light usage [25-26].
Doping TiO, with a noble metal, such as gold (Au), was
discovered to be a more effective approach to increasing
photocatalytic activity by closing the energy gap. Au is an
appropriate candidate since it is more stable and does not
oxidize [27]. Several methods for attaching metal NPs to
nanostructured semiconductors have been used,
including deposition precipitation [28], photo deposition
[29], chemical spray [30], and impregnation [31]. This
study used a wet chemical approach to synthesize
Au/TiO, NPs at room temperature and investigated their
optical, photocatalytic, and structural capabilities. Sol-gel
method was used for preparing catalysts like Au/TiO,
NPs. The sol-gel process, in general, entails converting a
system from a liquid sol phase to a solid gel phase. This
approach provides a few advantages over conventional
methods. For example, the active metal and the support
can be produced in the same step in supported metal
catalysis [32]. In this work, Au/TiO, was prepared
employing the sol-gel method. The structural and optical
characteristics of the prepared NPs were achieved. Finely
the samples were examined as photocatalyst material for

MB degradation.
m EXPERIMENTAL SECTION

Materials

Titanium(IV) Isopropoxide (TTIP, Ti(Ci,H,50s),
97%, Sigma-Aldrich company), hydrogen tetrachloroaurate
trihydrate  (HAuCL-3H,0,. 97%,  Glentham), ethanol
(C:HeO, 99.9%, J. T. Baker), hydrogen chloride (HCI,
HCIO;3,36.5-38.0%, J. T:Baker), and deionized water (DI,
H,O, high degree of purity) which were used in the
catalyst synthesize. In an aqueous solution, MB
(CisH1sCIN3S, 99%, Merck Organics) was used as a target
pollutant.

Instrumentation

To investigate the structural properties of the
prepared samples, X-ray diffraction (XRD) Philips’s type
PW1730 with Cu K, radiation source at a wavelength of

1.54056 A with current 30 mA and voltage (40 kV) was
used. Diffraction data were characterized at 20 in the
scanning range of 10-80° and step width of 0.02°. The X-
ray Photoelectron Spectroscopy (XPS) BESTEC EA10
spectrometer assessed the sample's surface properties.
CASAXPS software (Casa XPS Version 2.3.16 PR 1.6)
was used to fit the spectra to a Shirley background. The
morphology and particle size of ‘the produced sample
were studied
microscopy (TEM) Philips EM 208S microscope and
field emission scanning electron microscopy (FESEM)
TESCAN - (MIRA3, LMU) with an operating voltage of
about 20 kV. Specific surface area (BET) BELSORP Mini
II device was used to measure the surface area of the

using the transmission electron

sample by subjecting it to N adsorption at a temperature
of 77 K. The samples' optical characteristics were
Shimadzu-UV-vis
spectrophotometer (UV-1900i) at room temperature.
Fourier-transform infrared (FTIR) 8400S Shimadzu
combinations, or

investigated using a

studying overtones, harmonic
vibrations at the mid-infrared area 4000-400 cm™" was
employed to identify the functional group of X%

Au/TiO, samples.
Procedure

Preparation of the gold solution

The HAuCL-3H;O (1 g) was dissolved in HCI 1 M
(8.2 mL) under vigorous stirring at room temperature.
The solution of HAuCL-3H,O was kept in the dark
which was marked as solution Al.

Preparation of the Au/TiO2 NPs

Two solutions were prepared for the preparation of
X% Au/TiO, NPs. Solution A2 which consisted of 10 mL
of TTIP dissolved in 50 mL of absolute ethanol and
stirred for 10 min until the solution turned from
transparent to a milky color. Then, solution Al was
added dropwise in different ratios (0.5%, 1%, 1.5%, 2%,
and 2.5%) of Au under stirring at 600 rpm to solution
A2.

