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Abstract

One of the important challenges encountered in photocatalysis applications is to fabricate
high performance photocatalysts with an easy and low-cost fabrication method and
sustaining a slow hole-electron recombination rate. The latter can be achieved by
promoting the synergetic effect between noble metals and metal oxides such as titanium
oxide (TiO,). In this work, gold nanostars/TiO, (GNS/TiO,) nanocomposites were
prepared using the impregnation method. A study of the dependence of the size on the
synergetic effect of GNS/TiO, nanocomposites was investigated using TiO, nanoparticles
with an average size of 5 nm and 20 nm, respectively. The structural, morphological,
elemental and optical properties of GNS/TiO, nanocomposites were studied by X-ray
diffraction (XRD), High-resolution transmission electron microcopy (HRTEM), Energy
dispersion X-ray (EDX), selected area electron diffraction (SAED), Raman spectroscopy,
adsorption/desorption isotherm, and UV-Vis optical spectroscopy techniques. The

photocurrent study was performed with different films of GNS/TiO, nanocomposites
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indicating the importance of the size to enhance photocurrents with the presence of GNS.
The photocatalytic activity of the prepared nanocomposites was studied toward the
photodegradation of the Naphthol Green B complex dye. 5 nm and 20 nm pure anatase
TiO, exhibited a very fast degradation of the dye during 19 and 70 minutes with kinetics
reaction rate of 0.078 and 0.03 min™ respectively. By adding GNS, 5 nm and 20 nm
GNS/TiO, showed shorter photodegradation time of 10 and 15 minutes with Kinetics
reaction rate of 0.241 and 0.155 min™ respectively. The latter confirms the strong
synergetic effect between GNS and 5nm TiO, that may come from its smaller size
compared to the 20 nm TiO, nanocomposite system. The first principal calculations were
performed to study the stability and electronic structures of the Au/TiO, composite
interface. The interfacial charge properties and the potential drop between the gold and
TiO, were also studied. The adsorption energies of the Naphthol Green B on the Au/TiO;

composite interface were also examined.

Keywords: GNS/TiO,, photocatalysis, synergetic, plasmonic, interfacial charge,

adsorption energy

Introduction

Over the last decades, TiO, nanoparticles loaded with noble metal metallic nanoparticles
possessing a localized surface plasmon resonance (LSPR) have been used for
photocatalytic reactions within the visible optical spectrum[1-6]. As a result, plasmonic
metal nanoparticles doped semiconductor nanostructures have improved efficiency for
water splitting, decomposition of organic compounds or photovoltaic devices by 10—
15%[7-10]. Noble metals such as Pt, Au, Ag or Pd have been used for visible-light
activation, all increasing the photocatalytic activity of TiO,[11-15].

Plasmonics nanostructures, i.e. metallic nanostructures possessing the collective
excitation of the conduction band electrons when interacting with light, have received a
lot of attention and have brought to the field extensive progress due to the amelioration of
the fabrication technologies. In particular, the down-sizing of metallic nanostructures can
confine the excited conduction band electrons, thereby inducing large amplification of the

electric field in the vicinity of the nanostructures and the control of the geometrical aspect



of the nanostructures has promoted a great control over these (LSPR) collective
excitations [16-18]. When molecules or semiconductors are close to these metallic
nanostructures, electron transfer can be achieved with great efficiency from the metal as
it can be the case with TiO, [19-21]. Other semiconducting metal oxides, e.g. BiFOs,
SrTiO3 also showed an increase in their efficiency after loading them with noble metal
nanoparticles [22-28]. The injection of electrons from the semiconductors can be induced
through different ways such as enhanced electric field due to the excited plasmons or
electron-hole generation [29-32].

Although much progress has been reported on the metal/TiO, nanocomposites, there are
remaining challenges to overcome in relation to the plasmon resonance spectral range and
amplitude. This is why using metallic nanostructures with a specific shape sustaining
plasmon modes in a large visible-IR spectral range is of great interest for the
enhancement of the photocatalytic activities of metal/TiO, nanocomposites[33,34]. Gold
nanostructures with the shape of triangle pyramid, star, square cube, sphere, rod, etc... do
exhibit plasmon resonance modes that can be excited at different wavelengths with the
result of different orders of magnitude of enhancement[35-38]. Specifically, one of the
shapes sustaining high optical enhancement with gold nanoparticles is the star (GNS). In
this case, plasmon excitation with different wavelengths attributed to the spikes and the
core is possible. In particular, individual hotspots generated at the spikes possess high
electromagnetic enhancement playing a crucial role during the photocatalytic
activation[39-41].

