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Abstract: In this study, TiO2 nanowires on TiO2 nanotubes arrays (TNWs/TNAs) and Au-decorated
TNWSs/TNAs nanostructures are designed and fabricated as a new type of photoanode for photoe-
lectrochemical (PEC) water splitting. The TNWs/TNAs were fabricated on Ti folds by anodization
using an aqueous NHaF/ethylene glycol solution, while Au nanoparticles (NPs) and Au nanorods
(NRs) were synthesized by Turkevich methods. We studied the crystal structure, morphology, and
PEC activity of four types of nanomaterial photoanodes, including TNWs/TNAs, Au NPs-
TNWs/TNAs, Au NRs-TNWs/TNAs, and Au NPs-NRs-TNWs/TNAs. The TiO2and Au-TiO2 sam-
ples exhibited pure anatase phase of TiO2 with (0 0 4), (1 0 1), and (1 0 5) preferred orientations,
while Au-TiOz presented a tiny XRD peak of Au (111) due to a small Au decorated content of 0.7 +
0.2 at.%. In addition, the samples obtained a well-defined and uniformed structure of TNAs/TNWs;
Au NPs (size of 19.0 + 1.9 nm) and Au NRs (width of 14.8 + 1.3 nm and length of 99.8 + 15.1 nm)
were primarily deposited on TNWs top layer; sharp Au/TiO: interfaces were observed from
HRTEM images. The photocurrent density (J) of the photoanode nanomaterials was in the range of
0.24-0.4 mA/cm?. Specifically, Au NPs-NRs- decorated TNWs/TNAs attained the highest | value of
0.4 mA/cm? because the decoration of Au NPs and Au NRs mixture onto TNWs/TNAs improved
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the light harvesting capability and the light absorption in the visible-infrared region, enhanced pho-
togenerated carriers’ density, and increased electrons’ injection efficiency via the localized surface
plasmon resonance (LSPR) effect occurring at the Au nanostructures. Furthermore, amongst the in-
vestigated nanophotocatalysts, the Au NPs-NRs TNWs/TNAs exhibited the highest photocatalytic
activity in the degradation of methylene blue with a high reaction rate constant of 0.7 + 0.07 h™,
which was 2.5 times higher than that of the pristine TNWs/TNAs.

Keywords: Au nanomaterials; anodic TiO2; photoelectrochemical water splitting; localized surface
plasmon effect; photocatalysts

1. Introduction

Since the discovery of photoelectrochemical (PEC) water splitting using a TiO: elec-
trode in 1972 [1,2], this effect has widely become a promising route for hydrogen genera-
tion. In recent years, global environmental problems are becoming more and more con-
cerned due to severe pollution, especially organic pollutants. During the dyeing process
in the textile industry, a large amount (~15%) of total world dye is lost and released in the
textile effluents [3]. When the colored wastewaters are discharged into the aquatic envi-
ronment, it becomes a source of non-aesthetic pollution and causes eutrophication as well
as perturbations to the aquatic life.

Semiconductor metal oxides offer a promising method for wastewater treatment and
the environmentally friendly production of hydrogen [4,5]. Among different semiconduc-
tors, TiO2 presents exceptional electrochemical and photocatalyst characteristics because
of its intriguing electrical and optical properties [5,6]. TiO: also possesses excellent chem-
ical- and photo-stability, cost-effectiveness, and nontoxicity, which is suitable for PEC and
photocatalytic applications [5-7]. Furthermore, one-dimensional (1D) nanostructures
such as TiO: nanotubes arrays (TNAs), TiO: nanowires on TiO: nanotubes arrays
(TNWs/TNAs) and TiO2 nanorods provide a direct conduction pathway for the photogen-
erated that can improve charge transport and reduce the recombination rate of electron—
hole pairs [2,8-11]. However, TiOzhad a wide band gap of ~3.2 eV for anatase phase, thus
it only absorbs the ultraviolet (UV) light, which only accounts for 3-5% of the total sun-
light [2,11,12]. An approach for enhancing the visible-light (Vis) photoactivity of TiOzis
the decoration of noble metal nanostructures with TiO2 by utilizing the plasmonic effect
[2,7,11,13-17]. The use of noble metal nanostructures as a decoration component for TiO2
offers better photostability as compared with the use of semiconductor quantum dots with
the anodic corrosion drawback [9,18,19]. For localized surface plasmon resonance (LSPR),
the oscillation frequency is sensitively affected by the size, the shape of metal nanostruc-
tures and the dielectric constant of the surrounding environment [20-22]. The Au
nanostructures with LSPR act as an antenna to localize the optical energy and sensitize
TiO:2 by light with energy below the band gap. Consequently, they generate additional
charge carriers for water oxidation or produce additional highly active free radicals such
as hydroxyl (*OH) and superoxide (*Oz"). It has been reported that several unique Au/TiO:
composite systems achieved significant photoactivity enhancements for efficient solar wa-
ter splitting owing to the LSPR effect [2,11,17,23] and for photocatalytic degradation pol-
lutants [14,16,24]. For instance, the LSPR-induced electric field amplification near the TiO:
surface allowed the enhancing of the 66-fold-PEC water splitting performance of Au NP-
deposited TiO: films under Vis-light illumination [23].

