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ABSTRACT: Substrate—molecule vibronic coupling enhancement, especially the efficient photoinduced charge transfer
(PICT), is pivotal to the performance of nonmetal surface-enhanced Raman scattering (SERS) technology. Here, through
developing novel two-dimensional (2D) amorphous TiO, nanosheets (a-TiO, NSs), we successfully obtained an ultrahigh
enhancement factor of 1.86 X 10°. Utilizing the Kelvin probe force microscopy (KPFM) technology, we found that these 2D a-
TiO, NSs possessed more positive surface potential than their 2D crystalline counterpart (c-TiO, NSs). First-principles density
functional theory (DFT) was used to further reveal that the low coordination number of surface Ti atoms and the large amount
of surface oxygen defects endowed the 2D a-TiO, with high electrostatic potential, which allowed significant charge transfer
from the adsorbed molecule to the 2D a-TiO, and facilitated the formation of a stable surface charge-transfer (CT) complex.
Significantly, comparing with the 2D ¢-TiO,, the smaller band gap and higher electronic density of states (DOS) of the 2D a-
TiO, effectively enhanced the vibronic coupling of resonances in the substrate—molecule system. The strong vibronic coupling
within the CT complex obviously enhanced the PICT resonance and lead to the remarkable SERS activity of a-TiO, NSs. To
the best of our knowledge, this is the first report on the remarkable SERS activity of 2D amorphous semiconductor
nanomaterials, which may bring the cutting edge of development of stable and highly sensitive nonmetal SERS technology.

B INTRODUCTION

Surface-enhanced Raman scattering (SERS) spectroscopy
owns the advantages of rapidity, high sensitivity, and
nondestructiveness, which are extremely useful for label-free
and fingerprint detection of multifold trace chemicals.'~* A few
semiconductor nanomaterials have been proven to possess
rather large enhancement factors exceeding 10* with high
spectral stability, such as InAs/GaAs quantum dots,” CuTe
nanocrystals,6 Cu,O nanospheres,7 and TiO, nanostructures,”’
in which photoinduced charge transfer (PICT) at the
semiconductor—molecule interface is extremely important in
Raman scattering enhancement.'”"" Compared with metal
namostructures,lz’13 semiconductor nanostructures have ex-
cellent controllable properties,'*™"® such as exciton Bohr
radius, band gap, n- and p-type doping, control of
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stoichiometry, stability, stable exciton production, photo-
luminescence, resistance to degradation, and controllable
geometry and crystalline phases though various synthetic
techniques.'”'® These results suggest that through engineering
the crystal structure, energy band, and surface physicochemical
properties to improve the PICT efficiency, semiconductor
nanostructures may actually surpass metals in practical
applications as SERS-active chemical sensors.
Two-dimensional (2D) semiconductor nanomaterials, which
exhibit a flat surface with large specific surface area, were
regarded as excellent candidates for fundamental studies of the
SERS effect and its extensions to practical applications.'”*’

Received: January 9, 2019
Published: March 21, 2019

5856 DOI: 10.1021/jacs.9b00029

J. Am. Chem. Soc. 2019, 141, 5856—5862


pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b00029
http://dx.doi.org/10.1021/jacs.9b00029

Journal of the American Chemical Society

(a) Semiconductor Molecule (b) eof mmz0aTo, é‘{?
60
|C> 40 ;ﬁ”
cCB % ('Coﬁgﬁg( 'y :|K) . 20
\ | — LUMO 8 88 I 2D c-TiO,
Hyc 157% 60
) —— HOMO ‘2‘2
v o — 1D
0-6-5~4-3-2-10 1 2 3 4 5 6

Energy (ev)

Figure 1. (a) PICT transitions in the semiconductor—molecule system. (b) DOS calculation of 2D amorphous and crystalline TiO,.

