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Supplementary Note 1: Substrates characterizations

Supplementary Figure la-g give the SEM images of Ag/Ag-doped TiO2 substrates
prepared with different concentrations of AgNOs. Note that, when the concentrations of
AgNO:3 increase to 0.4 mM, the morphology of as-prepared nanostructures were no obvious
change. However, continually increase the concentration of AgNO3 to 0.6 and 0.7 mM, some
Ag nanoparticles were emerged on the surface of Ag/Ag-doped TiO; substrate. And UV-vis
absorption spectra of as-synthesized of pure TiO2 and Ag/Ag-doped TiO> substrates prepared
with different concentrations of AgNO3 is shown in Supplementary Figure 1h. For pure TiOo,
the wide absorption band below 400 nm corresponds to band energy of 3.2 eV. As compared
with the pure TiO., the Ag/Ag-doped TiO2 samples prepared with low concentrations of
AgNO3 (<0.5 mM) exhibited a red shift of absorbance edge and a significant enhancement of
absorption in the region 400-700 nm. This is due to the localized surface plasmin resonance
absorption of surface-deposited metallic Ag, and meanwhile, the absorption band between 400
and 650 nm shows an asymmetrical strong absorption behavior, which should be attributed to
the optical absorption resulted by the doped energy level of Ag in the band gap of TiOz, similar
to the optical absorption of Ag,O reported in the literature?. Moreover, the Ag/Ag-doped TiO-
samples synthesized with high concentrations of AgNOsz (> 0.5 mM), the absorption band
approaches that of pure Ag along with a dramatically red-shift and broaden due to Ag

nanoparticles emerged in the surface of Ag/Ag-doped TiO- substrate.

In addition, the X-ray diffraction (XRD) patterns of the TiO. and Ag/Ag-doped TiO>
substrates prepared with 0.1, 0.3, 0.5, 0.6 and 0.7 mM of AgNO3 are shown in Supplementary

Figure 2a. It demonstrates that the diffraction peaks at 25.33°, 37.8°, 48.12°, 53.86°, 55.02° and
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62.64° are assigned to the (101), (004), (200), (105), (211) and (204) planes of the anatase
phase TiO, (PDF#21-1272). When the concentrations of AgNOs increase to 0.5 mM, the new
diffraction peaks at 44.27°, 64.43° and 77.47° are assigned to the (200), (220) and (311) planes
of Ag nanoparticle with face-centered-cubic structure (PDF#04-0783), indicating that the
presence of a metallic Ag. And the other diffraction peaks at 40.17°, 53.02° and 70.65° are
belonged to the (101), (102) and (103) planes of the Ti foil (PDF#44-1294). Supplementary
Figure 2b gives the magnified XRD patterns of the TiO, and Ag/Ag-doped TiO> substrates
prepared with 0.1, 0.3, 0.5, 0.6 and 0.7 mM of AgNQz in the 26 range of 24-27°. It shows that
the diffraction peak intensity at 25.33° of Ag/Ag-doped TiO. substrate decreased with
increasing the concentrations of AgNOz as compared to that of the pure TiO> sample, which
is possible due to the fact that Ag™ ions, deposited on the surface of TiO. samples, suppressed
the crystallization of the TiO, anatase phase®“. In addition, the anatase (101) peaks of TiO; in
the Ag/Ag-doped TiO> substrates slight shifted to a smaller diffraction angle, indicating that
the Ag/Ag-doped TiO2 nanostructure occurs a lattice distortion. It should be attributed to the
diffusion and rearrangement of the Ti** and O? ions in the anatase TiOz and the disturbed by
the Ag® ions spreading into the anatase TiO, leading to distortion in the crystal lattice of
TiO23%. In spite of fact that the radius of Ag* ion (126 A) is larger than that of Ti** ion (68 A),
the Ag* ion could still enter into the crystal lattice of TiO2 to replace Ti** ion by the sol-
hydrothermal process, induced O vacancies or deficiencies of Ti**, which results in a shifting
to small angle, peak broadening and decline*®.