The photoactivity of TiO:z is enhanced by exploiting the LSPR absorption of Au NPs
in the Vis region (typically ~550 nm) [25-28], while the infrared (IR) region of the sunlight
spectrum was not utilized fully. Previous studies on Au nanorods (NRs) found that the
LSPR absorption in the IR range of Au NRs can be tuned by controlling the aspect ratio
and the medium dielectric constant [29-31]. Herein, we demonstrate that the photoactiv-
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ity of TiO2 with Au NPs and Au NRs enhances significantly via monitoring the PEC per-
formance and degradation rate of methylene blue (MB) under UV-Vis irradiation. In this
study, we are particularly interested in the TiO: nanowires on TiO: nanotube arrays
(TNWs/TNAs) films fabricated by the anodic oxidation on immobilized titanium folds,
since the material can provide a unidirectional electrical channel, large surface-to-volume
ratio, and a higher photocatalytic performance than the well-known TNAs [10,14]. This
study provides the detailed preparations and characterizations of various Au-TiO:
nanostructured films, and the mechanism for the enhanced PEC and photocatalytic prop-
erties of the Au-TiO:z systems.

2. Materials and Methods
2.1. Preparation of TiOz2 Nanowires on TiO: Nanotubes Arrays (TNWs/TNAs)

TNWSs/TNAs were fabricated on titanium (Ti) foil substrates (10 mm x 25 mm x 0.4
mm, 99.9% purity,) by anodic oxidation. Before anodization, the substrate was first ultra-
sonically cleaned using acetone, methanol, and deionized (DI) water, and then dried by
Nz gas flow. The anodization was conducted using a two-electrode system with the Ti foil
as an anode and a stainless-steel foil (55304) as a cathode (Figure 1a). The electrolyte in-
cluded ethylene glycol (97 vol%) with additions of 3 vol% DI water and 0.5 wt.% NH4F
(SHOWA, Tokyo, Japan). The anodizing voltage and time were 30 V and 5 h to grow
TNWSs/TNAs. To induce crystallization for TiO2, the samples were annealed at 400 °C for
2 hin the air.

Power supply

Au NPs-TNWs/TNAs
Au NRs-TNWs/TNAs
Au NPs-Au NRs-TNWs/TNAs

EG:H O =97:3
NHsF: 0.5 %

Figure 1. (a) A schematic of an electrochemical anodization process. (b) A picture of as-prepared
TNWs/TNAs, Au NPs-TNWs/TNAs, Au NRs-TNWs/TNAs, and Au NPs-NRs-TNWs/TNAs.

2.2. Synthesis of Au Nanoparticles and Au Nanorods

Au nanoparticles (NPs) were synthesized by the Turkevick method [32,33]. In a typ-
ical experiment, 10 mL deionized (DI) water and 100 pL of 25 mM HAuCls-3H20 (Merck)
were placed in a conical flask. The solution was heated to boiling, and 300 uL of 1% triso-
dium citrate was added to the solution under vigorous stirring. The color of the solution
immediately changed to light red, which indicates the formation of Au NPs. After contin-
uing the vigorous stirring for 5 min, the solution was cooled to room temperature.

For synthesizing Au nanorods (NRs), a seed solution was first prepared by slowly
mixing 100 pL of 0.025 M HAuCls-3H20 with 10 mL of 0.1 M hexadecyltrimethylammo-
nium bromide (CTAB) in a test tube. Then, 640 uL of 0.01 M ice-cold NaBH: solution,
which was freshly prepared with 100 mL of 0.01 M NaOH and 3.78 mg NaBH4, was added
all at once under stirring for 30 min. The color of the mixture changed from light yellow
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to light brown. A growth solution of Au NRs was prepared by adding 1.75 uM AgNO:s to
a mixture of 1 mM CTAB, 2.5 pM HAuCls-3H20 and 50 uM hydroquinone. Finally, 80 pL
seed solution was added to the growth solution and left overnight before cleaning through
two centrifugation cycles of 10,000 rpm for 20 min.