Due to the extremely large specific surface area of 2D
nanomaterials, the coordination number of the surface atoms is
seriously insufficient, leading to easier combination of surface
atoms with adsorbed molecules to form surface complexes,”'
which brings about stronger PICT resonance than the
corresponding 3D structures.'””" However, because of the
quantum effect of 2D materials,”> the wide band gap and
discontinuous band structure severely limit the vibronic
coupling in the substrate—molecule system,”” resulting in low
PICT efficiency. In our previous work, we found that the
numerous metastable electronic states of amorphous semi-
conductor nanostructures could serve as an intermediate level
in the band gap, which benefited the interfacial charge transfer
and resulted in the remarkable SERS activity of amorphous
ZnO nanocages.24 Therefore, combining the advantages of 2D
nanomaterials with the amorphous structure, development of
new 2D amorphous semiconductor nanomaterials might be a
promising strategy to improve the interfacial PICT efficiency
and boost the performance of semiconductor substrates
accordingly.

Motivated by the above-mentioned exciting findings, we
fabricated a new semiconductor SERS-active substrate, i.e., 2D
amorphous TiO, nanosheets (a-TiO, NSs). This unique
ultrathin nanostructure possesses unprecedented SERS activity
with an enhancement factor (EF) up to 1.86 X 10°% stronger
than that of its 2D crystalline TiO, (c-TiO,) NS counterparts.
Utilizing the Kelvin probe force microscopy (KPFM)
technology, we found that these 2D a-TiO, NSs possessed
more positive surface potential than their 2D crystalline
counterpart (c-TiO, NSs). First-principles density functional
theory (DFT) calculations further revealed that the lattice
disorder and low coordination number of the surface Ti atoms
would endow the 2D a-TiO, NSs with high surface potential
and thus allowed a large amount of static charger transfer from
the adsorbed molecule to the 2D a-TiO, and facilitated the
formation of a stable surface charge-transfer (CT) complex.
Significantly, comparing with the 2D ¢-TiO,, the smaller band
gap and higher DOS of 2D a-TiO, can effectively improve the
vibronic coupling of several resonances in the substrate—
molecule system. The strong vibronic coupling within the CT
complex will obviously enhance the PICT resonance and lead
to the remarkable SERS activity of a-TiO, NSs. As far as we
know, this is the first report of clear observation of the
remarkable SERS activity from 2D amorphous semiconductors,

5857

which may bring the cutting edge of development of stable and
highly sensitive SERS technology.