Solution B consisted of 50 mL ethanol, 10 mL
water, and 1 mL concentrated HCI, respectively. After
30 min of continuous stirring of solution Al, the
solution A2 was added. Afterward, the mixture was
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transferred to a glass flask and left undisturbed for 48 h to
allow the gel to form. Next, the samples were dried to
evaporate unwanted materials. This involved placing the
samples in an oven set at 75 °C for approximately 60 h.
Finally, the obtained powder was manually ground using
a mortar and pestle. Subsequently, the powder was
annealed in an ambient atmosphere at 450 °C for 2 h. The
degree of annealing was used based on previous studies
[33].

Photocatalytic activity study

The influence of six different catalysts (TiO,, X%
Au/TiO;) on the photocatalytic degradation of MB was
investigated and studied. The examinations were carried
out under similar conditions to compare the obtained
results. The photodegradation properties of prepared
samples were evaluated in the presence of UV-vis light to
assess their ability to degrade MB dye. The degradation of
MB dye was tracked by observing the gradual decline in
the absorption peak at 664 nm in the UV-vis absorption
spectra as the reaction time increased. This particular
absorption peak corresponds to MB and is indicative of its
concentration in the solution.

Initially, 15 mg of TiO, or X% Au/TiO, NPs as
catalysts was added to a 100 mL MB with a concentration
of 10 ppm. To disperse the solid catalyst particles, the
suspension was subjected to sonication for 10 min before
light 250 W, 365 nm
wavelength). Achieve adsorption-desorption equilibrium
of the dye MB on the TiO, or X% Au/TiO, catalysts
surface, and to minimize any errors arising from

using UV (Xenon lamp;

elementary adsorption, the solution was then placed
undisturbed in a dark room for at least 30 min. A
preliminary sample, consisting of approximately 4 mL,
was extracted from the solution after the dark adsorption
phase to determine the concentration of the MB dye
remaining in the solution, denoted as the primary
concentration (C,). The illumination process was then
started, and the samples were collected every 20 min for a
total of 120 min. Finally, the solution was subjected to
centrifugation at 4500 rpm for 10 min to eliminate any
suspended particulates, and the absorbance was

determined using a UV-vis. spectrophotometer.

m RESULTS AND DISCUSSION
XRD Analysis

XRD pattern exhibits distinct diffraction peaks
corresponding to the crystallographic. planes of
polycrystalline Au and TiO; in anatase and rutile phases.
The XRD spectrum of the prepared samples is shown in
Fig. 1. Exhibited a peak at 20 = 25.5°, 48.2°, 54.5°, 63.2°,
and 69.2° which assigned to 101, 200, 105, 204, and 116,
respectively, crystal lattice planes of TiO, in anatase
phase (JCPDS card no. 002-0406). While peaks at 20 =
27.8°, 36.3° 39.4° 41.4°, 444°, 56.9°, 64.3°, and 70.0°
were assigned.to 110, 101; 200, 111, 210, 220, 310, and
112, respectively, revealed the rutile phase of TiO;
(JCPDS card no. 01-088-1173).

A peak at 20 value of around 38.14° was observed
revealing the existence of metallic Au which is assigned
to 111 and this peak matches well with the face-centered
cubic (FCC) Au NPs (JCPDS Card no. 004-0784).
According to the standard, the appearance of this same
peak in the pure TiO, as well as the Au metal has other
peaks in the higher regions of 20 that may overlap with
the peaks of TiO, or may not have an obvious intensity
due to its small amount [34].

The stronger peak results in the XRD test agree
with the 110 plane appearing at 27.76° of the diffraction
patterns, indicating the TiO, tetragonal rutile phase

® Anatase ﬁé\ = g
- o= & S —~
LRutle 5% gt e g ®§ 3° g8
" Au . METR RS s S22 3=
2.5% Au/TiQ} . P o .