2.3. Preparation of Au NPs-, Au NRs-, and Au-NRs-NPs-Decorated TNWs/TNAs

Au NPs-decorated-TNWs/TNAs (Sz2), Au NRs-decorated-TNWs/TNAs (S3s) and Au
NPs-NRs-decorated-TNWs/TNAs (Ss) were prepared by drop casting technique using 1
mL Au NPs solution, 1 mL Au NRs solution, and a mixture of 0.5 mL Au NPs and 0.5 mL
Au NRs solution, respectively (Figure 1b). The samples were then heated at 120 °C for 60
min for drying, removing the residual solvent, and improving the connectivity at Au/TiO2
interfaces.

2.4. Characterization Methods

The orientation and crystallinity of the materials will be determined using X-ray dif-
fraction (XRD) (XRD, Bruker D2, Billerica, MA, USA) and using Cu Ka radiation (A =
1.5406 A) in the 6-20 configuration. The grain sizes can be estimated by the Scherrer for-
mula. Morphologies and film thicknesses of the samples were characterized by scanning
electron microscopy (SEM, JEOL JSM-6500, Pleasanton, CA, USA). The compositions of
samples were analyzed using an energy-dispersive X-ray spectroscopy (EDS) equipped
with the SEM instrument. The elemental atomic percentage of each sample was obtained
by averaging the values measured at 5 distinct 10 pm x 12 um areas on the film's surfaces.
Structural characterization at atomic scale was performed in a JEOL JEM-ARM200F (To-
kyo, Japan) high-resolution scanning transmission electron microscope (HRTEM), oper-
ated at 200 kV. A TEM specimen was prepared by scratching the film surface using a
pointed diamond tip and transferring the fragments onto a Cu grid. To study the ele-
mental composition and chemical state of the materials, X-ray photoelectron spectra of a
selected Au-TiO: film were performed by an XPS instrument (ThermoVG 350, East Grin-
stead, UK) with an X-ray source of Mg Ka 1253.6 eV and 300 W. The Cls peak at 284.8 eV
was used as an internal standard, and the freeware XPSPEAK 4.1 was employed for XPS
curve fitting with the Shirley background subtraction and assuming a Gaussian-Lo-
rentzian peak shape.

Photoelectrochemical measurements were conducted using a three-electrode cell
with a reference electrode of Ag/AgCl, a counter electrode of Pt, and 0.5 M Na2SOx elec-
trolyte. The working electrodes were the TNWs/TNAs and Au-TNWs/TNAs films on Ti
metal substrate. The substrate edges and the metal contact region were sealed with insu-
lating epoxy resin to leave a working electrode area of 1.0 cm?. Linear sweeps and |-t scans
were measured by an electrochemical workstation (Jiehan 5000, Jiehan Technology Co.,
Taichung, Taiwan). Incident photon to current conversion efficiencies spectra were col-
lected under illumination light from a 100 W xenon lamp. The photocatalytic activity of
the selected films was determined by the decomposition of methylene blue (MB) under
UV-VIS irradiation from a 100 W xenon lamp. Prior to illumination, investigated samples
were immersed in a MB solution (10 mg/L or 3.13 x 10~ M) in the dark for 20 min to achieve
absorption—desorption equilibrium. All photocatalytic reactions were maintained at 32-34
°C. After a certain photocatalytic reaction time, 1 mL MB was withdrawn to determine the
relative concentration by measuring absorption spectra in the wavelength range of 400—
800 nm using a UV-Vis spectrophotometer (Hitachi U-2900, Hitachi, Tokyo, Japan). This
spectrophotometer was also used to measure the absorption spectra of the TNWs/TNAs
and Au-TNWs/TNAs samples.
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3. Results and Discussion

