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Ag decoration on Na2Ti3O7 nanowires for
improved SERS and PHE performance†
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Young Mee Jung *c

Na2Ti3O7 (NTO) is recognized as an authenticated promising photocatalyst and surface-enhanced Raman

scattering (SERS) active material, although its performance is limited by its high carrier recombination rate,

wide band gap and inadequate utilization of visible light. In this study, to solve these issues, sea urchin-shaped

NTO nanowires directly grown on a substrate were fabricated, and then Ag nanoparticles were decorated on

NTO nanowires using sputtering equipment. The as-prepared Ag-NTO substrates exhibited different mor-

phologies and high SERS activity, which was confirmed by finite-difference time-domain (FDTD) simulations,

showing that appropriate Ag decoration can bring more nanogaps and thus enhance the electromagnetic field

(EM) contribution. We visualized the charge transfer (CT) mechanism in SERS and further investigated the cata-

lytic hydrogen production process similarly induced by photogenerated CT. The optimal SERS substrate (Ag-

NTO-3) was adopted to verify the photocatalytic hydrogen evolution (PHE) activity, and the hydrogen evol-

ution rate of Ag-NTO-3 was 106.7 μmol h−1 (twice that of pristine NTO). Photoelectrochemical measurements

and photoluminescence (PL) analysis were used to elucidate the potential enhancement mechanisms for the

photocatalytic performance and CT process. This study can provide a valuable reference for performance and

mechanism studies of SERS substrates and photocatalysts.

1 Introduction

The design of a surface-enhanced Raman scattering (SERS)
substrate material is recognized as a significant contributing
factor to the surface enhancement effect. Common SERS active
materials, i.e., noble and transition metals, have had limited
application due to their inherent characteristics, including
high cost, poor stability, lack of reproducibility, and low bio-
compatibility.1 Semiconductor-based SERS substrates, due to
their tunable energy band structure, relatively low cost, good
absorption capacity, and selective enhancement properties,
can be used to precisely identify target molecules in complex
environments.2 Compared to the individual use of pure metals
or semiconductors, the combination of these materials has tre-
mendously expanded SERS applications, as there are great
advantages in terms of the Raman intensity, charge transfer

(CT) efficiency, catalytic activity, and recyclability.3–5 Surface
plasmon resonance (SPR) and CT, which are enhancements
occurring independently in both materials, cooperatively con-
tribute to the SERS response in composite materials.

Na2Ti3O7 (NTO), a TiO2-based alkali metal titanate semi-
conductor, has attracted increasing attention due to its high
chemical inertness, nontoxicity, ion exchangeability, and low
cost.6,7 However, the existence of a wide band gap limits the
light absorption range and facilitates the recombination of
photogenerated electron–hole pairs on the surface.8 These
drawbacks have been addressed by various modification strat-
egies, such as metal- or nonmetal-doping sensitization, noble
metal deposition, and other suitable semiconductor coupling
methods. Plasmonic metals are believed to be prospective
photocatalysts due to the localized surface plasmon resonance
(LSPR), which improves the absorption of visible light by trap-
ping photoexcited charges through Schottky junctions.9,10 The
formed high-energy hot electrons can access the surface of
plasmonic particles and directly participate in the photo-
catalytic reaction at the femtosecond level.11 Noble metal
nanoparticles (NPs) that are widely used as surface modifiers
for TiO2-based photocatalysts act as “electron slots” to reduce
charge recombination, improving the photoreduction
efficiency.12,13 For the composite structure, the enhanced local
electromagnetic field caused by LSPR improves the carrier
mobility and the polarization effect on adsorbed molecules,
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providing rich active sites.14 In composite nanomaterials, the
Schottky barriers between plasmonic metals and semi-
conductors ensure the efficient transport of photoelectrons,
bringing high-energy electrons to the catalytic sites, and
extending the carrier lifetime.15 Reasonable morphology
design of titanates, such as nanowires, nanoribbons,
nanosheets, and nanotubes, can induce greater enhancement
because the larger the surface area is, the more metal NPs can
be attached. Besides, the introduction of the noble metal can
improve the SERS and photocatalyst activity which is due to
the LSPR effect. Khanam’s group fabricated the Ag/Bi2WO6