Furthermore, X-ray photoelectron spectroscopy (XPS) analysis is performed for Ag-TiOz,

TiO2 and Ag/Ag-doped TiO- substrates prepared with 0.1, 0.3, 0.5 and 0.7 mM of AgNOQOg3, as



shown in Supplementary Figure 3. The fully scanned spectra show that Ti, O and C elements
exist in the pure TiO2, whereas, Ti, O, Ag and C elements exist in the Ag-TiO2 and Ag/Ag-
doped TiO> substrates, in which no traces of any other impurity were observed, except for the
adventitious carbon from ambient environment. To obtained further evidence about the
interaction between the Ag and TiO, the high resolution XPS spectra of Ag 3d, Ti 2p and O
1s are displayed in Supplementary Figure 3b—d. The Ag 3ds2 and Ag 3ds. peaks in the Ag-
TiO, sample appeared at 368.2 and 374.2 eV of binding energies, respectively. This typical
spin energy splitting of the 3d doublet (6 eV) proves that Ag certainly presents in the Ag-TiO>
sample in the form of metallic Ag®. And there is no Ag 3d peak in the TiO; precursor due to
the absence of Ag element. As compared to Ag-TiO2, Ag 3d peaks in the Ag/Ag-doped TiO>
samples showed widening and shifting to lower binding energy, suggesting the existence of
silver oxidation states. The Ag 3d peaks in the Ag/Ag-doped TiO> substrates were fitted by
using software program XPSPeak 4.1, indicating that the chemical states of Ag exist mainly
as Ag* (oxide) and Ag® (metallic Ag). It is particularly noted that the chemical state of Ag in
the Ag/Ag-doped TiO, sample prepared with 0.1 mM AgNOs3 are mainly Ag* (oxide), which
is ascribed to Ag* replacing Ti** at TiO; lattice site. With increasing the concentration of
AgNO;s, the area percentages of the chemical state of Ag® (metallic Ag) obviously increases.
This is because the Ag* doping content reach saturation and the excess silver is deposited on
the TiO> in the form of metallic Ag. Thus, the prepared samples not only have doping of Ag*
but also deposition of metallic Ag. Besides, the Ti 2p peaks at 458.2 and 464.0 eV correspond
to Ti 2pa2 and Ti 2pas2, respectively’S. For pure TiO;, the peak sitting between Ti 2ps/, and Ti

2p112 lines is about 5.8 eV, suggesting the existence of the Ti** oxidation state®. And the peak



positions of Ti 2p of Ag-TiO2 show a positive shift than that of pure TiO>, indicating a lower
electron cloud density of the Ti atoms in the Ag-TiO2 sample®*°. It means that the Fermi level
of Ag is lower than the conduction band of TiO: so that the electron transfer can occur between
TiO and the Ag deposited on the surface of TiO!*!2. However, compared to pure TiO», the Ti
2p peaks in the Ag/Ag-doped TiO, samples shifted into lower binding energy. By fitting XPS
spectra, Ti 2p peaks of the Ag/Ag-doped TiO, samples can be divided into Ti** and Ti** peaks.
During the sol-hydrothermal process, Ag* could disturb the formation of TiO», that is, Ag*
could replace Ti** at TiO- lattice site, resulting in some changes of Ti** into Ti®*. Thus, the
shifting of Ti 2p peak to lower binding energy is attributed to Ag* doping into the TiO> so that
the radius of Ti ion is expand and the electron moves far from the Ti nuclei'®. In addition, O
1s peak at 529.4 eV is attributed to signal of oxygen in TiO> lattice. Compared to that of Ag-
TiO2 and bare TiO2, O 1s peaks of the Ag/Ag-doped TiO2 samples shifted into lower binding
energy, which indicates the decrease of the coordination number of Ti and the lengthen of the

Ti-O bond?®. This result also supports that the presence of Ti*" is decreased.