Figure 2 presents the XRD patterns of TNWs/TNAs, Au NPs-TNWs/TNAs, Au NRs-
TNWs/TNAs, and Au NPs-NRs-TNWs/TNAs. All the samples exhibited the anatase
phase of TiOz with preferred lattice planes of (101) at 25.1°, (004) at 37.8°, and (105) at 53.8°
(JCPDS No. 21-1272). In addition, there was no rutile TiO: phase peak, confirming that
the TiO2 nanomaterials in this study were pure anatase phases. These XRD results are
similar to those reported in Refs. [14,34-36] for TiO2 and Au-TiOz nanostructures. A closer
inspection of the (004) peaks of Au-TiO: samples, Au (111) component was observed by
the shoulder peak at 38.3°. Indeed, the fittings of Au-TiO2 (004) peaks allowed us to extract
Au (111) components, as demonstrated in Figure 2b for Au NPs-NRs-TNWs/TNAs (Ss).
This confirms the presence of crystalline Au nanomaterials in Sz, Ss, S4+ samples. We em-
ployed the Scherrer equation to estimate the grain sizes (D) of the samples, D =0.91/8cos0,
where A, , and 0 are the X-ray wavelength, full width at half maximum of the TiO:z (004)
peak, and Bragg diffraction angle, respectively [14,37]. As a result, the D values varied in
a narrow range of 22.2-24.0 nm (Figure 2c), suggesting a similar grain size and crystallin-
ity level amongst the four nanomaterials.

Figure 3 shows the morphologies and absorption spectra of as-prepared Au NPs and
Au NRs colloidal solutions. The Au NPs had a uniform spherical shape with a size of 19.0
* 1.9 nm (Figure 3a), which induced an LSPR peak at 512 nm (Figure 3c), which was con-
sistent with the LSPR-peaks of Au NPs in Refs. [15,38]. Meanwhile, Au NRs exhibited
well-defined rods with a length of 99.8 + 15.1 nm and a width of 14.8 + 1.3 nm (Figure 3b);
they also include a minor amount of Au NPs with an average size of 19.6 nm (Figure 3b).
Consequently, the Au NRs had a strong broad LSPR absorption peak at 1192 nm in the
infrared region, and a small absorption peak at 512 nm due to the presence of a small
amount of Au NPs (Figure 3b,d). The insets in Figure 3c,d are the photographs of the Au
NPs and Au NRs colloidal solutions, which exhibit as light red and light brown, respec-
tively. The LSPR peak of Au NPs was consistent with those in refs. [15,38], but the present
Au NRs peak at 1192 nm is longer than the Au NRs peaks (range of 740-840 nm) in ref.
[30], owing to the differences in the length, width, and aspect ratio of the Au NRs. The
interesting optical properties of the Au nanomaterials with LSPR peaks in Vis and/or IR
regions are of great interest for their use for enhancing the PEC and photocatalytic activi-
ties of the Au-TiO: heterostructures (see later).
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Figure 2. (a) The XRD patterns of TNWs/TNAs (S1), Au NPs-TNWs/TNAs (S2), Au NRs-
TNWSs/TNAs (Ss), and Au NPs-NRs-TNWs/TNAs (Ss). (b) The (004) peak of Ss shows two compo-
nents of TiO2 (004) and Au (111). (c) The estimated grain size of the four nanomaterials.
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Figure 3. (a,b) SEM images of as-prepared Au nanoparticles and Au nanorods colloidal solutions.
The insets in (a,b) are the size distribution histograms of Au NPs and Au NRs. (c¢,d) Absorption
spectra of Au nanoparticles and Au nanorods solutions, showing a localized surface plasmon reso-
nance (LSPR) peak at 512 nm for Au NPs, and two peaks at 512 nm and 1192 nm for Au NRs; the
insets in (c,d) are the corresponding photographs of the Au NPs and Au NRs solutions.

Figure 4 presents the morphologies of TNWs/TNAs, Au NPs-TNWs/TNAs, Au NRs-
TNWs/TNAs, and Au NPs-NRs-TNWs/TNAs. Obviously, the TNWs/TNAs exhibited
well-defined nanowires (length of ~6.0 pm) covering nanotube arrays (tube diameter of
~80 nm and length of ~6.0 pm, Figure 4a,e). For Au-TNWs/TNAs samples (S, Ss, S4), Au
NPs distributed relatively uniformly on TNWs/TNAs surfaces (Figure 4b). Similarly, Ss
exhibited Au NRs- decoration on TNWs/TNAs surface (Figure 4c), meanwhile S« had both
Au NPs and Au NRs on the surface of TNWs/TNAs (Figure 4d). Typical EDS spectra col-
lected from S1 and Ss shows Ti, O peaks for Si, and Au, Ti, O peaks for Ss. Moreover, the
elemental contents of S1 were [Ti] = 31.6 £ 0.3 at.% and [O] = 68.4 + 0.3 at.%, while Sshad
[Au] =0.7 £ 0.2 at.% [Ti] =31.2 + 1.1 at.% and [O] = 68.1 + 1.3 at.%. The Ti and O contents
had a relatively close stoichiometry of TiOz. These EDS results suggest the successful fab-
rications of TiO2 and Au-TiO: films in this study (Figure 4f).
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Au NRs-NPs
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A