2% AUTIO,
3

8

= |1.5%AuTiO

B

c

Qo

= | 1% AurTio

gJL TN
M DN

T
15 5 35 40 45 5 55 60 65 70 75

26 (°)
Fig 1. XRD patterns of TiO, and X% Au/TiO, NPs
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formation. The Debye-Scherrer formula by used to
determine the samples' average crystallite size [35-36].
The determination of the ratio of anatase to rutile phase
can be achieved through the application of the Spurr's-
Myers equation [37], utilizing the Origin software
(version 2018). Eq. (1), derived from analyzing areas
under the highest normalized peak intensities of a
diffraction pattern, enables the calculation of the anatase
and rutile phases;

! (1)

I
1+0.8| A
IR

where, Ix is the area under the highest normalized peak

Rutile% =

intensities of the rutile phase, and I, is the area under the
highest normalized peak intensities of the anatase phase.
The results of the ratio of anatase to rutile, as well as the
crystallite size for all samples, are presented in Table 1.
Only one peak was observed for gold at 26 = 38.14°,
and the rest of the peaks may be overlapping with
titanium peaks in other areas. Therefore, it was observed
that the average crystal dimensions of the gold-plated
samples were relatively reduced compared to the pure
sample. It is worth noting that this phenomenon may be
ascribed to the imposition of lattice strain, thereby
offering a plausible explanation for the observed
reduction in crystallite size among the Au-doped
specimens [38]. The highest anatase to rutile phase
transformation occurred when 2.5% Au was used as the
dopant (39.36% anatase and 60.63% rutile). Thus, it can
be concluded that doping Au intothe TiO, structure
promotes the transition from the anatase to the rutile
that  this
transformation is influenced by factors such as the

phase. ~ Previous studies. have’ shown

composition, grain size, impurities, nature and amount
of dopant, and the heat treatment process [39].

Previous research has indicated that factors such as
synthesis method, calcination temperature, and metal-
doped can influence the crystal phase formation of TiO,
[40]. It has been recently reported that the mixed phases
of TiO, are useful for reducing the recombination of
photogeneration electrons and holes that would raise the
photocatalytic activity [41]. However, the rutile phase is
also preferred for a synthesized TiO, structure because it
could be used to improve the photocatalysis activity of
TiO, [42].

XPS Analysis

Description of XPS for an illustrative of pure TiO,
and X% Au/TiO; NPs regions Au 4f, Ti2p, O 1s, and
C 1s and related data. Fig: 2 shows the surface survey XPS
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Fig 2. The XPS spectra of pure TiO, and X% Au/TiO,
NPs

Table 1. The ratio of rutile phase and anatase and crystallite size of the samples

Sample Phase ratio (%) Crystallite size of TiO, (nm)
Anatase Rutile Anatase Rutile
TiO, 46.34 53.66 32.38 37.37
0.5% Au/TiO, 44.85 55.15 32.39 35.50
1% Au/TiO, 44.30 55.70 33.24 35.49
1.5% Aw/TiO, 41.49 58.51 28.96 28.65
2% Au/TiO, 40.66 59.34 31.63 31.38
2.5% Au/TiO, 39.36 60.64 33.97 26.37
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spectra of pure TiO, and X% Au/TiO, NPs. The C 1s
binding energy is caused by a thin coating of
carbonaceous material produced on the surface of most
samples exposed to air [43]. The survey spectra reveal two
further peaks for X% Au/TiO, NPs in the region of 80—
90 eV.

The Ti2p region spectra of pure TiO, and X%
Au/TiO, NPs are shown in Fig. 3(a). Ti (IV) 2ps> and 2pi,
are the two main photoelectron peaks of pure TiO, at
binding energies of 458.0 and 463.8 eV, respectively. For
X% Au/TiO; NPs, it is discovered that the Ti 2p;, and
2p12 peaks have been moved to lower binding energies.
The shift in binding energies can be attributed to the
change in the surface chemistry of TiO, in the X%
Au/TiO; NPs. This is because the Energy Fermi (Er) of Au
is known to be lower (=5.5 eV) than that of TiO, (—4.4 eV)
[44,45]. This suggests intimate contact between TiO, and
Au NPs, resulting in a change in electronic characteristics
[46]. As a result, in the case of X% Au/TiO,, electrons
wander from TiO; to Au, making TiO; slightly positively
charged. As a result, Ti 2p peaks at lower binding energy
levels for the X% Au/TiO, NPs. The X% Au/TiO, sample’s
metallic state of Au NPs was indicated by the
photoelectron peaks of Au (Fig. 3(b)), specifically Au 4f;,
and 4f;;;, which were found to be located in the range of
82.02 to 89.35 eV for X% Au/TiO, samples.