Supplementary Figure 1 Characteristics of Ag/Ag-doped TiO2 substrates. SEM images of
Ag/Ag-doped TiO> substrates prepared with different concentrations of AgNOs: (a) 0, (b) 0.1,
() 0.2, (d) 0.3, (e) 0.4, (f) 0.6 and (g) 0.7 mM. (h) UV-vis absorption spectra of as-synthesized

of pure TiO2 and Ag/Ag-doped TiO> substrates prepared with different concentrations of

AgNOs.
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Supplementary Figure 2 X-ray diffraction analysis. (a) XRD patterns of the TiO> and
Ag/Ag-doped TiO- substrates prepared with 0.1, 0.3, 0.5, 0.6 and 0.7 mM of AgNOs and (b)

the corresponding magnified XRD patterns in the 20 range of 24-27°.



Supplementary Figure 3 X-ray photoelectron spectroscopy (XPS). (a) XPS survey spectra
of Ag deposition on the surface of TiO (Ag-TiO2) by magnetron sputtering, TiO2 and Ag/Ag-
doped TiO; substrates prepared with 0.1, 0.3, 0.5 and 0.7 mM of AgNOs. And the high-

resolution XPS spectra of (b) Ag 3d, (c) Ti 2p and (d) O 1s show the binding energies.
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Supplementary Figure 4 SERS measurement. SERS spectrum (red line) of AMBA adsorbed
on the Ag/Ag-doped TiO> substrate prepared with 0.5 mM AgNOz and the normal Raman

spectrum (blue line) of 4AMBA powder.

In Supplementary Figure 4, the SERS spectrum of 4AMBA adsorbed on the Ag/Ag-doped
TiO2 substrate is consistent with that of the previously reported for AMBA adsorbed on Ag-
TiO2 nanoparticles!*. It can be found that at the same excitation wavelength, SERS spectrum
of AMBA is very similar to its normal Raman spectrum. But, the characteristic SERS peaks of
AMBA are observed to display slightly different from those of the normal Raman spectrum in
frequency and intensity, which can be attributed to the different adsorption state of 4AMBA
molecule and the intrinsic properties of electromagnetic and chemical enhancement. Therefore,

in our work, the reported spectra are the SERS spectra rather than normal Raman spectra.
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Supplementary Figure 5 Raman frequency shifting. Magnified irradiation time-dependent
SERS spectra between 1550 and 1650 cm™ for the AMBA/Ag/Ag-doped TiO, hybrid system

prepared with 0.5 mM AgNO:s.

From Supplementary Figure 5, it can be seen that with increasing of irradiation time,
accompanying the reorientation of 4AMBA molecules to the Ag/Ag-doped TiO> substrate, the
frequency of aromatic ring vibration mode experiences a red-shift from 1590 to 1586 cm™,
because the changes of bonding interaction, bond length and bond angle are correlated with

the adsorption geometries on the surface of substrate!®,



Supplementary Figure 6 SERS spectra under different exciting wavelengths. Irradiation
time-dependent SERS spectra of the 4AMBA/Ag/Ag-doped TiO2 hybrid system prepared with
0.5 mM AgNOz under exciting of (a) 532 and (c) 633 nm laser with the power of 1.2 mW and
1.7 mW, respectively; (b and d) the corresponding SERS intensities of the peaks at 88, 148,

1078 and 1587 cm’™.
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Supplementary Figure 7 SERS spectra of different samples. Irradiation time-dependent
SERS spectra of the AMBA/Ag/Ag-doped TiO, hybrid systems prepared with the different
concentrations of AgNO3 of (a) 0, (c) 0.1, (e) 0.3, (g) 0.4 and (i) 0.7 mM, and their temporal
evolutions of SERS peak intensities (b, d, f, h, and j). (k) The irradiation time-dependent SERS

spectra of Ag-4MBA and (1) its temporal evolutions of SERS peak intensities.