B RESULTS AND DISCUSSION

According to the PICT mechanism, when the molecules are
bound to the semiconductor surface via weak covalent bonds,
the surface CT complex between the semiconductor and the
molecule will be formed. This CT complex will achieve the
strongest Raman enhancement once the excitation frequency
resonates with the PICT transition.'"'”* Typically, the
efficiency of PICT transition strongly depends on the intensity
of vibronic coupling in the substrate—molecule system. When
the energy levels of the molecules and the semiconductor
substrate are coupled, PICT transitions from the semi-
conductor valence band (VB) states (IV)) to the molecular
excited states (IK)) via the transition moment, iy, or from the
molecular ground states (II}) to the semiconductor conduction
band (CB) states (IC)) via the transition moment, y;-, can
borrow intensity either from exciton transitions puyc or
molecular transitions g, through the Herzberg—Teller
coupling term (hcg or hy;), as shown in Figure 1la.
Therefore, developing a new strategy to effectively improve
the vibronic coupling in the substrate—molecule system is the
key issue to enhance the PICT resonance and the SERS effect.
Here, we selected the TiO, as an ideal candidate for
developing the high-performance SERS-active substrates due
to its excellent biocompatibility, relatively high SERS activity,
and good chemical stability among the reported semi-
conductors.”*~** To investigate the vibronic coupling between
the molecule and 2D amorphous semiconductor, we first
calculated the electronic density of states (DOS) of 2D
amorphous TiO, (a-TiO,). The DOS calculation of crystalline
TiO, (c-TiO,) was also performed as a control. The DOS of
2D c- and a-TiO, were calculated at the density functional
theory (DFT) plane-wave level based on the Vienna Ab-initio
simulation package (VASP) combined with the projected-
augmented wave method (PAW) (for details see Supporting
Information S2). The results of DFT calculation showed that
the 2D a-TiO, rendered smaller band gap and higher DOS
than that of its crystal counterpart (Figure 1b). Although the
DFT results of amorphous structures were qualitative assess-
ments, it is sufficient to predict the energy band structure of
2D a-TiO, to enhance the vibronic coupling in the substrate—
molecule system, suggesting a high-efficiency PICT process.
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To achieve this, we designed and fabricated novel 2D
amorphous TiO, nanosheets (a-TiO, NSs). The synthesis
procedure follows our previous report with some modifica-
tion.”” Through manipulating the calcination temperature, the
ultrathin a-TiO, NSs were successfully obtained, and the 2D
crystalline TiO, nanosheets (c-TiO, NSs) were prepared as
control samples (see Materials and Methods for details).
Briefly, the highly uniform graphene was used as a template to
synthesize the TiO, NSs@graphene precursor (Figure S1).
After annealing at different temperatures in air, we successfully
obtained the ¢ and a-TiO, NCs, respectively. The X-ray
photoelectron spectroscopy (XPS) result also showed that
there was no C element (C 1s: 285 eV) in 2D a-TiO, NSs
(Figure S2), which suggested the graphene template had been
removed via the heat treatment. It was observed from the XRD
patterns (Figure S3) that the samples showed an amorphous
phase when the calcination temperature was 400 °C. When the
calcination temperature was elevated to 650 °C, the sharp
diffraction lines with relatively high intensities indicated the
high crystallinity of the anatase phase (JCPDS, no. 21-1272).
Representative c- and a-TiO, NSs were further characterized
by transmission electron microscopy (TEM) micrographs
(Figure 2). It can be found that the as-prepared c- and a-TiO,

Figure 2. (a,b) TEM micrographs of a- and ¢-TiO, NSs. Inset: low-
resolution images. (c,d) The HRTEM micrographs of a- and ¢-TiO,
NSs. The insets in c,d are the corresponding SAED patterns of a- and
c-TiO, NSs.

NSs showed flat ultrathin nanosheet morphology, indicating a
successful inheritance of the graphene template shape. The
low-resolution TEM micrographs in Figure 2a,b showed that
the sizes of ¢- and a-TiO, NSs were around a few microns. The
high-resolution TEM (HRTEM) micrograph (Figure 2c)
showed that the amorphous a-TiO, NS structure was
consistent with its corresponding selected area electron
diffraction (SAED) pattern (the inset in Figure 2c). The
inverse Fourier transform (FFT) image of c-TiO, NSs (inset in
Figure 2d) displayed that the spacings of adjacent lattice fringe
were 0.234 and 0.236 nm, respectively, which was consistent
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with the lattice constants of (112) and (004) planes of anatase
TiO,. Moreover, the corresponding SAED patterns (the inset
in Figure 2d) also clearly demonstrated the anatase phase of c-
TiO, NSs, consistent with the XRD characterizations.

Moreover, Figure S4 showed the UV—vis—NIR spectra of
the as-prepared c- and a-TiO, NSs. It can be seen that the
absorption spectrum of the a-TiO, NSs possessed several
broad absorption peaks and an obvious band tail, exhibiting an
amorphous structure. A clear occurrence of absorption bands
around 400 nm was ascribed to the interband excitation of the
defect states,®® owing to the well-known long-range disordered
structure of amorphous materials. An abrupt change at 826 nm
in the absorbance spectra suggested that the optical gap of the
a-TiO, NSs was only 1.5 eV, much narrower than that of the c-
TiO, NSs. The onset of optical absorption of the a-TiO, NSs
was lowered to about 1.0 eV (~1230 nm). The broad
absorption in the 850—1230 nm range can be attributed to the
excitation of surface oxygen vacancy states.”’ The strong and
broad absorption band within the whole visible region
indicated a small band gap and a high DOS, which was
consistent with the proposed DOS calculation (Figure 1b).
The spectrum of the c-TiO, NSs showed an obviously
decreased absorption above 400 nm, indicating a high
crystallinity of the sample. The strong absorption below 390
nm was consistent with the band gap energy at 3.2 eV of
anatase TiO,.