Due to an electron transfer from TiO, to Au NPs.
The binding energy of X% Au/TiO, was shown to be

(a) Ti 2y
Ti 2p,,

/

X 2.5% Au/TIO,

2% Au/TiO,

1.5% AUITIO,
1% AU/TIO,
. )
Ti 2043 0.5% AuTIO,
TiO,

—_——

Intensity (a.u.)

negatively shifted in the Au4f signal, and this shift
continued to decrease as the Au concentration
increased, because Au NPs are dispersed on the TiO,
surface, the electrons from the TiO; can transfer to the
Au NPs, resulting in a change in the electronic structure
of the around the Au NPs, leading to anegatively shifted
binding energy in the Au 4f signal:

The potential cause of the negative energy shift is
hypothesized to be the interaction of the Au particles
with Ti. According to the literature, an initial state effect
linked to electron transport from Ti** surface defect sites
to Au can explain why the Au4f;, peak shifted toward
lower binding energy [44,47].

A marked shift in the binding energy is also
observed for the O 1s of X% Au /TiO, NPs compared to
that of pure TiO, NPs, as shown in Fig. 4. The lattice
oxygen (LO) and surface-adsorbed oxygenated species
(SO) are responsible for the high peak at 529.15 eV and
the faint peak at 530.19 eV, respectively, in the O 1s
feature of pure TiO, NPs (Fig. 4(a)). It is discovered that
these two O'1s peaks have been moved to a higher
binding energy, as shown in Fig. 4(b-f) [48]. The
presence of LO and SO suggests the possibility of oxygen
vacancies in the TiO, NPs. Oxygen vacancies can result
in charge redistribution within the material, leading to a
shift in the binding energy of the O Is peaks towards
higher energy. Table 2 displays the outcomes of the XPS
analysis conducted on samples, encompassing both

(b)

2.5% Au/TiO,

2% AU/TIO,

1.5% AU/TIO,
1% AUITIO,

0.5% Au/TiO.

Intensity (a.u.)
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Fig 3. The surface survey XPS spectra of pure TiO, and X% Au/TiO, NPs for (a) Ti 2P and (b) Au 4f
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Fig 4. O 1s, XPS area spectra of (a) TiO,, (b) 0.5% Au/TiO,, (¢) 1% Au/TiO;, (d) 1.5% Au/TiO,, (e) 2% Au/TiO,, and
(f) 2.5% Au/TiO,

Binkng Energy (¢\)

r———y BT
t ol o OSSN 00 02 90 s
Blndhag Focrgy (eV

Table 2. The ratio of rutile phase and anatase and crystallite size of the samples

Sample C 1s (%) Ti2psn (%) O 1s (%) Au 4f;, (%)
TiO, 9.30 24.64 66.06 --
0.5% Au/TiO, 9.00 26.60 67.10 0.30
1% Au/TiO, 8.20 29.84 61.16 0.80
1.5% Au/TiO, 7.24 25.70 65.81 1.25
2% Au/TiO, 7.71 24.42 65.52 1.45
2.5% Au/TiO, 6.72 24.20 67.07 2.01

atomic ratios and the precise determination of peak
positions.

TEM Analysis

TEM images were utilized to demonstrate the shape,
particle size, and particle size distribution of pure TiO,
and X% Au/TiO, NPs. Fig. 5 depicts the aggregation of
particles consisting of either single particles or clusters of
particles, the TiO, and X% Au/TiO, NPs had an uneven
form of produced NPs in a TEM image. The morphology
of TiO, remained same-like with the addition of Au, as
illustrated in Fig. 5 where the Au NPs are evenly
distributed over the surface of TiO..

The particle size and the distribution of TiO, and
X% Au/TiO, samples are shown in the size distribution
histogram (Fig. 6). The particle sizes observed were 31, 29,

28, 30, 28, and 29 nm for TiO,, 0.5%, 1%, 1.5%, 2%, and
2.5% Au/TiO,, respectively.