TiO, nanoparticles have remarkable physical and chemical properties that depend on
their size, morphology, phase structure, crystallinity, all resulting from the synthesis
process of these nanoparticles such as sol gel, solvothermal, impregnation, etc[42-47].
These properties have a great effect on the photocatalytic activity[48,49]. For instance,
decreasing the size of the nanoparticles can induce a quantum confinement effect, reduce
the band bending energy, reduce the charge layer and increase the surface to volume ratio
[50,51]. Therefore, investigating nanocomposites where both gold and TiO, nanoparticles
have nanometer size is important. Up to now, such a study where the size effect of the
TiO, nanoparticles is investigated in conjunction with GNS formed by the impregnation



detail, this work consists of two parts: first a photodegradation and a photocurrent study
and second a theoretical study of the interfacial charge transfer in Au/TiO;

nanocomposites with the adsorption energy evaluation of dyes.

Experimental details
Materials

Two types of commercial TiO, nanoparticles with different sizes were purchased. The
first type contains nanoparticles with an average diameter of 5 nm ordered from
Skyspring Nanomaterials (product ID: 7930DL), USA. The second one contains
nanoparticles with an average diameter of 20 nm purchased from Sigma-Aldrich (CAS
number 637254-50G), Germany. A 10 mL stock solution of 5 mM GNS dispersed in
water was purchased from Nanoimmunotech Inc. (CAS NR:7440-57-5), Vigo, Spain. The
GNS had an average overall diameter of approximately 50 nm.

Preparation of nanomaterials

The prepared aqueous solutions of the GNS/TiO, nanocomposites, called GNS/TiO; (5
nm) and GNS/TiO; (20 nm) respectively, were obtained with the dry impregnation
method. Typically, 1 g of TiO, nanoparticles powder was impregnated with a 0.5 mM
solution of the GNS. To obtain a 0.1 wt.% Au content in the final product, 10 mL of the
GNS suspension was added to TiO, at room temperature under strong stirring, see Figure
1. The mixture was stirred for one hour and then the product was dehydrated in vacuum
for 48 h. The films were fabricated using the spin coating method. 200 uL of GNS/TiO,
nanocomposites aqueous solution with a concentration 10° M was deposited into 2 cm x

2 cm fluorine tin oxide glass substrate (FTO) with a 6000 rpm during 45 s. Raman



spectroscopy was used to assure the presence of a film onto the substrate, see Figure S3.

The thickness of the films was estimated to be around 300 nm using the model of Emslie.

Characterization of the prepared nanomaterials

For HRTEM (JEOL, model JEM-2100F), SAED, EDX analysis, all samples were
sonicated for 10 mins. For HRTEM, 5 pL of the dispersed solution was deposited on a
carbon coated copper grid. Raman spectra were collected using a confocal Raman
microscope (LabRAM HR800, Horiba, France) equipped with a multichannel charge-
coupled detector (CCD). An excitation source consisting of a He-Cd laser with a
wavelength of 442 nm, a grating of 1800 I/mm, and 20 mW output power was used. At
room temperature and in backscattering configuration, Raman spectra were measured
with a spectral resolution of 0.8 cm™. The same laser was used for photoluminescence
measurement but with an excitation wavelength of 325 nm and a grating with 300 I/mm.
The optical properties of the samples were measured at room temperature by measuring
the absorbance of the sample in the range of 200 — 800 nm. Spectrophotometry (Hitachi
UV-3600) with integrating sphere attachment allowed measuring absorbance spectra for
solids. Photocurrent measurements were performed into an H-cell filled with distilled
water mixed with a 0.1 M of Na,SO4;. A photoanode made of the GNS/TIO,
nanocomposites film and Pt electrodes were installed in the photoelectrochemical cell. A
UV-visible lamp with a spectral range (315-450 nm) (UV 400 HL230 Fe Clear-A, UV
Light Technology Limited, Birmingham, UK) with a power density of 100 mW/cm? was
used.

Photocatalytic degradation processes

Photocatalytic degradation of the colored pollutants was studied through determining the
photocatalytic activity of the prepared samples. The used photochemical reactor was the
source for the quartz immersion well reactor (RQ400), which was used for performing
photocatalytic reactions. The double-walls of the immersion well were used for cooling
the lamp during the photocatalytic reactions. The mercury lamp, which has 400 W
medium pressure, was combined with 400 mL standard reaction flask to carry out the
photocatalytic reactions. A major part of radiation for medium pressure lamp focuses in



the range of 365-366 nm. In the current study, photocatalytic reactions were performed
with the Naphthol Green B dye. A low 4x10™* M concentration aqueous solution of the
dye was prepared. The amount of photocatalyst was 0.3 g/L. By measuring the maximum
of the band in the spectrum of the dye, the concentration of the dye can be determined by
the Beer—Lambert law. The characteristic band of the Naphthol Green B is at 714 nm.
Therefore, the concentration change of the dye was monitored by measuring the
absorbance at 714 nm. The experiment was performed in the dark for 60 mins to avoid
the adsorption process between the photocatalyst and the dyes. Also, this experiment was
carried out without photocatalyst in presence of UV light for 60 mins to test the stability
of the dye. After irradiation with UV light, small doses of the solution were withdrawn at
different intervals of time. By UV-Vis absorption, the concentration of the remaining dye

in the solution was determined.