S4

[Ti] = 31.6 at.%
i [0]=68.4at%
Ti S1

Energy (keV)

Figure 4. SEM images of (a) TNWs/TNAs (S1), (b) Au NPs-TNWs/TNAs (S2), (¢) Au NRs-
TNWSs/TNAs (Ss), and (d) Au NPs-NRs-TNWs/TNAs (Ss). (e) A typical cross-sectional SEM image
of the TiO2 films in this study. (f) The typical EDS spectra of S1 and Ss in this study.

The HRTEM image of Ss in Figure 5a shows Au NP and Au NR decorated onto TiOx.
To reveal the structural quality at the interface between Au/TiOz, an HRTEM image ob-
tained from the dashed square area in Figure 5a presents a sharp interface between Au
NP-, Au NR- and TiO: that facilitates the charge transfer to reduce the charge recombina-
tion (Figure 5b). In addition, the three crystallite domains have different orientations and
lattice spacings of approximately 0.23 nm, 0.20 nm, and 0.35 nm, which correspond to the
Au(111), Au (200) (AMCSD-0011140), and anatase TiO2 (101) planes (AMCSD-0019093),
respectively. Thus, it is evidenced that the close contact metal-semiconductor (Au-TiO2)
heterostructure is successfully formed.



Coatings 2022, 12, 1957

8 of 16

Figure 5. (a) An HRTEM image of Au-NPs-NRs-TNWs/TNAs (Ss). (b) An HRTEM image obtained
from the dashed square area in panel (a), showing the crystal structure at the interface of Au NP-
Au NR and TiO..

To elucidate the chemical states, compositions, and functional groups on the surfaces
of the studied nanomaterials, the XPS spectrum of a representative Au NPs-NRs-
TNWSs/TNAs film (54) was measured. Figure 6a is a wide-scan XPS spectrum of S, which
clearly shows the spectra of Au 4f, Ti 2p, and O 1s. In Figure 6b, Au 4f72 peaks at 83.2 eV,
which was lower than the Au 4f7 at 84.0 eV of Au in the metallic state (see Figure 6a inset
for confirming the Au binding energy) [2,39]. The Au 4f72 peak exhibited a negative shift
by 0.8 eV, which could be due to the electron transfer from oxygen vacancies of TiO: to
Au, suggesting the strong interaction between TiO2 and Au. This result agreed well with
the results for the dendritic Au/TiOz2 nanorod arrays [2] and Au/TiO2 nanotubes [40]. The
C 1s presented a main peak at 184.8 eV of C=C and a small peak of O=C- at 188.3 eV,
suggesting the formation of bond type O=C-O-Ti and C-O group (Figure 6c¢) [41]. In ad-
dition, according to the deconvolution results, Ti 2pi2and Ti 2ps2 peaks were located at
464.4 eV and 458.7 eV, respectively (Figure 6d), indicating the Ti* oxidation state [2,40,41].
As shown in Figure 6e, the O 1s spectrum is asymmetrical and it has an extending tail
towards the higher energy. The O 1s was deconvoluted into three component peaks at
530.0 eV, 531.8 eV, and 533.7 eV, which could be assigned to (i) O% in the TiO: lattice, (ii)
Ti-OH or C=0 groups bound to two titanium atoms, (iii) OH groups bound to C and/or
Ti, respectively [42,43].
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Figure 6. (a) Wide-scan XPS spectrum of Au NPs-NRs-TNWs/TNAs (S4); Inset shows Au 4f and Cls
calibrated at 284.8 eV. High-resolution spectrum for (b) Au 4f; (c) C 1s; (d) Ti 2p; (e) O 1s.