FESEM Analysis

FESEM was used to examine the morphology of
the prepared samples, as Fig. 7 illustrates. The structure
of the synthesized TiO, has agglomerated non-uniform
spherical NPs, according to the results. The reason for
the agglomeration is that TiO, is unstable in NPs form
and will tend to clump together until it reaches a more
stable state. The findings were in good agreement with
previously published research [49]. Nevertheless, it was
not evident that Au NPs were separate entities on the
surface of Au/TiO, [50]. There were no discernible
changes in the morphology of the TiO, and X% Au/TiO,
samples.
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Fig 5. The TEM images of (a) TiO,, (b

2.5% Au/TiO, samples
:(a) 10, | :.'(b) o \-nx,l :(e) A waaTo, )
: (d) 1.5% AWTIO,
i

R
Ny 2l

s o = — - v
Fig 6. The size distribution histogram of (a) TiOs, (b) 0.5% Au/TiO;, (c) 1% Au/TiO,, (d) 1.5% Au/TiO,, (e) 2%
Au/TiO,, and (f) 2.5% Au/TiO, samples
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The EDX mapping technique provides a

comprehensive  visualization of the elemental
composition and spatial distribution of both TiO, and 2%
Au/TiO; NPs, as shown in Fig. 8. Notably, the Au NPs
exhibit a significantly uniform dispersion across the
surface of the TiO, material. Usually, the weight
percentage (wt.%) and atomic percentage (at%) of the
surface elements of the sample are reported in the EDX
analysis. The obtained data from the analysis confirmed
the existence of Au metal on the surface of the catalyst as
determined in Table 3.

Notably, the remaining samples exhibited slight
contradictions between the observed percentage of Au
within the sample structure and the expected value, as
mentioned in Table 3. Discrepancies between expected

and actual values for the proportion of Au within the

(a) Ti Kal O Kal

Au Mal Ti Kal
(b)

hom

lpm

Fig 8. The EDX mapping of (a) TiO,, and (b) 2% Au/TiO, samples

sample structure can be caused by a variety of variables,
including uncertainty in the compositions of the
standards and inaccuracies in the different corrections
that must be applied to the raw data [51].

BET Analysis

The surface area of the photocatalyst sample is an
essential component that influences dye degradation
activity [52]. Fig. 9 displays the N, adsorption-
desorption curve of the TiO; and X% Au/TiQ, NPs
generated. The relative isotherms were type IV
isotherms with an H1 hysteresis loop [53].

The . occurrence < of monolayer-multilayer
adsorption on the inner surface becomes evident during
the region i of the isotherms at low relative pressure

(p/po)« This is attributed to the transition from a fluid to

Map Sum Spectrum

" “y ne
o nr L

O Kal

Map Sum Spectrum

.7 ns
on
146 102

Table 3. The results of an EDX study of samples of TiO, and X% Au/TiO, NPs

Samples wt.% at.%
Au Ti (@) Au Ti O

TiO, 0.00 66.31 33.69 0.00 39.63 60.37
0.5% Au/TiO, 0.32 59.66 40.02 0.21 33.37 66.42
1% Au/TiO, 0.73 54.12 45.15 0.46 28.31 71.23
1.5% Au/TiO, 1.11 60.02 38.87 0.09 34.31 65.60
2% Au/TiO, 1.46 58.37 40.17 1.02 31.89 67.09
2.5% Au/TiO, 2.01 63.17 34.82 1.12 36.42 62.46
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Fig 9. The pore diameter distribution and N, adsorption-desorption isotherms of the pure TiO, and X% Au/TiO, NPs

at77 K

Table 4. Surface area examination results of TiO, and X%
Au/TiO,, total pore volume, and average pore diameter

Catalyst Seer (m?%/g) Vi (cm?/g)  Dpm (nm)
TiO, 33.36 0.1481 17.75
0.5%Au/TiO, 37.08 0.1625 17.52
1%Au/TiO, 37.13 0.1602 17.25
1.5%Au/TiO, 38.74 0.1772 16.29
2%Au/TiO, 47.21 0.1846 15.63
2.5% Au/TiO, 51.62 0.1816 14.07

*Sper: surface area deduced from the isothermal analysis, Vi: pore
volume overall, and Dgm: the BJH adsorption technique used to
calculate average pore diameter

a crystalline phase of the adsorbed N, [54]. Capillary
condensation becomes noticeable at high p/p, at regions
ii and iii, as indicated by the pronounced increase in
adsorption volume observed in the upper segment of
isotherms once the pores have become saturated with N,-
liquid [55].