As shown in Supplementary Figure 7, in the case of low concentration AgNOs (0 and 0.1
mM), the main SERS signals of Ag, TiO2 and 4MBA maintain invariant with increasing the
irradiation time due to no or few Ag was incorporated into TiO. nanostructure. Then,
continually increasing the concentration of AgNOs, the main SERS signals of 4AMBA show
exponential increase trends, while the SERS intensity of Ag and TiO; present reverse trends.
For the case of only Ag nanoparticles, the main SERS signals of Ag and 4MBA are also
basically maintain invariant with increasing the irradiation time. This further illustrate that the
irradiation-time dependent SERS behaviors of AMBA/Ag/Ag-doped TiO2 hybrids system are

ascribed to the synergistic effect of Ag and TiOx.
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Supplementary Figure 8 SERS spectra of different samples. Magnified SERS spectra of
4MBA adsorbed on the Ag NPs and the Ag/Ag-doped TiO> substrates prepared with different

concentrations of AgNOs.

In Supplementary Figure 8, with increase of the concentration of AgNO3z aqueous solution,
the frequency of the Raman mode assigned to the aromatic ring characteristic vibration shifts
from 1592 to 1587 cm™, very close to the Raman mode at 1586 cm™ in the case of Ag NPs,
which can be ascribed to the contribution of electromagnetic enhancement of surface-
deposited Ag NPs due to the increase of the loading amount and aggregation degree of Ag NPs

on the Ag/Ag-doped TiO2 substrate®.
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Supplementary Note 2: Calculation of SERS enhancement factor

To evaluate the plasmonic properties of as-prepared Ag/Ag-doped TiO2 substrates, the

enhancement factors (EFs) are calculated by using the following equation®’

EF = (Isgrs/ Ipuik) X (Npuik/Nsers) (1)
where Isgrs is the integrated intensity of a SERS mode such as the ring-breathing mode (v(C—
S)) at 1078 cm?, Iwui is the intensity of the same mode in the Raman spectrum of 4MBA,
Nsers and Nouik are the numbers of 4AMBA molecules adsorbed on the SERS substrate and the
number of AMBA molecules in powder at the laser spot, respectively. The diameter of the laser
spot was calculated to be 2.4 pm using the equation®®: Dgjater = (A/NA) X 1.22, in which
J-and NA are 785 nm and 0.4 for the specifications of Raman spectrometer, respectively. Nsers
was calculated to be 1.36x 107 based on the following equation: Nggrs = (Ny X 4)/0, in
which Na is Avogadro constant, A is effective area occupied by 4MBA molecules under the
laser irradiation, and 6=2.0 x 10° cm? mol™ is the per mol area of self-assembled monolayer
of 4AMBA molecules®®. And Npui is calculated to be 7.1 x 10'° with using 1.5 g-cm™ of AMBA
molecular density and 154.19 g-mol? of molecular weight. Supplementary Figure 9 give the
SERS spectra of 4MBA adsorbed on the Ag/Ag-doped TiO> substrates before and after NIR
irradiation and the normal Raman signal of 4AMBA powder at the same measure condition. And
the values of Isers and lwuik of 4MBA before and after NIR irradiation can be obtained from
Supplementary Figure 9, respectively. As a result, the EFs of each Ag/Ag-doped TiO> substrate
is listed in Supplementary Table 1. It can be found that the values of EF are increased with
increasing the concentration of Ag NOz before NIR irradiation, which were caused by the
electromagnetic enhancement. And after NIR irradiation, the values of EF also show increases,
this is because of the molecular reorientation. Of particular note is the Ag/Ag-doped TiO2
substrate prepared with 0.5 mM AgNOs display well SERS activities, especially after NIR

irradiation, the EF increased from 2.88 x 10° to 1.68x108, nearly six-fold, which is better than
14