Results and discussion

XRD

X-ray diffraction measurements were performed onto 4 samples: pure TiO, with a size of
20 nm, GNS/TiO; (20 nm), pure TiO, with a size of 5 nm, and GNS/TiO; (5 nm). Figure
1la shows XRD patterns of anatase phase of TiO, with its diffraction peaks located at
25.3, 37.9, 48.05, 53.9, 55.06, 62.4, 68.76, 70.3 and 75.06 assigned to the respective
crystalline planes (101), (004), (200), (105), (211), (204), (116), (220) and (215), as
reported in JCPDS card no. 21-1272. However, no pattern related to gold was observed
because the gold concentration was too low. If we compare pure 5 nm TiO; and 20 nm
TiO,, the size effect is clearly observed through the broadness and the shift of the (101)
crystal plane peak, decreasing with the size going from 20 down to 5 nm, see Figure 1b.
To confirm the origin of the shift, the lattice parameters, namely the interplanar distance
d and the crystallite size D, were extracted from the XRD patterns, see Table S1. The
crystallite size D was extracted using Debye-Scherrer equation for the two crystal planes
(101) and (200) [52]. As expected, the crystallite size in the 5 nm TiO, nanoparticles is
half that of the 20 nm TiO, ones. The interplanar distance d is larger in the case of the 5
nm TiO,, d = 3.548 A, as compared to the 20 nm TiO,, d = 3.521 A. These values are

comparable to that found in studies focusing on Au@TiO, core shell and Au/TiO;



nanocomposites [46,53-57]. The latter is due to the increasing strain when the size
decreases [58]. However, the shift between the GNS/TiO, 5 nm and the 20 nm samples at
large diffraction angles is due to the presence of the gold nanoparticles. The physical
origin of this shift is due to a compressive effect on the lattice parameters at the
nanoparticles surface [59]. This shift is more pronounced in the 5 nm TiO,
nanocomposites as compared to the 20 nm TiO,, see Table S1. Indeed, the effect of the
GNS on the surface structural properties in very small nanoparticles such as 5nm
GNS/TiO, is expected to be due to its higher surface to volume ratio at smaller sizes, see
Figures S5-7.
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Lattice parameters, crystallite size, and interplanar distance of TiO,/GNS nanocomposites extracted from

TEM and EDX analysis
Figures 2 (a-b) show TEM images of GNS. It is clearly seen that GNS have an average
size of 50 nm and tips with an average diameter of 10 nm. Figures 2(c-d) show TEM

micrographs for the 20 nm GNS/TiO, sample. It can be clearly seen from the figures that



the TiO, nanoparticles with an average size of 20 nm in addition to few gold nanostars
(GNS) with an average size of 50 nm were distributed throughout the surface.
Furthermore, high magnification images as shown in Figure 2 (c) show stars like
morphology of gold nanoparticles thereby revealing their shape. To study the crystal
structure of the prepared samples, HRTEM images revealed an interplanar distance of
0.2+0.02 nm which corresponds to the (111) plane of gold crystal, see Figure S2 (A, B).
This d spacing matches well with what has been reported in previous studies [53,60-62].
SAED patterns show clearly the rings that correspond to the (111), (200), (220), (311)
and (222) planes of gold, see Figure S4 (C). To study the elemental characteristics of the
nanocomposites, elemental mapping and energy dispersive spectra were performed see
Figures 2(e, f) and S4(D-G). The weight percentage are 20+0.1, 72+0.5, and 7+0.2 % for
O, Ti, and Au, respectively. The atomic percentage are 44+0.1, 54+0.15, and 1.3+0.02%
for O, Ti, and Au, respectively.

Figure 2: (a-b) TEM images of gold nanostars. (c-d) TEM image of 20 nm GNS/TiO, nanocomposites. (e)
EDX analysis of 20 nm GNS/TiO, nanocomposites.
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AnVAUFESpECtivelyi (f) Elemental mapping of Ti, O and Au Fepresentediby/Green,red)iand bIue colors|
respectively.

The presence of Ti, O, and Au is clearly seen, confirming the formation of GNS/TiO,
nanocomposites. HRTEM images also confirmed in the 5 nm GNS/TiO, sample the
presence of TiO, nanoparticles with an average size of 5 nm and few gold nanostars
(GNS) distributed with an average size of 50 nm, as shown in Figure 3(a)-(b). In these
figures, the GNS are covered with the 5 nm TiO; nanoparticles and therefore the GNS
tips are not well displayed. HRTEM shows different crystal plane orientations for gold
and TiO, nanoparticles. A 0.33 nm interplane distance for the (101) plane in TiO, was
estimated and shown in Figure S5(A, B). The approximately same distance was reported
in previous works [27,60-62]. SAED patterns show clearly the rings corresponding to the
(101), (004), (200), (211) and (204) planes, see Figure S3(C). Figures 3(c-d) and S5(D-G)
show the energy dispersive spectra and elemental mapping of the 5 nm GNS/TiO,
nanocomposites. The presence of Ti, O, and Au in the 5 nm GNS/TiO, nanocomposites
are clearly seen. The weight percentages are 29+0.15, 56+0.4, and 15+0.2 % for O, Ti,
and Au, respectively. The atomic percentages are 59+0.3, 38+0.4, and 2.5+0.03% for O,

Ti, and Au, respectively.