Based on the above results, it was reasonable that the
relatively small band gap and high DOS allowed this novel 2D
a-TiO, NS to effectively couple with the energy levels of the
adsorbed molecule, resulting in the high-eficiency PICT
resonance. Its flat surface and ultrathin structure also provided
a promising approach for studying the SERS activity of 2D
amorphous semiconductor nanomaterials. The standard probe
molecule, i.e., 4-mercaptobenzoic acid (4-MBA), was used in
our experiments. Figure 3a showed the control SERS
experiments of c- and a-TiO, NSs modified by 4-MBA
molecules (4-MBA@a-TiO, NSs and 4-MBA@c-TiO, NSs),
respectively. It was demonstrated that a much stronger SERS
effect occurred in a-TiO, NSs than its c-TiO, NS counterparts.
First, compared with ¢-TiO, NSs, the features of the C=C
stretching mode of the benzene ring (1593 cm™") and ring-
breathing mode coupled to the C—S stretch mode (1096
em™)*" were remarkably enhanced in a-TiO, NSs. Second,
compared with 4-MBA@c-TiO, NSs, more marked peak shifts
of the probe molecules were found for 4-MBA@a-TiO, NSs,
which was an indicator for strong semiconductor—molecule
interaction.”” As for 4-MBA, the intrinsic peak of 4-MBA
(1096 and 1593 cm™) shifted to 1113 and 1632 cm™ when
adsorbed onto a-TiO, NSs and to 1104 and 1624 cm™" when
adsorbed onto c-TiO, NSs, respectively. Third, we clearly
observed the selective enhancement of nontotally symmetric
lines (b, modes) in all c- and a-TiO, NSs, which was ascribed
to the Herzberg—Teller contribution via a PICT mechanism.'”
For example, the C—H deformation mode at 1113 cm™
(assigned as a b, mode™) exhibited a large enhancement.
Through collecting the SERS signals from ten different
positions on 4-MBA molecule modified a-TiO, NSs (Figure
SS), we found that these 2D amorphous substrates exhibited
excellent spectra uniformity and repeatability. Moreover,
according to the standard equation,”® the EF was estimated
to be approximately 1.86 X 10° for this a-TiO, NS (for the
details, see Supporting Information S3). The remarkable SERS
activity of a-TiO, NSs was further confirmed by using several
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Figure 3. (a) Measured SERS spectra of 4-MBA (10~* M) molecules adsorbed on c- and a-TiO, NSs and the normal Raman spectrum of pure 4-
MBA solution (0.1 M) on the Si wafer. (b) Simulated SERS spectra of 4-MBA molecules adsorbed onto c- and a-TiO, NSs. Laser wavelength: 633

nm. Power: 0.8 mW. Lens: S0X objective. Acquisition time: 10 s.
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Figure 4. (a,) Calculated ESP at the cross-section surface of a- and c-TiO,. (b,) The AFM images of the single piece of a-TiO, and c-TiO, NSs.
(c.) The corresponding surface potential image of the single piece of a- and ¢-TiO, NSs on the HOPG substrate. (d,) The difference of charge
distributions for 4-MBA@a- and c-TiO,, respectively. The cyan (purple) distribution illustrates electron depletion (accumulation). The electron
transfer directions and values are also denoted. (x = 1) a-TiO, and (x = 2) c¢-TiO,.