To evaluate the PEC activity of TNWs/TNAs and Au-TNWs/TNAs, linear sweeping
voltammetry (LSV) curves were performed using the sample as photoanode, Pt as a coun-
ter electrode, and Ag/AgCl as a reference electrode and under the UV-Vis irradiation. As
shown in Figure 7a, without illumination, all the TNWs/TNAs and Au-TNWs/TNAs pho-
toanodes exhibited negligible photocurrent density (J) in the whole potential range [44].
The ] increased remarkably for all the photoanodes with illumination, indicating typical
properties of the semiconductor. Moreover, the ] of Au-decorated TNWs/TNAs was re-
markably higher than that of TNWs/TNAs photoanode. At 0.15V, the ] values of S, Sz, S,
and Ss were 0.24, 0.32, 0.31, and 0.40 mA/cm?, respectively (Figure 7a). This means that Au
NPs-NRs-TNWs/TNAs (Ss) possessed the highest PEC activity among all the investigated
photoanode nanomaterials.
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Figure 7. (a) Linear sweep voltammetry (LSV) of TNWs/TNAs and Au-TNWs/TNAs (S1-Ss) rec-
orded in a 0.5 M NazSOs solution under the illumination of 100 W xenon lamb. (b) Chronoam-
perometric I-t curves for the samples collected at 0.15 V versus RHE under the UV-Vis irradiation
of 100 W xenon lamp. (c¢) A schematic illustration for PEC water splitting using Au NPs-NRs-
TNWSs/TNAs array as a photoanode.

Table 1 summarizes the photocurrent densities of the optimal Au-TiOz-based pho-
toanodes developed in this study and in the literature [45-49]. The | of the Au NPs-NRs-
TiO:z photoanode (0.4 mA/cm?) was higher than that of Au/reduced graphene oxide/hy-
drogenated TiO2 nanotube arrays (Au/RGO/H-TNTs, 0.22 mA/cm?) under the visible light
irradiation [45], but it was 2.4-6.8 times lower than the optimum ] values of Au/TiO2/Au
heterostructure (0.94 mA/cm?) [46], Au/TiO2 nanorod arrays (1.1 mA/cm?) [47], Au NPs-
NRs/TiO2 nanowires (1.49 mA/cm?) [11], Au NPs- branched TiO2 (2.5 mA/cm?) [48], and
Au NPs/ 3D TiOz2 nanorods (2.7 mA/cm?) [49]. The different | values from different studies
are attributed to both the intrinsic different PEC properties of the photoanodes and the
different PEC experimental conditions (e.g., light source, potential, and electrolyte).

Table 1. Photocurrent density and photoelectrochemical measurement conditions of the optimal
Au/TiO»-based photoanodes developed in this study and in the literature.

Photoanode Nanomaterial Electrolyte/Potential Illumination Pho.tocurrent Den- Ref.
(V) vs. RHE sity (mA/cm?)

Au NPs-NRs/TNWs/TNAs 0.5 M Na2504/0.15 V 100 W Xe lamp 0.40 This study

Au/RGO/H-TNTs IMKOH/123y (€ lamp AM ;fnc filter, A>400 0.22 [45]
. 300 W Xenon Lamp, 100 mW/cm?

Au/TiOz/Au heterostructure 1 M KOH/0.2V UV-100 mW/cm? Vis 0.94 [46]
Au/TiOz2 nanorod arrays 0.5 M Na:504/1.0V 500 W Xe lamp, 100 mW/cm? 1.1 [47]
Au NPs-NRs/TiO2 nanowires 1M KOH/0V AM 1.5G, 100 mW/cm? 1.49 [11]
Au NPs-branched TiO: 0.5 M Na:S04/1.23V 500 W Xe lamp, 100 mW/cm? 2.5 [48]
AuNPs/3D TiO2nanorods 1M NaOHjoy 120 W Xelamp, AM1.5G, 100 2.7 [49]

mW/cm?
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Figure 7c presents a schematic diagram of a possible PEC water-splitting process for
Au NPs-NRs-TNWs/TNAs. The photoanode exhibited an enhanced PEC activity owing
to the following factors: (1) the LSPR of Au NPs and Au NRs improve the light-harvesting
capability and the light absorption in both Vis and IR regions (Figures 3c,d and 9a), (2) the
enhancement of photogenerated carriers’” density due to LSPR at Au NPs and Au NRs, (3)
the LSPR hot electrons (e’) in Au NPs and Au NRs can inject into the conduction band of
TiOz to improve the electrons’ injection efficiency and reduce electron-hole recombination
rate [48]. Therefore, these synergistic effects of Au NPs-NRs-TNWs/TNAs resulted in the
highest PEC performance over either the single-type Au-decorated TNWs/TNAs or the
pristine TNWs/TNAs.

The photocurrent response graphs at 0.15 V of the photoanodes with controlling of
the on-off irradiation cycle are shown in Figure 7b. The measured ] values were exactly
consistent with those recorded in the LSV experiments at 0.15 V. Based on the | values,
the PEC performance of the four photoanode nanomaterials was in the order of S4 > Sz >
S3 > S1. Furthermore, though witnessing a considerable photocurrent drop in the first 25 s,
the photocurrent remained relatively stable during the test lasting 270 s, with only a 13%
J decrease with respect to the maximum ] value.