Table 4 provides a summary of the BET surface area,
pore volume, and mean pore diameter of the samples
examined. The BET surface area of TiO, was found to be
a value close to that of X% Au/TiO, but showed a slight
increase with higher Au loading. This suggests that the

addition of Au had a limited impact on the BET surface
area of TiO,. In contrast, the introduction of Au into
TiO, NPs resulted in a greater mesoporous volume
compared to pure TiO,. This increase can be attributed
to the enhanced microporosity caused by Au doping
which prevents TiO, NPs from clumping together.
Additionally, the BJH pore diameter gradually decreased
with the addition of Au, indicating controlled crystal
growth in the X% Au/TiO, samples.

FTIR Spectra

The FTIR spectrum recorded from the TiO, and
X% Au/TiO, samples is shown in Fig. 10. The absorption
band observed at 3600-3400 cm™ corresponds to the
stretching vibration of the hydroxyl O-H group at
3735.21-3420.10 cm ™. This result indicates the physical
absorption of water, suggesting the presence of moisture
in the samples [56]. The band at 2355.12 cm™ indicates
the stretching vibration of bonded and non-bonded O-H
groups, resulting from the interaction of hydroxyl groups,
and modes of the water molecules [57]. The enhanced
intensity of the band at 2108.89 cm ™ suggests that most
of the Au sites are covered by adsorbed oxygen [58]. This
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Fig 10. FTIR spectrum of the pure TiO, and X% Au/TiO, NPs

could be attributed to the presence of very small-sized Au
NPs in the X% Au/TiO, samples, as previous research has
shown that Au particles smaller than 2 nm remain
oxidized [59-60]. The existence of this peak was not
detected in the pure TiO, sample.

a weak band observed at
1628.80 cm™, corresponding to O-H bending groups

Furthermore, is
resulting from chemically absorbed water in the solution
[61]. Another peak is detected at around 1512.32 cm™,
characterized as the bending of CH, groups [62]. The peak
at468.94 cm™' is observed, which isattributed to Ti-O-Ti
stretching vibrations in the anatase and rutile phases. This
indicates the broad absorbance of TiO, due to the bending
vibration of Ti-O stretching, resulting in the formation of
Ti-O-Ti bridge stretching [63].
UV-vis Analysis

The UV-vis absorption spectra of the TiO, and X%
Au/TiO, NPs were recorded and are shown in Fig. 11(a).
The TiO, showed no absorbance in the visible region

because of the wide band gap (~3.2 eV). TiO, effectively
absorbs light in the range of 275 to 405 nm and efficiently

reflects light due to its high refractive index [64]. These
dual effects, absorption, and reflection, significantly
enhance TiO,'s protective capabilities against UV rays
[65]. Conspicuous absorption within the wavelength
range of 300-330 nm was discernible in all examined
samples. Previous studies have substantiated the
existence of a distinct peak at approximately 325 nm in
pure TiO, [66]. Consequently, by introducing varying
quantities of Au into the TiO, catalyst, the predictable
modulation of the absorption wavelength has been
demonstrated. A considerable increase in absorption
was seen in X% Au/TiO, when the Au NPs were altered,
maybe that's because the SPR effect of the Au NPs had a
light-capturing effect [67]. Additionally, a distinct
absorption peak emerged within the 490 to 590 nm
range, aligning with the inherent absorption peak of Au.
Increasing the Au content in the catalyst led to a
proportional increase in light absorption. Fig. 11(b)
presents the Tauc plot analysis used to calculate the band
gap energy (Eg), specifically for a direct band gap
semiconductor. The observed E; of pure TiO, is 3.24 eV,
which aligns well with the theoretical value. However, as
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Fig 11. TiO, and X% Au/TiO, samples for (a) UV-vis absorption spectrum and (b) band gap energy