nanostructure and produced 6.608 μmol min−1 H2.
16 Yang

et al. constructed Ag/TiO2 core–shell nanoparticles and
reached a 10−10 detection concentration for MBA.17 In the
cases of Ag@MoS2 composite with a 1736 μmol h−1 g−1

maximum hydrogen production rate and a 5.2 × 109 high
enhancement factor of three-dimensional (3D) Ag-TiO2 nano-
wires, decorating Ag provides the additional improvement of
the SERS and PHE performance.18,19

Powder photocatalysts have high photocatalytic activity but
have the disadvantages that the separation process from the
reaction solution is complicated and the photocatalytic activity
is reduced due to the agglomeration of large powder after re-
cycling.20 In this study, we fabricated NTO nanowires grown
directly on Ti sheets through a hydrothermal reaction, which
improves on the disadvantages of powder photocatalysts. Ag
NPs were then deposited on NTO nanowires through the mag-
netron sputtering technique, and the surface morphology of
Ag-NTO substrates was adjusted according to the sputtering
power. This special composite nanostructure has a strong elec-
tromagnetic field and abundant SERS hot spots. Furthermore,
the optimal SERS substrate also exhibits excellent performance
for photocatalytic hydrogen evolution (PHE).

We analyzed the enhancement mechanisms for both SERS
and the photocatalytic activity through the CT process and
clearly confirmed that the enhanced SERS activity and photo-

catalytic hydrogen production performance was attributed to
the Ag cover.

2 Experimental
2.1 Preparation of substrate materials

2.1.1 Growth of NTO nanowires. NTO nanowire structures
were grown on Ti sheets using a hydrothermal reaction. The
3 cm × 3 cm Ti sheets were ultrasonically cleaned with
ethanol, hydrochloric acid, and deionized water for 10 min
each in turn to remove organic pollutants and the oxidized
layer and then immersed in deionized water. Next, 25 mL of
NaOH solution with a concentration of 1 M was added to a
high-pressure tank lined with polytetrafluoroethylene to react
with the cleaned Ti sheets at 180 °C for 48 h to obtain NTO
nanowire arrays. The reacted sheets were ultrasonically
cleaned with deionized water and dried in a vacuum drying
oven for further magnetron sputtering. Experimental diagram
is illustrated in Scheme 1.

2.1.2 Ag decoration on NTO nanowires. The magnetron
sputtering equipment was used to decorate Ag NPs on NTO
nanowires. The Ag target was mounted on the magnetic target
position in the sputtering chamber with a 0° target deflection
angle, and the background air pressure was lower than 0.2 Pa
before starting. When sputtering, we controlled the Ar gas flow
and lowered the molecular pump to keep the working air
pressure at 0.6 Pa. The Ag sputtering power was 10, 20, 30, and
40 W, and the sputtering time was set to 30 s. These prepared
substrates were labeled Ag-NTO-1, Ag-NTO-2, Ag-NTO-3, and
Ag-NTO-4, respectively. These different substrates were
immersed in a 10−3 M solution of 4-mercaptobenzoic acid
(4-MBA), chosen as the Raman probe molecule, for 30 min at
room temperature, then rinsed with deionized water and dried
under vacuum conditions.

Scheme 1 Schematic depiction of the (a) experimental procedures and (b) sputtering diagram.
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2.2 Photocatalytic hydrogen evolution (PHE)

The PHE reaction was carried out under visible light (100 mW
cm−2, 350 W Xe lamp, λ > 420 nm) and atmospheric con-
ditions. Triethanolamine (TEOA, 10 wt%) was used as a sacrifi-
cial agent, and 3 wt% Pt produced by H2PtCl6·6H2O was used
as a cocatalyst. The air in the reaction system was completely
evacuated with Ar before irradiation, and the temperature of
the solution was maintained at approximately 18 °C by a flow
of cooling water during the entire process. The H2 production
rate was detected via gas chromatography (GC-2014,
Shimadzu).