Figure 3: (a-b) TEM images of 5 nm GNS/TiO, nanocomposites (¢) EDX analysis of 5 nm GNS/TiO,
nanocomposites. The weight percentages are 29+0.15, 56+0.4, and 15+0.2 % for O, Ti, and Au,
respectively. The atomic percentages are 59+0.3, 38+0.4, and 2.5+0.03% for O, Ti, and Au, respectively.

(f) Elemental mapping of Ti, O and Au represented by green, red, and blue colors, respectively.

Raman spectroscopy

Figure 4(a) shows the Raman spectra of 20 nm GNS/TiO, nanocomposites and 20 nm
pure TiO,. In the two spectra, phonon modes located at 143 cm™, 195 cm™, 396 cm™, 515
cm™ and 635 cm™ were observed. These observed phonon modes purely belong to the

anatase phase. The space group for tetragonal anatase is I,, Jamd and the point symmetry

is D,4. The two TiO, units present in the primitive cell give six Raman-active
fundamental modes in the phonon spectrum, namely three E;, two By, and one A,
modes [49]. The inset in Figure 4(a) shows a blue shift of 0.8+0.03 cm™ with a width of
1.140.04 cm™ for the E, mode resulting from the GNS effect incorporated into the TiO,
nanoparticles [63,64]. This shift and width induced by the presence of the gold
nanoparticles were also reported in different studies [46,61,62,65]. Figure 4(b) shows the
Raman spectra of 5 nm GNS/TiO, nanocomposites and 5 nm pure TiO,. We observe in
the two spectra the phonon modes located at 147 cm™, 195 cm™, 395 cm™, 514 cm™ and
638 cm™. A blue shift of 1.240.02 cm™ and a width of 1.9+0.04 cm™ are observed for the
Eg,mode resulting from the GNS effect on TiO,, see Table S2. From this analysis, it is
concluded that the 5 nm TiO2 nanoparticles are more affected by the GNS presence than
the 20 nm due to their smaller size and thus larger surface to volume ratio and its LSPR
located closer to the exciting laser wavelength than the 20 nm TiO2 nanoparticles. The
blue shift observed for the pure 5 nm TiO, as compared to the 20 nm TiO2 nanoparticles

is therefore due to the size dependent confinement effect [66].
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Figure 4: (a) Raman spectra of pure TiO2 (20 nm) and GNS/TiO2 (20 nm) nanocomposites. Inset shows
the blue shift observed in GNS/TiO2 (20 nm) regarding pure TiO2, (b) Raman spectra of pure TiO2 (5 nm)
and GNS/TiO2 (5 nm) nanocomposites with corresponding inset as in (a). The peak position and FWHM

extracted from E4 phonon mode using a Lorentzian function are presented in Table S2.

UV-visible absorption and Tauc plot

TiO, is one of the most efficient photo-active materials, as reported in literature[67]. Yet,
there has been many studies reporting changes in the structure, the size and the
morphology of TiO, to decrease its band gap and improve its efficiency. Decorating TiO,
nanoparticles with plasmonic nanoparticles is one promising approach for improving the
optical properties. In this respect, the optical behavior of the GNS/TiO, nanocomposites
was also studied by UV-Visible absorption spectroscopy to provide further details about

absorbance and band gaps.

Figure 5(a) shows that the 5 nm TiO, nanoparticles absorb actively in the UV region with
a broad absorption band in the [200-350 nm] wavelength range. This broad absorption
band may be due to the typical electronic transition from the O 2p to the TiO, 3d orbital.
Upon incorporation of GNS into the 5 nm TiO; nanoparticles, a new band is observed in
the visible region at 600 nm as shown in Figure 5(b). This band is attributed to the GNS
LSPR. This result agrees well with the reported data by Wan et al. [68]. They indicated
that the enhanced absorption range from 400 to 800 nm with a broad absorption peak at
about 600 nm results from the LSPR of the Au nanoparticles. It is indeed reasonable
since the Au nanoparticles LSPR is sensitive to the size and the surrounding environment.

To extract the band gap energy of the pure and the GNS nanocomposites TiO;

11



nanoparticles, we plotted the data using Tauc equation. The wide band gap is estimated at
room temperature to be 3.4+0.04 eV in accordance with the electronic transition from the
valence band to the conduction band of anatase TiO, as seen in Figure 5(c). A slight
narrowing of the band gap energy for the 5 nm TiO; nanoparticles was though observed
in presence of the gold nanoparticles as seen in Figure 5 (d). The band gap energy of the

5 nm GNS/TiO, nanocomposites decreased to 3.2+0.03 eV.
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Figure 5: UV-Vis absorbance of (a) PureTiO, (5 nm) nanoparticles, (b) GNS/TiO, (5 hm) nanocomposites
and indirect band gap energy measurement using Tauc plot: (c) PureTiO, (5 nm) nanoparticles, (d)
GNS/TiO, (5 nm) nanocomposites.