that of bare-Ag NPs. In addition, we also compared the EF of the prepared Ag/Ag-doped TiO>
substrate to the literature reported values, as listed in Supplementary Table 2. It clearly shows
that the 4AMBA/Ag/Ag-doped TiO2 hybrid system after NIR irradiation achieves a better SERS
enhancement. Therefore, the prepared Ag/Ag-doped TiO2 substrate will provide new

opportunities in trace detection applications.
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Supplementary Figure 9 SERS enhancement. SERS spectra of 4AMBA-Ag NPs and each
4AMBA/Ag/Ag-doped TiO, hybrid systems before and after NIR irradiation (100 s) and the

normal Raman signal of 4AMBA powder at the same measure conditions.
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Supplementary Table 1

SERS enhancement factors of the prepared substrates and Ag NPs

Substrate Ag/Ag-doped TiO2
Ag NPs
AgNO; 0lmM 02mM 03mM 04mM O5mM 06mM 0.7mM
EFq 1.37x10° 1.67x105 2.1x10° 2.31x10° 2.88x10° 3.71x105 4.24x10° 6.1x10°
EF 1.45x10° 3.64x10° 5.64x10° 1.24x10° 1.68x10° 1.34x10® 9.92x10° 9.03x10°

Note: (1) before NIR irradiation (2) after NIR irradiation

Supplementary Table 2 Comparison of enhancement factors

SERS substrate EF Reporter molecule Reference
Ag decorated TiO2 nanorod ~3.1x10° rhodamine 6G Fang et al.?
Au coated on TiO; spheres 1.4x10° rhodamine 6G Lietal.?
Ag coated on TiO, Nanofibers | 6.7x10° 4-mercaptopyridine Song et al.??
Fe304/Si02/Zn0/Ag ~8.2x10° 4-mercaptobenzoic acid Hanetal.?
Ag/TiO; scaffold 4.36x10° rhodamine 6G Tan et al.?*

Zn0O/Ag, Ag/ZnO and

Zn0O/Ag/Zn0O

AU/ZnO/Si

Ag/ZnO nanorod

Zn0 nanorod-Ag

Ag/Ag-doped TiO;

7.4x106, 4.4x10°

and 8.9x104

~105

1.23x10°

2.64x10°

1.68x10°

rhodamine 6G

rhodamine 6G

rhodamine 6G

rhodamine 6G

4-mercaptobenzoic acid

Praveena et al.%®

Chan et al.%

Tao et al.Z

Liu et al.28

This work
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Supplementary Figure 10 Time-evolution of SERS peaks of sample. Irradiation time-
dependent SERS intensity of 4AMBA/Ag/Ag-doped TiO> hybrids system prepared with 0.5 mM
AgNO; for the peaks of (a) 88 cm™, (b) 148 cm™, (c) 364 cm™, 1078 cm™ and (d) 1587 cm?,

under temporarily blocking and opening of the laser with wavelength of 785 nm.
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Supplementary Note 3: Control experiments for temperature effect

Firstly, a synthesized Ag/Ag-doped TiO> substrate was cleaved into four pieces, then
three of them were coated with 4MBA but the fourth without any coating, and namely sample
A, B, C and D. Next, their irradiation time-dependent SERS spectra were measured as follow
conditions. Sample A was kept at room temperature, sample B was heat and kept at 45 °C,
sample C was heat to 45 °C and then cooled down to room temperature, sample D was heated
to 45 °C and then cooled down to room temperature before coated with AMBA. As shown in
Supplementary Figure 11a-c, the intensities of peaks at 1078, 88 and 148 cm™ are irradiation
time-dependent, respectively. The results of sample A and sample B confirm that the SERS
intensity measured at higher temperature is stronger than that at room temperature. For sample
C and sample D, the intensity of peak at 1078 cm™ is like that of sample A at room temperature.
This indicates that there is no change of the SERS spectra of 4AMBA even after the adsorbed
molecule and the substrates went through the heating and cooling step, which confirms that
the temperature-induced SERS enhanced behavior is a reversible process for AMBA. Based
on the above temperature-correlated experiments, it is deduced that there is no change of the
AMBA molecule characteristics when it goes through the relatively high temperature stressing,
thus the impact of temperature on the irreversible enhancement of the SERS signal of AMBA
can be excluded. However, the SERS behavior of Ag/Ag-doped TiO: substrate is different.
The intrinsic Raman intensities of Ag and TiO> for the four samples are shown in
Supplementary Figure 11b and c, respectively. For sample A the Raman signals of both Ag
and TiO, decrease in an exponential behavior. For sample B there is negligible change. For