2.3 Photoelectrochemical (PEC) measurement

An electrochemical workstation (CHI600E, CH Instruments,
Inc.) was employed to perform the photocurrent response
(PCR), electrochemical impedance spectroscopy (EIS), and
Mott–Schottky measurements. Based on the three-electrode
system, a saturated calomel electrode, a Pt electrode and an as-
prepared substrate were used as the reference electrode, auxili-
ary electrode, and working electrode, respectively. The EIS
plots were recorded in the frequency range of 0.1–106 Hz in
10 mM Fe[(CN)6]

3−/4− aqueous solution. PCR and Mott–
Schottky results were obtained in a 0.5 M Na2SO4 electrolyte
solution at 0 V bias or in a voltage range of −1.5–1 V with an
amplitude of 10 mV.

3 Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) patterns of the pre-
pared substrates. All the diffraction peaks of the Ti sheet can
be indexed to hexagonal Ti crystals (JCPDS card No. 44-1294).
The Ti peaks at 53.0° and 70.6° are prominent in every sample.
For NTO nanowires, all diffraction peaks correspond to hexag-
onal Ti crystals and monoclinic Na2Ti3O7 crystals (JCPDS card

No. 72-0148). The crystalline peaks at 24.2°, 28.4° and 48.1°
are attributed to the (102), (111), and (020) crystallographic
planes, respectively. In addition, no impurity peaks are
observed in the NTO nanowires, indicating a pure monoclinic
Na2Ti3O7 phase. The diffraction peaks appearing at 37.8° and
44.3° are attributed to the (111) and (200) crystallographic
planes of the Ag cubic phase (JCPDS card No. 04-0783),
respectively. With increasing Ag content, the diffraction peaks
at 40.0° and 63.0° of Ti crystals slowly disappear, and the diffr-
action peak at 37.8° is gradually enhanced. In addition, the
positions of the peaks are almost identical, suggesting that the
Ag NPs are deposited on the NTO surface instead of inside the
lattice.

As shown in Fig. 2a, the scanning electron microscopy
(SEM) image reveals that the surface of the original Ti sub-
strate was clean and crack-free. After the hydrothermal reaction
process with 1 M NaOH solution at 180 °C for 48 h, nano-
structures consisting of Na2Ti3O7 nanoflowers and nanowires
(Fig. 2b) were obtained. The nanoflowers are almost perpen-
dicular to the Ti substrate, indicating that they directly
grew on the Ti sheet surface. The energy-dispersive X-ray
spectroscopy (EDS) images in Fig. 2c show that the four
elements Na, Ti, O, and Ag are uniformly distributed in the
nanowires, which confirms the successful preparation of Ag-
NTO composites. The TEM images in Fig. S1† show the lattice
spacings and suggest that Ag NPs were deposited on the NTO
surface rather than inside the lattice, as determined by XRD
analysis.

The X-ray photoelectron spectroscopy (XPS) results further
confirmed the surface elemental composition and chemical
state of the Ag-NTO nanowires. As presented in Fig. 3a, C 1s
(284.9 eV) was regarded as the internal marker for calibrating
the binding energy. Fig. 3b shows the chemical states of O 1s,
with the peaks at 530.6, 531.2, and 532.6 eV associated with
O2− species (OL), oxygen vacancies (OV) or defects in the
lattice, and chemisorbed or dissociated oxygen species (OC),
respectively.21,22 In Fig. 3c, the Ti 2p spin–orbit doublet peaks
observed at 458.0 and 463.6 eV are related to the Ti4+ oxidation
state.23 As shown in Fig. 3d, the Ag peaks at 368.3 and 374.3
eV are attributed to Ag 3d5/2 and Ag 3d3/2, respectively. The
spin energy is an eigenvalue of 6.0 eV, demonstrating the pres-
ence of Ag, not silver oxide, on the substrate surface.24

For the SERS performance evaluation, 4-MBA was used as a
probe molecule. Fig. 4a shows the Raman spectra of MBA and
NTO and the SERS spectra of MBA on NTO. The characteristic
bands at 277, 444, and 700 cm−1 of NTO are attributed to
Na2Ti3O7.