This behavior was compared to that of the 20 nm TiO, nanoparticles, see Figures 6(a)-
(d). The 20 nm TiO, nanoparticles have a wider band gap, the edge of the absorbance
being shifted to 400 nm. This effect was confirmed through calculating its band gap
energy. Figure 6(c) shows that the band gap energy decreased from 3.4+0.04 eV to
3.2+0.01 eV. In addition, incorporating the GNS improved the optical properties of the
nanocomposite with the appearance of a new absorption band in the visible region at 680
nm as shown in Figure 6(b). This feature was accompanied by the narrowing of the band
gap found to be 3.1+0.03 eV, as seen in Figure 6(d). It is therefore clearly seen that the
effect of the smaller size is to introduce the blue shift of the GNS LSPR band for the 5
nm GNS/TiO, composite positioned around 600 nm as compared to that of the 20 nm
GNS/TiO, composite positioned around 680 nm, a shift of about 0.2 eV. Such a large

wavelength shift results from the large sensitivity of the GNS morphology to the
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environment changes as compared to the spherical morphology [69]. We therefore
conclude that a strong synergetic effect is observed between the GNS and the TiO,

nanoparticles with size 5 nm as compared to size 20 nm.
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Figure 6: UV-Vis absorbance of (a) TiO, (20 nm) nanoparticles (b) GNS/TiO, (20 nm) nanocomposites
and [ndirect band gap energy. measurement using Tauc plot of: (c) TiO, (20 nm) nanoparticles, (d)
GNS/TiO; (20 nm) nanocomposites.

Photocurrent Study

Figure 7 shows the variation of the photocurrent as a function of time for different films
of pure 5 nm TiO,, GNS/5 nm TiO,, pure 20 nm TiO, and GNS/20 nm TiO, with an
applied bias voltage of 0.5 V. The presence of the GNS increased significantly the
photocurrent with respect to the corresponding pure TiO,. Globally, the 5 nm TiO,
nanoparticles showed more photocurrent than the 20 nm ones due to their smaller size.
The results confirmed that the presence of gold nanoparticles slowed down the electron-
hole recombination rate and hence increased the photocurrent. The higher surface to
volume ratio at smaller size thus increased the photoelectrochemical water splitting on
the photoanode. The latter proved that the lifetime of the photoelectron hole
recombination is longer in the case of the 5 nm TiO2 nanocomposites. The photocurrent
densities measured by irradiating the different films, namely 5 nm TiO,, GNS/5 nm TiO,,
pure 20 nm TiO, and GNS/20 nm TiO, using UV-visible light were 2, 3.5, 1.5 and 1

13



nA/cm? respectively. These values are consistent with those obtained by H. Wang et al.
and H. Chen et al. [60,61,70].
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Figure 7: photocurrent versus time for different films of 5 nm TiO,, GNS/5 nm TiO,, pure 20 nm TiO, and

GNS/20 nm TiO. A bias voltage of 0.5 V was applied during a light irradiation.

Photoluminescence Study
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Figure 8: PL intensity as function of wavelength performed, at an excitation laser wavelength of 325 nm,
for pure TiO, (5 nm), GNS/TiO, (5 nm), pure TiO, (20 nm), and GNS/TiO, (20 nm).

Photocatalytic study

In the present study, the photocatalytic activities and performance of the GNS/TiO,
nanocomposites were also studied and compared to the pure TiO, nanoparticles for the
photocatalytic degradation of the Naphthol Green B dye used as an example for industrial
pollutants [67,71]. The photocatalytic experiment was carried out by sending UV light
(400 W, medium pressure mercury lamp) to the aqueous solution containing the dye in
presence of the photocatalysts. The Naphthol Green B concentration was monitored by
measuring the UV-visible absorbance of the liquid solution as a function of time. The
decay of the Naphthol Green B concentration was then determined with the decrease of

the absorbance at its maximum located at Amax = 714 Nm as seen in Figures 9.
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The blank experiment performed without any catalyst indicated that the Naphthol Green
B dye is a rather stable molecule against UV-light. This feature shows that photolysis can
be ruled out as a mechanism for dye degradation. When the sample solution was stirred
for 60 mins in the dark, no change was detected in the dye concentration.