sample C and sample D, their Raman spectra show higher intensities than that of sample A and
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a similar decline trend with increasing irradiation time, although their decreasing rates are
smaller than that of sample A. The above experiments confirm that the temperature induces a
permanent change to the Ag/Ag-doped TiO. substrate, resulting in the discrepancy of the

Raman behavior.
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Supplementary Figure 11 Control experiments. Irradiation time-dependent SERS peak
intensities of (a) 4AMBA (1078 cm™), (b) Ag (88 cm™) and (c) TiO2 (148 cm™) for the
AMBA/Ag/Ag-doped TiO. hybrids system prepared with 0.5 mM AgNOs, with/without
heating treatment. Herein, the irradiation time-dependent SERS intensities of peaks at 364 and

1587 cm are not displayed due to their trends same as that of SERS peak at 1078 cm™.
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Supplementary Figure 12 SERS behavior of substrate. (a) Irradiation time-dependent
SERS spectra of Ag/Ag-doped TiO- substrate prepared with 0.5 mM AgNOz without 4AMBA,;

(b) Temporal evolution of Raman peak intensity at 88 and 148 cm™.
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Supplementary Figure 13 High-resolution X-ray photoelectron spectroscopy (XPS). XPS
spectra of the Ag/Ag-doped TiO> substrate prepared with 0.5 mM AgNO3 before and after

irradiation: (a) Ti 2p, (b) O 1 sand (c) Ag 3d.

As shown in Supplementary Figure 13, by fitting of high-resolution X-ray photoelectron
spectroscopy, the XPS peaks of Ti 2p, O 1s and Ag 3d of Ag/Ag-doped TiOz substrate can be
divided into different valence state peaks, respectively. After irradiation of 785 nm laser, it can
be found that the respective area percentages of Ti®* and Ti** obviously increases and the peaks
of Ti 2p shift towards to higher binding energy comparing with that of pristine sample. It
reveals that a lower electron cloud density of the Ag/Ag-doped TiO> substrate due to the
remove of Vo defect after laser irradiation®. Moreover, the wide and asymmetrical spectra of
O 1s can be further fitted into three peaks including crystal lattice oxygen O (Ti-O), surface
hydroxyl groups O (OH) and adsorbed oxygen O (02)?°3°. The respective area percentages of
O (Ti-O) and O (OH) of Ag/Ag-doped TiO- substrate after exposure to 785 nm laser were
higher than that of pristine samples and the peaks of O 1s shifts towards to higher position,
which can be ascribed to the remove of the Vo defect causing the increase the oxygen species
of O (Ti-O). While, the area percentage of O (O.) was reduced due to the oxygen release from

the surface of the samples under the irradiation of 785 nm laser. Furthermore, the chemical
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state of Ag in Ag/Ag-doped TiO- substrate exist mainly as Ag (metal) and Ag (oxide)*X. And
after irradiation, the area percentage of the Ag (metal) increase, simultaneously, the area
percentage of Ag (oxide) reduced. It can be attributed to the destroyed of the weak interactions
between Ag ions and the production of elemental Ag under the laser irradiation. XPS data
further support the fact that the irradiation reduces the density of Vo defects in the substrate

and consequently improve the crystalline structure®.
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Supplementary Figure 14 Temperature effect. Temperature-dependent SERS spectrum of

bare Ag/Ag-doped TiO> substrate prepared with 0.5 mM AgNO:s.
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Supplementary Note 4: First principles calculation of Raman intensity for

anatase TiO;