25,26 The MBA molecule on NTO exhibits faint peaks
at 613 and 1598 cm−1, indicating the weak enhancement of
NTO. Fig. 4b presents the SERS spectra of MBA adsorbed on
the Ag-NTO substrates with different Ag sputtering powers
obtained using 633 nm excitation light. The SERS activity
gradually changes as the Ag sputtering power changes. The
band assignments for the SERS spectra of the 4-MBA molecule
are summarized in Table S1.† The slightly reduced Raman
signal of Ag-NTO-4 is due to the excess Ag coverage, which
leads to the disappearance of the hot spots.

Fig. 1 XRD patterns of Ti sheet, NTO nanowires, and Ag-decorated
NTO nanowires.
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The Ag-NTO-3 substrate was employed to further verify the
SERS enhancement ability using MBA solutions with various
concentrations ranging from 10−3 to 10−8 M. As shown in
Fig. 4c, although the Raman intensity significantly decreases
with decreasing probe concentration, the characteristic band
is still observed at 10−8 M MBA, indicating the high SERS sen-
sitivity of Ag-NTO-3. To investigate the changes in Raman
spectra for various probe molecule concentrations, the
relationship between the intensity of the Raman band at
1076 cm−1 and the MBA concentration was plotted. Fig. 4d pre-
sents a good linear relationship between the band intensity
and probe molecule concentration, and the regression
equation can be used for MBA concentration identification.

To quantify the Raman signal enhancement capability, the
Raman band at 1076 cm−1 was selected, and the SERS
enhancement factor (EF) was estimated according to the fol-
lowing equation:

EF ¼ ISERS
Ibulk

� Nbulk

NSERS
ð1Þ

where ISERS and Ibulk are the SERS intensity of the band at
1076 cm−1 (MBA molecules adsorbed on the Ag-NTO-3 sub-
strate) and Raman intensity of the band at 1098 cm−1 (solid
MBA molecules), respectively. NSERS and Nbulk are the corres-
ponding numbers of probe molecules in the laser spot region.

The number of probe molecules for the non-SERS substrates
can be estimated by the following equation:

Nbulk ¼ NACV
Ssub

� �
Slaser ð2Þ

where NA is the Avogadro constant, C is the molar concen-
tration of the solution (1.0 × 10−3 M), V is the volume of the
droplet (100 μL), Ssub is the dispersion area of the solution on
the substrate (spot diameter, 4 mm), and Slaser is the size of
the laser spot (diameter, 1 μm). The number of probe mole-
cules on the SERS substrate can be estimated by the following
equation:

NSERS ¼ Slaser
SMBA

: ð3Þ

Here, SMBA is the area occupied by a single MBA molecule,
approximately 0.8 nm × 0.8 nm.27 According to eqn (2) and (3),
the values of Nbulk and NSERS are 3.76 × 109 and 1.23 × 106,
respectively. The calculated EF is approximately 6.9 × 107,
suggesting excellent Raman enhancement of the Ag-NTO
substrate.