Since 54 possessed the highest PEC activity, it was of interest to further study its pho-
tocatalytic activity in the degradation of MB. Figure 8a,b show MB degradation by pho-
tolysis and photocatalysis using S1 and Ss under the UV-Vis irradiation of a 100 W xenon
lamp. It is seen that the main MB absorbance at Amax~659 nm decreases substantially with
the increase in the irradiation time (Figure 8c). Clearly, both photolysis and photocatalysis
induced the decrease of MB concentration with the exponential decay, C:= Co x e, where
Co is the initial concentration, C: is the concentration of MB at time ¢, and k is the reaction
rate constant (h?). In Figure 8d, the k is obtained by performing the linear fitting on the
plot of —In(C/Co) vs. t. Specifically, the k of the photolysis process was a low value of 0.13
h-, indicating that MB is quite stable under UV-Vis irradiation (Figure 8d inset). Mean-
while, under the photocatalytic reactions, the k values of S1 and S: were 0.28 + 0.02 h™' and
0.70 £ 0.07 h', respectively (Figure 8d inset). This means that the k value of Au NPs-NRs-
TNWs/TNAs was 2.5 times higher than that of TNWs/TNAs, which indicates a dramatic
enhancement in the photocatalytic activity of TiOz by introducing a mixture of Au NPs
and Au NRs.
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1—05h a —0h
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Figure 8. (a,b) Changes in UV-visible absorption spectra of MB by TNWs/TNAs (S1) and Au NPs-
NRs- TNWs/TNAs (Ss) as a function of irradiation time. (¢,d) Variations in (C/Co) and -In(Cy/Co) as
a function of irradiation time. Inset in (d) is the reaction rate constant (k) of S1 and Sa.

For reference, Table 2 summarizes the k values of TiO2-based nanophotocatalysts pre-
pared by some methods in this study and the relevant literature [10,50-53]. It is very hard
to make the right comparison when each developed TiOz-based nanophotocatalyst has its
intrinsic properties (e.g., morphology-surface area, crystal structure, composition, deco-
ration, or doping content) and different photocatalytic reaction conditions (e.g., catalyst
dosage, light source, initial concentration of MB). Generally, the k value of the present
TNWSs/TNAs (0.28 h-!) was twice higher than those of the 40 nm-TNAs/ 20 nm-TNWs (0.13
h1) and the TiO2nanoparticles film (0.14 h™) in ref. [10], which could be due to the larger
surface area associated with the thicker TN As and longer TNWs film in this study. Mean-
while, the k value of Au NPs-NRs- TNWs/TNAs (0.7 h™') was comparable with those of
the optimal Ag/TiO2 nanoparticles (0.65 h1) [50] and the Bi-Fe doped TiO2 (0.78 h) [51].
However, the k value of Au NPs-NRs- TNWs/TNAs was 2.1-2.7 times lower than the k
values of the brookite phase TNAs (1.45 h') synthesized by anodization and annealed at
500 °C [53], and of the SnO2 NPs-decorated TNAs (1.86 h') prepared by anodization and
solvothermal process [52].

Table 2. The synthesis methods and photocatalytic reaction rate constants in the degradation of
methylene of the selected TiO2-based nanophotocatalysts in this study and the literature.

Photocatalyst Synthesis Methods Reaction Rate (h) Ref.
TNWs/TNAs Anodization 0.28 £ 0.02 This study
Au NPs-NRs/TNWs/TNAs | urkevick method-anodization-drop 0.70 £ 0.07 This study
casting method
40 nm-TNWs/20 nm-TNAs Anodic oxidation 0.13 [10]
TiO2 nanoparticles P25 film - 0.14 [10]
TNAs Anodization 1.45 [53]
Ag/TiO2 P25 Photo-reduction method 0.65 [50]
Bi-Fe doped TiO: Wet impregnation technique 0.78 [51]
SnO2 NPs-decorated TN As Anodization—solvothermal process 1.86 [52]

To elucidate the mechanism of the photocatalytic activity enhancement in Au NPs-
NRs-TNWs/TNAs, the absorption spectra of S1 and S+ were measured and shown in Fig-
ure 9a. Obviously, the TNWs/TNAs exhibited a typical absorption spectrum of TiOz, char-
acterized by a gradually increased absorbance in the IR-Vis region and a sharply increased
absorbance in the UV region. Meanwhile, Au NPs-NRs-TNWs/TNAs had an LSPR peak
of Au NPs at approximately 512 nm, and a broad intense absorption peak at 1192 nm
owing to the LSPR peak of Au NRs.