standard probe molecules (Figure S7). It was clearly seen that
the a-TiO, NSs had stronger Raman enhancement than their c-
TiO, NS counterparts. Moreover, it was found that there was
no big difference between the adsorption of 4-MBA molecules
on c- and a-TiO, NSs through performing the UV—vis
characterization of the 4-MBA ethanol solution after
adsorption. Brunauer—Emmett—Teller (BET) N, adsorp-
tion—desorption curves for both c- and a-TiO, NSs were
further characterized, respectively. The results showed that the
specific surface areas (SSA) for c- and a-TiO, NSs were close
to each other (3.37 m?/g for a-TiO, NSs and 3.53 m?/g for c-
TiO, NSs, see Table S1 in Supporting Information), excluding
the effects of differences in SSA between c- and a-TiO, NSs.
Based on the above results, it was confirmed that the obvious
SERS activities were derived from the unique surface
physicochemical properties of a-TiO, NSs.

To understand the SERS effect of a-TiO, NSs, we carefully
studied the surface CT complexes on 2D c¢- and a-TiO,,
respectively. The electrostatic potential (ESP) and the
difference of charge distributions in the two 4-MBA@c- and
a-Ti0, systems were investigated through DFT calculations.
Briefly, the simulation 2D surface was modeled to be a slab
consisting of two atomic layers (48 atoms). Typically, the 2D
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a-TiO, model was obtained by molecular dynamics (MD)
simulation to adjust the atomic coordination number, the bond
length, and the atomic position in the 2D ¢-TiO, model (for
details see Supporting Information S4). The mercapto
molecules were chemically adsorbed onto both surfaces of
2D c- and a-TiO, models through the S—Ti bonds, which
served as the interfacial charge transfer channels to facilitate
the redistribution of the electron cloud around the TiO, and
the molecule. Based on the above calculation models, the ESPs
of 2D c¢- and a-TiO, were first calculated (for details see
Supporting Information SS). The results in Figure 4a showed
that the ESP at the cross-section surface of a-TiO, was 5.77 V,
which was more positive than that of ¢-TiO, (4.81 V). More
positive ESPs of 2D a-TiO, than its crystalline counterpart
were ascribed to the low coordination number of surface Ti
atoms and the large amount of surface oxygen defects, owing
to the long-range disordered 2D amorphous structure.

To further confirm this, the surface potential of the c- and a-
TiO, NSs was carefully characterized by Kelvin probe force
microscopy (KPFM). KPFM technology was generally used to
accurately characterize the surface potential and electron work
function of materials, especially for 2D nanomaterials.”® In our
test, using highly oriented pyrolytic graphite (HOPG) as the
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Figure S. (a) Schematic diagram of the HOMO and LUMO of 4-MBA, 4-MBA@a-TiO,, and 4-MBA@c-TiO,. (b) Absorption spectra of 4-MBA,

4-MBA@a-TiO, NSs, and 4-MBA@c-TiO, NSs.

substrate, the surface potential of c- and a-TiO, NSs was
accurately obtained by comparing the potential difference
between the sample and the HOPG substrate. The AFM image
and the corresponding surface potential image (tip lift: 10 nm)
of a single piece of c- and a-TiO, nanosheets are shown in
Figure 4b and Figure 4c, respectively. It can be clearly observed
that the thickness of c- and a-TiO, NSs was around 2 nm,
equivalent to a few monomolecular layers. The surface
potentials of c- and a-TiO, NSs were 0.8 and 0.1 V,
respectively, higher than that of the HOPG (the work function
of HOPG: ~4.5 eV) substrate. Thus, the work functions of c-
and a-TiO, NSs were 5.3 and 4.6 eV, respectively, which
agreed well with the ESP calculations. Compared with the
crystalline counterpart, 2D a-TiO, has more positive ESP and
larger work function, which could strongly attract the electron
cloud of the molecules and facilitated the interfacial charge
transfer from the molecule to the a-TiO, NSs.