Reproducibility is considered a critical parameter for the
practical application of SERS sensing. For the NTO substrate, a
uniform distribution of Ag NPs is very important for reproduci-
bility because Ag decoration causes SPR and, as a result, SERS

Fig. 2 SEM images of (a) an original Ti sheet and (b) grown NTO nanowires. (c) Elemental analysis of the Ag-NTO substrate.
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“hot spots”. Raman spectra collected from different points
under the same experimental conditions were used to confirm
the uniformity of the SERS substrate. Fig. 5a shows the SERS
spectra of 10−3 M MBA adsorbed on the Ag-NTO-3 substrate
obtained with 633 nm excitation light. Fig. 5b illustrates the
calculated relative standard deviation (RSD) determined from
the band intensity at 1076 cm−1. The related SERS spectra
under 514 nm excitation light is shown in Fig. S2.† The low
RSD value indicates the excellent reproducibility of the SERS
substrate.

The electromagnetic enhancement induced by LSPR on the
noble metal surface plays a dominant role in the SERS sensi-
tivity. NTO nanowires have a unique 3D dendritic structure
that forms nanogaps (“hot spots”) between the densely packed
Ag NPs on their surface, resulting in a strong SPR that
enhances the Raman signal. Fig. 6 shows SEM images of Ag-
NTO substrates with different sputtering powers. The high-
energy Ar atoms bombard the metal target to produce Ag NPs.
The density of Ag NPs in the sputtering chamber is relatively
small at an initial sputtering power of 10 W, so Ag NPs can be
slowly and uniformly attached to the nanowire surface. As the
sputtering power gradually increases, the concentration of Ag
NPs increases, causing the scaled-up Ag particles to accumu-
late on the surface of the nanowire in the form of clusters.
When the Ag sputtering power is further increased, the over-
sized aggregates of Ag NPs completely cover the surface of the
nanowire and form a thicker Ag layer on its surface. The elec-
tromagnetic field enhancement on the NTO nanowires was

confirmed using finite-difference time-domain (FDTD) simu-
lations. The electromagnetic field intensity of the Ag-NTO
structure increases with increasing sputtering power, and the
highest intensity occurs at a sputtering power of 30 W. The Ag
NPs are closely aligned on the NTO nanowires, forming many
nanogaps, and the hot spots increase with the sputtering
power. When the Ag sputtering power is further increasing,
the oversized aggregates of Ag NPs completely cover the
surface of the nanowire and form an Ag layer on its surface.
The electromagnetic field intensity slightly decreases at a sput-
tering power of 40 W, which is due to the fact that the NPs
accumulate so thickly that the nanogaps are filled when
forming a Ag layer, weakening the “hot spot” effect. The FDTD
analysis is in good agreement with the SERS results.

We further investigated the catalytic hydrogen production
process similarly induced by photogenerated CT. FDTD ana-
lysis and SERS results demonstrated that a suitable Ag modifi-
cation can maximize the LSPR enhancement. The enhanced
localized electric field generated by LSPR boosts the electron–
hole pair separation in the photocatalyst and increases the
interband transition rate, making the energy higher than the
bandgap of a semiconductor. The electrons are directed to the
noble metal, while holes accumulate at the other edge of the
semiconductor. The noble metal acts as an electron trap and
reduces the recombination rate of electron–hole pairs. This
process enhances the photoactivity of the photocatalyst. In
contrast, too much noble metal reduces the active site in the
reaction and becomes a recombination centre. High concen-

Fig. 3 XPS (a) survey, (b) O 1s, (c) Ti 2p, and (d) Ag 3d spectra for the Ag-NTO substrate.
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Fig. 4 (a) Raman spectra of MBA and NTO as well as SERS spectra of MBA on NTO. (b) SERS spectra of MBA adsorbed on Ag-NTO substrates with
different Ag sputtering powers obtained using 633 nm excitation light. (c) SERS spectra of MBA solutions with various concentrations ranging from
10−3 to 10−8 M adsorbed on the Ag-NTO-3 substrate. (d) Linear relationship between the band intensity and probe molecule concentration.