Figure 9(a,b) shows the photocatalytic degradation of Naphthol Green B under UV light
with the 20 nm TiO, composite, as seen from the decrease of the maximum absorption at
714 nm. After 70 mins of UV irradiation time, the disappearance of the solution color
was observed confirming the full degradation for the dye. With the 5 nm GNS/TiO,
composite, the Naphthol Green B totally disappeared in a time shorter than that observed
for the 20 nm TiO,. Figure 9(c,d) further reveals that the photocatalytic degradation
process of Naphthol Green B is achieved in 15 mins only with the 5 nm GNS/TiO,
composite as compared to the 70 mins with the 20 nm TiO, composite. The
photocatalytic process is thus much faster in the presence of the GNS and smaller TiO,
nanoparticles, a feature attributed to the GNS LSPR induced band gap shift. This
behavior is also found with the 5 nm TiO, nanoparticles and the 5 nm GNS/TiO2
nanocomposite samples. With and without the presence of the GNS, these samples are
more efficient than the two previous 20 nm TiO, and 20 nm GNS/TiO, samples,
indicative of an improved efficiency of the smaller size towards the photocatalytic
degradation of Naphthol Green B, see Figures 9(a, b). The latter is confirmed by the large
specific area of the 5 nm GNS/TiO,, namely asger=141 m?/g as compared to that of the
20 nm GNS/TiO,, asger=75 m?/g, see Figure S4-6. Consequently, the Naphthol Green B
absorbance maximum at 714 nm disappears after 19 mins only of UV light irradiation as
seen in Figure 9(a, b). Compared with the 20 nm GNS/TiO, nanocomposite sample,
acceleration of the degradation of Naphthol Green B is observed with a total degradation

of Naphthol Green B performed in 10 mins only, see Figure 9(c, d).
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Figure 9: Photocatalytic degradation of Naphthol Green B in presence of: (a) 20 nm TiO, nanoparticles,
and (b) GNS/20 nm TiO, nanocomposites. (¢) 5 nm TiO, nanoparticles and (d) GNS/5 nm TiO,

nanocomposites. Absorbance versus wavelength was measured for different irradiation time.

The high performance and activity of the nanocomposites, either the 5 nm GNS/TiO, or
the 20 nm GNS/TiO, nanocomposites, as compared to the pure TiO2 counterparts is
explained according to the presence of the LSPR in GNS. The gold nanoparticles
dispersed in the semiconductor underwent interfacial charge transfer with the titanium
oxide. Under UV light, the electrons of titanium oxide were excited from the valence
band to the conduction band. These electrons in the conduction band of titanium oxide
migrated to the surface of the gold nanoparticles because gold has a lower Fermi-level
energy. The Schottky barrier produced at the interface between titanium oxide and gold
trapped the electrons and thereby slowed down the recombination rate of the charge

carriers causing the higher performance for the degradation of the organic dye.
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Quantification of the higher performance of the 5 nm and 20 nm GNS/TiO;

nanocomposites can thus be obtained with a kinetic study of the dye degradation using

the following rate equation:

In [Co/C(0] =k x t

1)

with the constant rate of reaction k, the initial concentration Cy of Naphthol Green B dye

and the concentration of Naphthol Green B at different times C(t). According to Figure

10 where In(C,/C) is plotted against the illumination duration in minutes, it is confirmed

that the photocatalytic degradation and decolorization of the Naphthol Green B dye

solution process is a pseudo-first order reaction for both the pure TiO, and GNS/TiO,

nanocomposite systems.
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Figure 10: Kinetics process of the Photocatalytic deterioration of Naphthol green B in presence of: (a) 20
nm TiO,, (b) 5 nm TiO,, (c) GNS/TiO, (20 nm) nanocomposites and (d) 5 nm GNS/TiO, (5 nm)
nanocomposites. The data was adjusted with a linear function. R-squared is 0.99 for all the samples.
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From Figure 10, the reaction rate constant k for the Naphthol Green B dye degradation
with the 20 nm TiO2 sample is 0.02620.005 min *. With the change of the TiO; particle
size from 20 nm down to 5 nm, the reaction becomes faster and the reaction rate constant
is found to be 0.063+0.006 min~'. However, even faster reactions are observed for the
GNS/TiO, nanocomposite samples, 0.14+0.01 min~* and 0.18+0.02 min* for 20 nm
GNS/TiO; and 5 nm GNS/TiO; respectively. This Kinetics study concludes that k can
become as large as twice for the GNS/TiO, nanocomposite samples as compared to the

pure TiO, nanocomposite ones.
Mechanism of the photocatalytic process

The reaction mechanism of the photocatalysis depends on the separation process between
electrons and holes when exposed to UV light as seen in Eq. (1). With UV light
irradiation, the electrons are excited from the valence band to the conduction band
leaving holes in the valence band. Accordingly, oxygen molecules react with the excited
electrons to become strong oxidizing agents "0, as seen in Eq. (2). Meanwhile, water
molecules react with the valence band holes to produce the highly oxidizing ‘OH radicals

as shown in the following equations:

Au-Ti + light = h" (Valence band) + e (Conduction band) @
0, +e —> ‘0, 2)
HO + h* — «OH + H' (3)
NG dyes + oxidizing agents CO; + H,O (@)

In addition, the oxidizing agent (¢O2 ) can react with H+, produced in Eq.(3) to increase

the concentration of *OH radicals through the series of reactions as follow:

H+ + 0, —> +HO, ®)
2 *HO, —> H)0, + O, (6)
H,0, + € —> «OH + OH_ (")
NG dyes + oxidizing agents (*OH) —> CO, + H,0 (8)
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In the current study, the high photocatalytic activity of the pure 5 nm TiO, and 5 nm
GNS/TiO, nanocomposites can be explained by the smaller size of the TiO, nanoparticles
creating photo-active centers. This feature leads to an increase of photocatalytic activity
through the production of a large amount of strongly oxidizing agents as shown in Egs.
(2) and (3). These oxidizing agents lead to the full degradation of organic dye as shown
in Eq. (4, 8).