the amount of Au loading increases, there appears to be a
decreasing trend in the E, value. This is evident from the
observed values of 3.14, 3.02, 2.98, 2.90, and 2.94 eV for
the 0.5%, 1%, 1.5%, 2%, and 2.5% Au/TiO, samples,
respectively. The decrease in E, value is a result of the
properties of free electrons in the conduction band (CB),
indicating structural changes in the TiO, matrix upon
loading of Au NPs onto TiO,. This leads to the creation of
a metal-semiconductor Schottky junction between Au
and TiO; [68]. May be explained that when the content of
Au was less than its optimal ratio, the gold impurity
energy level would be the separation center: On the
contrary, when the content of gold/gold ion was more
than its optimal ratio, the gold impurity energy level
would be a recombination center, which in turn makes the
energy gap decrease.

MB Degradation

Initially, the influence of the amount of adsorbent
on the photocatalytic degradation of MB dye was
investigated using TiO,. To determine the optimal dosage
of the catalyst, various quantities of the TiO, catalyst were
their
photocatalytic efficacy under the same conditions. Thus,

measured and subsequently evaluated for
5, 10, 15, 20, and 25 mg of adsorbent were employed.
Subsequently, each of these catalyst doses underwent
photocatalytic testing using identical operating conditions,
including a concentration of MB dye at 10 ppm, a solution

volume of 100 mL, and exposure to UV light irradiation

for 120 min. The remaining concentration of MB dye in
the supernatant was quantified by measuring its
absorbance using a UV-vis spectrophotometer.

The results presented in Fig. 12 illustrate that the
highest degradation efficiency for TiO, was observed at
a dose of 15mg, yielding a degradation percentage of
68.62%. Following this, doses of 5, 10, 15, 20, and 25 mg
resulted in degradation percentages of 36.22, 57.41,
68.62, 48.78, and 47.27%, respectively, after 120 min of
light irradiation. It was found that 15 mg TiO, shows
higher activity in reaction and dye decomposition than
20 and 25 mg TiO,. This can be attributed to that 15 mg

90 -
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80 - —&—15mg
~¥-20mg
1-9-25mg
70

EN o 2}
o o o
1 1 1

MB removal (%)

w
o
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Fig 12. Effect of amount of TiO, on the degradation of
MB dye at 120 min UV light irradiation

Rasha Jameel Neama et al.



12 Indones. J. Chem., xxxx, xx (x), xx - xx

TiO, has the highest content of surface hydroxyl groups
in contrast to the 20 and 25 mg samples which can be
observed. On the other hand, when the amount of catalyst
is increased more than the ideal amount, it leads to the
solution becoming turbid and not transmitting to light,
meaning its absorption of light decreases and the reaction
is not completed.

Fig. 13 shows the time-dependent UV-vis spectra of
MB in the presence of the synthesized 15 mg of pure TiO,,
0.5%, 1%, 1.5%, 2%, and 2.5% Au/TiO, NPs under UV
light irradiation. The results showed that as the time
increased, the absorption decreased for all samples. The
sample 2% Au/TiO, had the highest reduction in
absorption. The time of irradiation increased, and the
interaction of the dye molecule increased with the surface
of the photocatalyst. Therefore, the photodegradation
efficiency of the photocatalyst was increased [69-70].

The photocatalytic reaction rate is significantly
influenced by the level of Au loading on the surface of
TiO,. To determine the most effective Au loading for this
particular reaction, the photocatalytic degradation of MB
under UV light irradiation was performed using Au/TiO5
with varying amounts of Au for 0.5%, 1%, 1.5%, 2%; and

3
[o5%¢ AuTiO,

1o, 1

T EvasTio)

Waveleagh (o Wiveleagh (e

Waveleagh (e Wiveleng

2.5%. The results showed that the photocatalyst with a
2% Au content exhibited the highest activity. The
superior photocatalytic performance observed in the
composite with 2% Au loading can be attributed to both
enhanced light absorption and the strongest SPR effect
[71]. While pure TiO, had the lowest reduction after
120 min of UV light exposure.