As well known, the Raman intensity of a vibration mode can be expressed as®3343:
[« N X @2 ),

where N is the total number of certain vibration mode in the system, & is the polarizability

tensor invariant scalar given by:
a? = = ©)
where a is the average invariant of the polarizability tensor or also called the ‘reduced trace
of the matrix’, and defined as:
& == + ay, + az, (),
v is the polarizability tensor directivity invariant or also known as the ‘anisotropy’ parameter
of the matrix, and follows the formula:

72 = 2 (e = tyy)” + (ayy — sy ) + (a5 — 0)?] + 3[ady + oy + ] (5),
where @y, @yy, Azz, Qxy, @z, and  a,,, are the polarizability tensor elements. These
invariants are independent of the coordinate frame in which the matrix representation is given,
i.e. independent of the orientation of the molecule.

To understand the Raman characteristics of anatase TiOz, we studied the correlation between
the polarizability tensor of the anatase TiO> and the concentration of Vo defects by using
density functional theory (DFT) calculations. As the material polarizability is always closely
related to the atomic structure, for simplifying the calculations without loss of generality, a

supercell of anatase TiO- crystal with 300 atoms was employed in our simulation. The ultra-

soft pseudo-potential and plane-wave expansions of wave functions and potentials are
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implemented during the calculation®. The exchange correlation energies were treated within
the generalized gradient approximation according to the literature®’. Before the calculations,
the cut-off energy and points were tested. For structure optimization, the conjugate gradient
method was used, and the ion positions were optimized until the residual force was less than
0.01 eV/ A. To introduce different concentrations of the Vo defect in the anatase TiO structure,
specific number (M) of oxygen atoms in the supercell was removed, and thus the Vo defect
concentration of the created supercell was M/300. The polarizabilities of anatase TiO> with
different Vo defects were obtained according to the anisotropic Clausius-Mossotti formula by
calculating the dielectric tensor®®4%. And the calculated polarizability tensor of the anatase
TiO2 with different Vo defect concentrations were listed in Supplementary Table 3. As shown
in Figure 5a of main text, a polynomial function was used to fit these data and the
corresponding fitting curve was plotted by the following equation:
@% =2.2571 x 10711 — 1.9577 x 10~ %x + 9.6547 X 1077 x?
—4.904 x 10753 (6)

where x is the concentration of Vo defects. It is obviously seen that the polarizability of the
anatase TiO; increases with the growth of Vo defect concentrations, except for very low and

high concentrations of Vo defect.
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Supplementary Table 3 Calculated results

x (%) a 72 @’

O -6 -14 -11

4.73694x10 3.58663x10 2.24441x10
-6 -13 -11

0.333 5.04159x10 3.10972x10 2 5466x10
-6 -12 -11

0.667 6.04791x10 3.58916x10 3.71356x10
01 -6 -13 -11

7.14101x10 1.03902x10 5.10102x10
-6 -14 -11

0.1333 7.19259x10 2.36748x10 5.1737x10

In addition, one O atom bonds to three neighboring Ti atoms, counting three Ti-O bonds,
is determined by the crystalline structure of anatase TiO2, the number of Ti-O vibration mode

N can be written as:

N =2n — 3nx (7),
where n is the number of the atoms in the TiOz structure, x denotes the concentration of Vo

defects. Therefore, combining Eq. (2), Eq (6) and EQ. (7), Iraman Can be expressed as:

-11
Inaman ~ (2 X 300 — 3 X 300x)(3.57 x 10712 + 22212y » (225714 x 1011 —
1.086
1.9577 x 10™%x + 9.65469 x 10~7x2 — 4.904 x 10~5x3) (8)

Thus, the relationship between the Raman intensity and the concentration of Vo defects is
plotted in Figure 5b of main text. It can be found that the Raman intensity first decreases and
then increases with decreasing the concentration of Vo defects. The calculation displays a
similar variation trend consisted with the experiment data and is well explanation for

experimental results (Figure 4b).
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Supplementary Note 5: Raman signal of Ag-Ag interaction