To investigate the interfacial charge transfer within the
surface complex on both 2D ¢- and a-TiO, surfaces, the charge
difference distributions for 4-MBA@c- and a-TiO, were
calculated, respectively (Figure 4d). For details, please see
Supporting Information S5. In general, the depleted region for
electron density was around the C and S atoms in the benzene
ring, and the accumulated region was near the Ti atoms in the
TiO, substrate. The Hirshfeld population analysis*® indicated
that 0.063 e was transferred from 4-MBA to the 2D a-TiO,,
while the amount of charge transferred from 4-MBA to the 2D
c-TiO, cluster is 0.019 e. This result indicated that the 2D a-
TiO, enabled more amount of charge to transfer from the 4-
MBA molecules to 2D a-TiO,, suggesting strongly increased
molecular polarizability.””** To analyze the contribution of
charge transfer to the molecular polarizability, the isotropic
polarizabilities of probes 4-MBA@c- and a-TiO, were further
calculated, respectively. The results revealed that the 2D a-
TiO, could bring about much stronger amplification of the
molecular polarization (see Supporting Information Table S3,
4-MBA@a-TiO,: 1449.66 Bohr"3/atom, 4-MBA@c-TiO,:
1122.37 Bohr"3/atom). Therefore, our calculations clearly
demonstrated that the unique advantages of 2D a-TiO,
effectively improved the interfacial charge transfer and thus
magnified the molecular polarization. In addition, the
calculated SERS spectra of the 4-MBA molecule chemically
adsorbed onto the 2D a-TiO, surface exhibited larger peak
shift and stronger intensity (Figure 3b), which were consistent
with the experimental results. The changes in the intensity and
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peak position between the simulation and measurement results
can be attributed to the random molecule adsorption positions
during the experiments and the differences among the ideal
model settings in the simulations.

Besides improving the interfacial charge transfer and
enhancing the molecular polarizability, we further found that
the 2D a-TiO, greatly improved the energy level coupling
between the adsorbed molecules and the 2D a-TiO, and
effectively enhanced the PICT resonance within the surface
CT complex. The DFT calculations showed that the HOMO
and the LUMO for the 4-MBA molecules were distributed
over the whole molecular structure (Figure Sa). When the 4-
MBA molecules were adsorbed onto the 2D c- or a-TiO,, the
surface CT complex was formed. The calculations showed that
the LUMO of the 4-MBA@c-TiO, complex was still
delocalized on the whole complex, while the LUMO of the
4-MBA@a-TiO, complex was mainly localized on the 2D a-
TiO,. This clearly indicated that the 2D a-TiO, greatly
modified the molecular orbitals of the adsorbed 4-MBA
molecule after forming the surface CT complex. Significantly, it
was found that the 2D a-TiO, could effectively reduce the
band gap of the surface CT complex, which is favorable to the
high-efficiency PICT resonance within the visible-light range.
The calculation result clearly indicated that the band gap of the
4-MBA@a-TiO, complex was only 0.729 eV, smaller than that
of the 4-MBA@c-TiO, complex (2.661 eV). As the HOMO—
LUMO energy gap for 4-MBA was ~4.112 eV, the obviously
reduced band gap of the 4-MBA@a-TiO, complex could be
ascribed to the strong energy level coupling between the 4-
MBA molecule and the 2D a-TiO,.