Fig. 5 (a) SERS spectra of 10−3 M MBA adsorbed on Ag-NTO-3 obtained with 633 nm excitation light. (b) RSD of the band intensity at 1076 cm−1.
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tration of precious metals interferes with the active sites of the
reaction. The enhanced PHE ability of the Ag-NTO-3 substrate
was confirmed under visible-light irradiation (λ > 420 nm) and
atmospheric pressure. As revealed in Fig. 7a, after Ag NPs are
decorated on NTO nanowires, the PHE performance of Ag-NTO
significantly increases. The H2 production efficiency of the Ag-
decorated substrate is 106.7 μmol h−1, which is approximately
2 times than that of its counterpart (54.2 μmol h−1) (Fig. 7b).
The results demonstrate that sputtering Ag species can
improve the photocatalytic hydrogen production performance
of NTO nanowires.

Stability and reusability are also important parameters of
the photocatalytic performance. Compared to powder photoca-
talysts, Ag-covered NTO nanowires grown on flake substrates

present great advantages in terms of reusability. As shown in
Fig. 7c, after four consecutive photocatalytic cycles, the hydro-
gen production rate of Ag-NTO nanowires decreases by 14%.
As shown in Fig. S3,† there are no significant changes
observed in the sea urchin-shaped nanostructure even after
four PHE cycles. In addition, the XRD patterns and SERS
spectra shown in Fig. 7d are basically consistent after four
cycles, indicating the high reusability and stability of the
photocatalysts.

As depicted in Fig. 8a, the PCR measurement results
demonstrate the ability of Ag-NTO to rapidly separate charges
at the interface and transfer photogenerated electrons. The Ag-
covered nanowires present a much higher photocurrent
density than NTO, which suggests a better efficiency of elec-

Fig. 6 High-magnification SEM images and electromagnetic field from FDTD simulations for (a) Ag-NTO-1, (b) Ag-NTO-2, (c) Ag-NTO-3, and (d)
Ag-NTO-4 substrates.
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tron–hole pair transfer and separation. In addition, the corres-
ponding EIS Nyquist plots in Fig. 8b illustrate the smaller
electrochemical impedance radius of Ag-NTO. These results
clearly indicate that Ag decoration directly affects the photo-
catalytic performance by weakening the interfacial CT resis-
tance and promoting the efficiency of photogenerated carrier
separation.28

Mott–Schottky (MS) measurements were used to estimate
the band positions of the photocatalysts. As shown in Fig. 8c,
the positive slopes of NTO and Ag-NTO indicate that both
semiconductors are typical n-type semiconductors.
Furthermore, the flat band potentials (Ef ) of NTO and Ag-NTO
are −0.30 and −0.52 V (vs. Ag/AgCl), respectively, which can be
converted to −0.10 and −0.32 V (vs. NHE) (ENHE = EAg/AgCl +
0.197).29 As reported, the conduction band (CB) bottom poten-
tial of most n-type semiconductors is approximately 0.2 V
lower than Ef, resulting in CB potentials (ECB) of −0.30 and

−0.52 V for NTO and Ag-NTO, respectively.30 According to the
empirical equation EVB = ECB + Eg and the EVB obtained from
ultraviolet photoelectron spectroscopy (UPS) spectra (Fig. S4†),
the band gaps of NTO and Ag-NTO can be calculated to be
3.22 and 3.04 eV, respectively. Based on the above discussion,
we schematically present the band structure alignments of
NTO and Ag-NTO. As shown in Fig. 8d, for the Ag-decorated
substrate, the CB shifts upward, and the band gap narrows.
The change trend favors the reduction of protons and the
absorption of visible light, which improves the driving force
for photocatalytic hydrogen production.31

Photoluminescence (PL) spectroscopy was performed to
investigate the push–pull interaction and recombination of
carriers or the energy band and electronic structures. The PHE
reaction and PEC measurement confirm that NTO substrates
can be excited to generate electron–hole pairs by illumination
with a Xe lamp (λ > 420 nm). This is because OV form a lower