In addition, for the 5 nm GNS/TiO, nanocomposite, a new feature occurs with the

presence of the GNS LSPR. The gold nanoparticles dispersed in the semiconductor

undergo interfacial charge transfer with TiO,. BET study showed that GNS/TiO; (5 nm)

was confirmed by the more pronounced shift observed in XRD and Raman. The excited

electrons in the TiO, conduction band migrate to the surface of the gold nanoparticles

because gold has lower Fermi-level energy. Thus, the Schottky barrier produced at the
interface of TiO, and gold can trap the electrons. This barrier leads to an accelerating
charge separation process between the electrons and holes in addition to preventing their

recombination reaction therefore causing a high efficiency for organic dye degradation.
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Table 1: Comparison between pseudo first order kinetic reaction rate k in this work as compared to those

reported in other works with similar nanocomposites with different average size, dye, and fabrication

method.
Average size Pseudo first order
References Samples (nm) Dye kinetic reaction rate
/min™
This work GoId/TiO? 5-20 Naphthol Green 0.18
nanocomposites B
F. Azeez et al. [72] Pure TiO, 10 Methylene blue 0.018
X. Yang et al. [63] Auand A? decorated 3 Methylene blue 0.032
TiO,
Lidiaine M. Santos Ag-TiO2 10-27 E102 tartrazine 0.076
etal. [73] dye
Sadaf Bashir Khan Zig-Zag TiO, 20 Methyl orange 0.019
etal. [74]
Al Suliman et al[75] Ag-TiO, 200-500 Methylene blue 0.050
L. P. Wu et al.[61] Au/TiO, nanotubes 10-30 Tetracycline 0.020
L. Wu et al. [62] Au@TiO, core -shell 500 Methyl orange 0.069

=




Table 2: Comparison between the band gap energy and pseudo first order kinetic reaction rate of
GNS/TiO,, and the ratio between k of pure TiO, (5 nm) and GNS/TiO, (5 nm) and between pure TiO, (20
nm) and GNS/TiO, (20 nm).

Sample Band gap energy (eV) Pseudo first order
kinetic reaction rate
/min*
Pure TiO, (5 nm) 3.4+0.04 0.063+0.006
GNS/TiO; (5 nm) 3.2+0.01 0.1840.02
Pure TiO, (20 nm) 3.240.03 0.026+0.005
GNS/TiO, (20 nm) 3.1+0.03 0.14+0.01

Computational Modeling

To examine further the effect of GNS on TiO,, a computational study was performed
with the Quantum Atomistix ToolKit (quantumATK)[76] package [74], employing the
method of local combination of atomic orbitals (LCAO). The exchange—correlation
potential was described by the GGA-PBE functional[77]. To calculate the self-consistent
field (SCF), a threshold limit of 10° eV for energy convergence was used. The
geometrical framework and atom relaxation were relaxed to a force on each atom of less
than 0.05 eV/A using the Broyden—Fletcher—Goldfarb—Shanno (LBFGS) approach.
The optimized lattice parameters were found to be a = b = 3.7746 A, ¢ = 9.6280 A, in
good agreement with the experimental values of a = b = 3.7848 A, ¢ = 9.5124 A[78]. At
the same time, the calculated lattice constant of Au with face-centered cubic structure is
4.113 A. In this study, we deal with a simple interface slab model of Au (001)/anatase
TiO, (001). Figure 11(a) shows a unit cell of the model system consisting of two Au
layers epitaxially built on a TiO, layer immersed in vacuum[79]. For investigating the
stability of the Au/TiO, composite interface system, the formation energy of the interface
was computed by the following formula: Ef = (Eay/rioz — Eau — ETio2)/S Where Eay,
Etio2 and Eaymio2 represent the total energies of the Au slab, the TiO, slab and the
composite system, respectively with S the area of the interface. The distance between the
Au and TiO; planes at the interface is found to be 2.3 A. It is found that the E; of -0.130