To study the temperature-dependent SERS characteristics of the peaks at 88 cm™ (Figure
4b), assigned to the Ag-Ag stretching vibration, the thermogravimetric and differential
scanning calorimetry (TGA/DSC) of the Ag/Ag-doped TiO2 substrate under the N> ambient
are measured and presented in Supplementary Figure 15. According to the TGA/DSC curves,
the weight loss of the as-prepared Ag/Ag-doped TiO> substrate is 4.93 % in the temperature
range of 40-160 °C. In fact, through the analysis of experimental details, as shown in
Supplementary Figure 16a, the silver citrate complex is introduced by using the trisodium
citrate to reduce the AgNOs during the preparation process of the Ag/Ag-doped TiO- substrate.
Hence, the 4.93 % weight loss resulted from the redox decomposition of silver citrate
complexes in the Ag/Ag-doped TiO, substrate and water loss*, which is shown in
Supplementary Figure 16c. And the weight loss of the samples in the temperature range of 160
~ 1000 °C is ascribed to the decomposition of compound 1 (Supplementary Figure 16d)*2.
These set of experimental results give us the evidence that the decrease of the signal intensities
of 88 cm™ in the first stage was due to the weak interactions of the Ag-Ag in the silver citrate
complexes (Supplementary Figure 16b), whereas the weak interaction was broken with
increasing the temperature. Furthermore, the increase of the signal intensity in the thereafter
stage was ascribed to the electromagnetic enhancement of element Ag which derive from the
redox decomposition of silver citrate complexes in the Ag/Ag-doped TiO> substrate

(Supplementary Figure 16c).
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Supplementary Figure 15 Thermogravimetric and differential scanning calorimetry.
TGA/DSC curve of the Ag/Ag-doped TiO> substrate prepared with 0.5 mM AgNO3z under N2

atmosphere.
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Supplementary Figure 16 Chemical reactions. (a) Formation of silver citrate complex; (b)
the weak interaction of Ag-Ag in silver citrate complexes; (c) the redox decomposition of

silver citrate complexes; (d) the decomposition of compound 1.
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Supplementary Figure 17 UV-Vis diffuse reflection spectra. (a) Reflectance spectra and (b)
Kubelka—Munk absorption curves of pure TiO2, Ag/Ag-doped TiO2 and 4AMBA/Ag/Ag-doped

TiO2 hybrid system prepared with 0.5 mM AgNO:s.
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Supplementary Figure 18 CT contribution. SERS spectra of 4AMBA adsorbed on Ag NPs,

TiO2 and Ag/Ag-doped TiO> substrate. There is no obvious SERS peak for 4AMBA adsorbed

on bare-TiOz under exciting of 785-nm laser, which is caused by the TiO2-to-molecules CT

not response.

Supplementary Table 4 Peak intensity ratio of the b2 mode to a1 mode

Substrate l1016/l1078  l1142/l1078 l1360/l1078 l1482/11078
Ag NPs 0.073 0.021 0.009 0.023
Ag/Ag-doped TiOz | 0.101 0.064 0.092 0.066
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Supplementary Figure 19 SERS characteristics of molecules/Ag/Ag-doped TiO2 hybrid
system. Irradiation-time dependent SERS spectra of (a) 4NTP, (c) CV and (e) R6G adsorbed
on the Ag/Ag-doped TiO2 substrate prepared with 0.5 mM AgNOgs, and their temporal

evolutions of SERS peak intensities (b, d and f), respectively.
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Supplementary Figure 20 Temporal evolutions of SERS spectra. Irradiation time-
dependent SERS spectra of (a) 4AMBA and (b) 4NTP adsorbed on the Ag/Ag-doped TiO>

substrate prepared with 0.5 mM AgNOs, respectively.
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