Fig. 14 illustrates the observed degradation rates of
MB under various concentrations of X% Au/TiO,
catalysts. Among the tested catalysts, the 2% Au/TiO,
exhibited the highest'degradation rate, reaching 79.88%.
This was closely followed by the 1.5% Au/TiO, catalyst
at 75.40%. Additionally, the 1%, 2.5%, 0.5% Au/TiO,,
and TiO, catalysts achieved degradation rates of 74.10,
73.23, 70.60, and 68.62%, respectively, after 120 min of
light irradiation.

The reason for the reduced activity at high levels of
Au can be explained by the fact that there is a limited
number of sites on which both the metal and support are
[72].
Additionally, a high amount of Au can create a

necessary for the reaction to take place

shadowing effect, which prevents the photocatalyst NPs
from absorbinglight [73]. A summary list of studies on

s a0,

s AwTiO,

Wiveleng (om

Fig 13. UV-vis spectra of MB degradation with initial concentration = 10 ppm, catalysts dose = 15 mg of TiO,, X%

Au/TiO,, versus irradiation time for MB degradation
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Table 5. List of recently investigated photocatalytic activity of TiO, and X% Au/TiO, for MB degradation under UV-

vis irradiation studied by researchers

R f degradati Irradiation ti \ MB
Catalyst ate of degradation Preparation method rradlatlion time Catalystdose [MB] Ref
(%) (min) (mg) (ppm)

1o, 08.62 Sol-gel 12 1 1 This stud
Au/TiOz 29.88 ol-ge 0 5 0 is study

1O, 400 Sol-gel 80 25 10 74
Au/TiO2 73.00 ol-ge (74]

O, 2000 Hydrothermal 120 10 75
Au/T102 £6.00 ydrotherma - [75]

1O, 2000 Fl lysi 200 6 20 76
Au/TiO, £0.00 ame spray pyrolysis [76]

O, 7200 Sol-gel 240 50 3 77
AU/TiO, 96.48 o8¢ (77]
Au/TiO, 93.90 Sol-gel 240 100 15 [78]
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Fig 14. The degradation of MB dye with catalysts dose =
15mg of TiO,, and X% Au/TiO; at 120 min UV light
irradiation

the photodegradation of MB by different photocatalytic
nanocatalysts prepared by different physical and chemical
methods is listed in Table 5.

m CONCLUSION

A novel composite photocatalyst, Au-doped TiO,,
was effectively produced using the sol-gel process. Under
both UV light irradiation conditions, the as-prepared
photocatalyst exhibits more photocatalytic activity than

structures (rutile and anatase phases), the average
crystallite size of the prepared TiO, NPs was 28-37 nm
for the anatase and rutile phases. Through XPS, the
surface components are revealed, which are Au 4f, Ti 2p,
and O Is regions. FESEM and TEM were utilized to
analyze the morphology of the samples, and the results
show spherical shapes. The FTIR spectrum indicated the
presence of OH, CH,, and Ti-O-Ti groups in TiO;
samples, with an additional peak at 2108.89 cm™
indicating the presence of gold in X% Au/TiO, samples.
The BET surface measurement reveals that the surface
area increases from 33.36 m’/g for pure TiO, to
51.62 m*/g for 2.5% Au/TiO,. The UV-vis analysis result
demonstrated that the as-synthesized X% Au/TiO,
nanostructures were strongly absorbing at both UV and
visible regions, i.e., 200-380 and 650 nm, respectively.
The strong absorption at the UV region is believed to be
due to the presence of a TiO, band gap, whereas the SPR
phenomenon of Au NPs renders a strong absorption
visible region. In the photocatalytic investigation, it was
discovered that under identical reaction circumstances,
2% Au/TiO, was a superior photocatalyst to others.
Doping TiO, samples with Au NPs is considered a
promising work for purifying water from organic dyes.
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