To investigate the intensity of the vibronic coupling within
the surface CT complex, the band structures of c- and a-TiO,
modified by 4-MBA were further calculated via the DFT
calculation based on VASP. Figure S10 clearly showed that a
comparison of the surface CT complex on ¢-TiO, (4-MBA@c-
TiO,) with the 4-MBA@a-TiO, complex exhibited smaller
band gap and more amount of resonant exited states within the
whole visible light range, which allowed more possible
thermodynamic PICT excitations at the low-energy level and
hence effectively enhanced the Raman signals. This can be
attributed to the strong energy level coupling between the 4-
MBA molecule and the 2D a-TiO,, owing to the relatively
small band gap and high DOS of 2D a-TiO,, which is
consistent with our calculation in Figure 1b. In addition, the
occurrence of strong PICT resonance in the 4-MBA@a-TiO,
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complex was clearly confirmed through the UV—vis spectra
measurements. Figure Sb showed the UV—vis spectra results of
4-MBA molecules, 4-MBA@a-TiO, NSs, and 4-MBA@c-TiO,
NSs, respectively. It was observed that, compared with 4-
MBA@c-TiO, NSs, 4-MBA@a-TiO, NSs exhibited an obvious
red-shift and a broad absorption within the whole visible-light
range, revealing the strong PICT resonance within the 4-
MBA@a-TiO, NSs. In general, it was difficult to detect
molecules with large energy gap because of the lack of the
resonance Raman scattering (RRS) under visible light. Our
findings suggest that these 2D a-TiO, NSs can provide a
promising platform to generate efficient PICT resonance to
realize the trace detection of molecules with large band gap.

Moreover, the wavelength-dependent SERS measurements
were carried out (Figure S11). The SERS exhibited the
strongest intensity under the 532 nm excitation compared with
that under the 633 and 785 nm excitations. This can be
ascribed to the strongest PICT resonance occurring under the
532 nm excitation, which agrees well with the relatively biggest
absorption then (see UV—vis spectra in Figure Sb).
Furthermore, the PICT pathways in both 4-MBA@c- and a-
TiO, systems were carefully investigated (Figure S12). In brief,
the HOMO energy levels of 4-MBA at —6.66 eV were obtained
by cyclic voltammetry (CV) (Figure S13). The HOMO-—
LUMO gap of 4-MBA was 4.43 eV from the UV—vis spectrum
in Figure Sb. The band gap of a-TiO, NSs was 1.5 eV
according to UV—vis—NIR spectra (Figure S4). The CB and
VB of ¢-TiO, NSs were —4.2 eV and —7.4 eV below the
vacuum level.*” The valence bands of c- and a-TiO, NSs were
measured via valence-band XPS™ (Figure S14), which clearly
indicated that the VB value toward the vacuum level for a-TiO,
NSs was higher than that for ¢-TiO, NSs by 1.15 eV. As the
VB of ¢-TiO, NSs was —7.4 eV, the VB of a-TiO, NSs was
—6.25 eV. Therefore, the energy of charge-transfer transition
dic (246 eV) is much higher than the excitation laser energy
(633 nm, 1.96 eV) in the 4-MBA@c-TiO, system, impeding
the thermodynamically allowed PICT process. However, pc
(1.91 eV) is close to the excitation laser energy (633 nm, 1.96
eV) in the 4-MBA@a-TiO, system, which favors the efficient
PICT between 4-MBA and a-TiO, NSs. Significantly, in the 4-
MBA@a-TiO, system, p;c can borrow the intensity from
nearby exciton transition iy in a-TiO, NSs through the strong
energy level coupling between the VB of a-TiO, NSs and the
HOMO of 4-MBA. Thus, the a-TiO, NSs can exhibit much
stronger SERS activity than c-TiO, NSs.

B CONCLUSION

In conclusion, through developing a novel ultrathin amorphous
semiconductor nanomaterial, i.e.,, 2D a-TiO, NSs, an ultrahigh
SERS activity (EF up to 1.86 X 10°) was successfully obtained
in nonmetal nanomaterials. The underlying mechanism for this
intrigning phenomenon was revealed via DFT simulations.
Compared with the crystalline counterpart, more positive
surface potential of 2D a-TiO, can strongly attract an electron
cloud of molecules and endow a larger amount of interfacial
charge transfer. Moreover, the relatively small band gap and
high DOS enable the strong vibronic coupling to occur in the
molecule@a-TiO, NS system. The above-mentioned mecha-
nism can effectively enhance the PICT resonance and amplify
the molecular Raman scattering. This progress will guide
further development in design and fabrication of excellent
SERS substrates and thrust the exploration of 2D amorphous
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semiconductor nanomaterials for realizing ultrahigh-sensitivity
SERS technology.
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