Fig. 7 (a) Photocatalytic hydrogen evolution and (b) evolution rate of NTO substrates. (c) Cycling experiment of PHE by Ag-NTO. (d) XRD patterns
and SERS spectra of Ag-NTO before and after four cycles.
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surface state level than the CB and improve visible light
absorption in combination with the narrowed band gap,
which explains the obtained results even though the
maximum energy of the Xe lamp (2.96 eV) is insufficient for
the band gap of the semiconductor.32 Moreover, Ag was recog-
nized to act as a bridge that leads to faster electron–hole trans-
fer and separation rates and a lower recombination rate, which
is attributed to the Schottky barrier formed at the junction due
to the different work functions.33 Fig. 9a shows the PL spectra

of NTO substrates obtained with an ultraviolet (UV) laser of
220 nm. The wide emission peak of NTO at 490 nm suggests
the existence of surface defects or oxygen vacancies.34 The sig-
nificant PL quenching phenomenon of Ag-NTO demonstrates
that the recombination of electrons-holes in NTO can be sig-
nificantly suppressed by Ag decoration.20

Fig. 9b shows the CT mechanism between MBA and Ag-
NTO. In our previous works, we reported that the “hot elec-
trons” of Ag NPs can be injected into the NTO valence band

Fig. 8 (a) PCR, (b) EIS spectra, (c) M–S diagram, and (d) band alignment of substrates.

Fig. 9 (a) PL spectra of substrates. (b) Schematic of the CT mechanism between MBA and Ag-NTO.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 16287–16298 | 16295

Pu
bl

is
he

d 
on

 2
1 

 1
40

2.
 D

ow
nl

oa
de

d 
on

 0
4/

04
/1

40
3 

07
:1

5:
38

 ..
 

View Article Online

https://doi.org/10.1039/d3nr03994c


(VB) and then transferred to the lowest unoccupied molecular
orbital (LUMO) energy level of the adsorbed molecule or
directly excited to the LUMO energy level of the MBA molecule
to enhance the SERS signal.35,36 In the system of MBA
adsorbed on the Ag-NTO substrate, the Fermi level of Ag NPs is
−4.84 eV, and the LUMO energy level of MBA is −3.21 eV.37

The positions of the CB and VB energy levels according to ECB
and EVB are −4.2 and −7.42 eV (vs. vacuum), respectively. The
633 (1.96 eV) and 514 nm (2.41 eV) excitation lasers can induce
CT by overcoming the energy gap (1.63 eV) between the Fermi
and LUMO levels. In addition, the photogenerated charge
from the VB has been proven to be easily trapped by the
surface state, and one of the releasing pathways is to transfer
to the LUMO level of adsorbed molecules.38–40 Several CT pro-
cesses simultaneously affect the chemical enhancement
mechanism and enhance the SERS sensitivity in combination
with the electromagnetic contribution. The existence of OV

corresponds to narrow the band gap and less energy to the
electron–hole pair separation, which improves the visible light
absorption. As a result, higher interband transition rate and
CT efficiency have enhanced the SERS and PHE performance.

4 Conclusions

In summary, we successfully prepared urchin-shaped Ag-NTO
nanowires on a Ti sheet via the combination of hydrothermal
reaction and magnetron sputtering. The proper Ag cover
resulted in a tremendous SERS enhancement (EF = 6.9 × 107)
owing to the cooperative contributions of SPR and CT. Further
FDTD simulations suggested that Ag-NTO-3 had the highest
electromagnetic field contribution, and the CT mechanism
revealed a photoinduced CT process. The presence of OV, con-
firmed by XPS and PL analysis, could form a deep energy level
below the CB and improve visible light absorption in combi-
nation with the narrowed band gap. The better PHE perform-
ance of Ag-NTO was attributed to the fact that Ag decoration
reduced the interfacial CT resistance and promoted the
efficiency of photogenerated carrier separation. The repeated
experiments validated the excellent stability and reusability of
Ag-NTO as a photocatalyst and a SERS substrate. This work
provides a novel approach for combining SERS and
photocatalysis.
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