eV/A? has a negative value indicating that the Au/TiO, composite interface system is
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stable. This result is in good agreement with other theoretical studies[79]. To investigate
the electronic properties of this Au/TiO, composite interface system, the layered
decomposed densities of states (DOS) were calculated and are displayed in Figure 12(a).
It is observed that the LDOS of the TiO, substrate layer is very similar to the DOS of
bulk anatase[46,78-80]. In the LDOS of the interfacial TiO, layer, it can be observed that
the induced gap states are represented as a continuous spectrum of states in the band gap.
To investigate the distribution and hybridization of the electron states at the interface,
local and partial density of states of the Au/TiO, composite interface are depicted in
Figure 12(b). The bottom of the conduction band is mostly composed of the hybridization
between Ti 3d states and O 2p states while the top of the valence band mainly consists of
Au 5d states. The interfacial states can be ascribed to the strong interaction between the
Au layer and TiO; layer. To visualize the charge transfer at the Au and TiO; interface, the
charge density difference was calculated and is presented in Figure 12(c). It is observed
that the positive electronic charges (yellow color) are seen around the O atoms whereas
the negative electrons (green color) are observed around the Ti atoms. Moreover, charge
redistribution is found to occur between the Au and the O atoms. Therefore, the Au atoms
bonded with O atoms gain some electrons. The study reveals electron migration from the
TiO, layer to the Au layer. Additionally, this charge transfer induces a potential drop
(AV) across the Au/TiO; interface, as illustrated in Figure 12(d). The potential decreases
by 8.01 eV from the TiO, layer to the Au layer. We also carried out calculations of the
plane-averaged electrostatic potential along the z-direction for the TiO, /Au interface, as
shown in Figure 12(d). The results reveal a substantial potential difference of 8.01 eV
across the interface, indicating the presence of a strong built-in electric field. This
internal field arises from the significant electrostatic potential gradient at the interface
and is particularly advantageous, as it can effectively promote the separation of
photogenerated charge carriers, thereby enhancing the overall photocatalytic efficiency
[81,82]. To study the interactions between Naphthol Green B and the Au/TiO, composite
interface, see Figure 12(b), the adsorption energy of Naphthol Green B on the Au/TiO,

composite was computed using the following expression[83,84]

Eqas = ENaphtholGreenB—Au/TiOZ - EAu/TiOZ - ENaphtholGreenB where ENaphthoIGreenB-Au/TiOZ,

Eautio2 and Enaphtholcreens denote the total energy of the Naphthol Green B - Au/TiO;
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complex, the Au/TiO, composite interface and the isolated Naphthol Green B dye
respectively. The calculated E,qs is found to be -4.62 eV, showing strong adsorption

energy.
(a) (b)

N N
¢ i‘zr

Figure 11: (a) The side view of the Au(001)/Ti0,(001) interface model and (b) the adsorption of Naphthol
green B on Au/TiO, composite interface. Au, O, Ti, N, C, H, and S atoms are represented by yellow, red,
light gray, blue, dark gray, white and orange balls, respectively.
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Figure 12: (a) Calculated layered decomposed DOS, (b) local and partial DOS and (c) Isosurface view of
electron density difference at a value of +0.08 electron/A for the Au/TiO, composite system, where yellow
and green color denote the electron loss and gain. (d) Planar averages of the electrostatic difference
potential in the Au/TiO, interface.

Conclusion

Photocurrent and photodegradation studies were conducted on GNS/TIO;
nanocomposites and showed a large enhancement in the efficiency of the photo-electron
conversion and ultrafast photodegradation of the Naphthol Green B organic dye due to
the slow recombination rate of electrons and holes. The smaller size of the 5 nm TiO; as
compared to the 20 nm TiO2 nanocomposites showed an important impact on the
photocatalytic activity and the photocurrents. Kinetic reactions rates for the GNS/5 nm
TiO,, pure 5 nm TiO,, GNS/20 nm TiO; and pure 20 nm TiO, samples were measured
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and found to be 0.1840.02, 0.063+0.006, 0.14+0.01, and 0.026+0.005 min™, respectively.
These observations result from the GNS LSPR induced band gap energy shifts, the
electron trapping at the GNS/TiO, interface and the smaller size of TiO,. With GNS, an
important increase in the kinetic reaction rate of about 5 times for GNS/20 nm TiO,,
nanocomposites was observed and 3 times for the case of the GNS/5 nm TiO, ones. This
confirms a strong synergetic effect between GNS and 20 nm TiO, nanoparticles in
particular due to the lower band gap as compared to the pure 20 nm TiO, nanoparticles.
Theoretical studies confirmed that the formation energy of the interface Ef is negative
with a value of -0.130 eV/ A? indicating that the Au/TiO, nanocomposite interface
system is stable. These calculations also showed that the bottom of the conduction band
is mostly arising from the hybridization between the Ti 3d states and the O 2p ones while
the top of the valence band mainly consists of Au 5d states. Therefore, the Au atoms
bonded with O atoms gain some electrons density. The study also reveals electron
migration from the TiO, layer to the Au layer. Additionally, this charge transfer induces a
potential drop across the Au/TiO; interface. This potential drop aids in the separation of
the photogenerated charges. The calculated E,gs is found to be -4.62 eV, showing a strong

adsorption energy between the Au/TiO; interface and the Naphthol Green B dye.
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