0.25
(a) 11e2om | () Reduction 9%
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5 e
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Figure 9. (a) Absorption spectra of the solution of Si and Ss prepared by scratching 1 mg powder of
TNWs/TNAs and Au-TNWs/TNAs. (b) A proposed mechanism for the photocatalytic activity of
Au-TiO2 upon the excitation of the Au surface plasmon band.

As shown in Figure 9b, a proposed mechanism of the significant k enhancement by
decorating TNWs/TNAs with Au NPs and Au NRs is due to the LSPR effect
[11,25,28,54,55]. In fact, the LSPR peaks at 112 nm for Au NPs and 1192 nm for Au NRs
were observed, as shown in Figures 3c,d, and 7a. For describing LSPR, when the electro-
magnetic field of the incident light becomes associated with the oscillations of the conduc-
tion electrons of Au NPs and Au NRs, the local electromagnetic fields near the surface of
Au NPs and Au NRs enhanced strongly [11,23]. Indeed, by 3D finite-difference time-do-
main simulation, the electrical field amplification at the Au/TiOz interfaces upon SPR ex-
citation was observed clearly [11,23,49]. Therefore, the enhanced photocatalytic activity of
Au NPs-NRs-TiO:zin this study is attributed to the LSPR absorption of Au NPs and Au
NRs under Vis-IR illumination to generate photoexcited electrons in LSPR states and
holes. Then, the energetic electrons can inject into the conduction band of TiO: that leads
to the enhanced separation of photo-excited electron-hole pairs, and generate a larger
amount of reactive oxygenated free radicals (e.g., O2*~ and *OH) to trigger photocatalytic
reactions (Figure 9b) [15,28,38,56,57]. Since Au NPs-NRs-TNWs/TNAs obtained the LSPR-
absorption in both Vis and IR regions, they achieved the best PEC activity among the four
nanomaterials and presented a high photocatalytic performance. It is worth mentioning
that a further study on Au NPs-NRs-TNWs/TNAs with different Au NPs- and Au NRs-
sizes, amounts, and mixing ratios is of great interest to further enhance the PEC and pho-
tocatalytic properties of the nanomaterial.

4. Conclusions

TNWs/TNAs and Au-TNWs/TNAs nanomaterials were successfully synthesized by
the anodic oxidation method combined with a chemical reduction method, and their PEC
and photocatalytic activities were studied. The TNWs/TNAs and Au-TNWs/TNAs exhib-
ited pure anatase phase of TiO2with (0 0 4), (1 0 1), and (1 0 5) preferred orientations, and
componential Au (111) peak was observed for Au-TNWs/TNAs. The samples presented
well-defined and uniform structure of TNWs/TNAs (i.e., TiO2 nanowire length of ~6.0 pm
covering on TiOznanotubes arrays with tube diameter of ~80 nm and tube length of ~6.0
um). Additionally, sharp Au/TiO: interfaces were observed via HRTEM images, and XPS
results confirm for the strong interaction Au-TiO, the Ti* oxidation state, and the typical
functional groups on the material surfaces. In addition, Au NPs (size of 19.0 £ 1.9 nm) and
Au NRs (width of 14.8 + 1.3 nm and length of 99.8 + 15.1 nm) were relatively even decora-
tion on TNWs/TNAs. The EDS results show that Au-decorated content onto TiO2 was 0.7
+0.2 at.%. For PEC properties, the photocurrent density (J) at 0.15 V was 0.24 mA/cm? for
TNWs/TNAs, 0.32 mA/cm? for Au NRs-TNWs/TNAs, 0.31 mA/cm? for Au NDPs-
TNWs/TNAs, and 0.40 mA/cm? for Au NRs-NRs-TNWs/TNAs. This means that Au NRs-
NRs-TNWs/TNAs achieved the best PEC activity owing to the LSPR-absorption of Au
NPs and Au NRs in the Vis and IR regions. Furthermore, Au NPs-NRs-TNWs/TNAs pos-
sessed a high photocatalytic performance in MB degradation with k = 0.7 h™!, which was
2.5 times higher than that of the pristine TNWs/TNAs. These study results demonstrate
that the PEC and photocatalytic properties of semiconductors can be enhanced by com-
bining various nanostructures of plasmonic noble metals.
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