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Atomically Thin TaSe, Film as a High-Performance Substrate
for Surface-Enhanced Raman Scattering

Yuancai Ge, Fei Wang, Ying Yang, Yi Xu, Ying Ye, Yu Cai, Qingwen Zhang,
Shengying Cai, DanFeng Jiang, Xiaohu Liu, Bo Liedberg, Jian Mao,* and Yi Wang*

An atomically thin TaSe, sample, approximately containing two to three

layers of TaSe, nanosheets with a diameter of 2.5 cm is prepared here for the
first time and applied on the detection of various Raman-active molecules. It
achieves a limit of detection of 107° m for rhodamine 6G molecules. The excel-
lent surface-enhanced Raman scattering (SERS) performance and underlying
mechanism of TaSe, are revealed using spectrum analysis and density func-
tional theory. The large adsorption energy and the abundance of filled elec-
trons close to the Fermi level are found to play important roles in the chemical
enhancement mechanism. Moreover, the TaSe;, film enables highly sensitive
detection of bilirubin in serum and urine samples, highlighting the potential of
using 2D SERS substrates for applications in clinical diagnosis, for example, in
the diagnosis of jaundice caused by excess bilirubin in newborn children.

1. Introduction

Surface-enhanced Raman spectroscopy is an efficient and sensi-
tive method that is used for the nondestructive detection of var-
ious molecules. It has received extensive attention in the fields
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of analytical chemistry,!l environmental
science,?l and biomedical engineering.®!
Since the discovery of the surface-
enhanced Raman scattering (SERS) effect
close to a silver electrode around 1970,
numerous efforts have been made to
develop SERS substrates, including the
fabrication of noble metal nanoparticles
and well-prepared nanostructures.l>¢! The
conventional SERS effect mainly arises
from electromagnetic (EM) enhancement,
as the plasmon resonance close to the
rough metallic surface or the metal nano-
particles enables enhanced excitation.”l In
recent decades, noble metals, such as gold
and silver, with a resonance frequency
containing the range of visible light, have
been widely studied owing to their significant enhancement
factors (EF).B! It is generally accepted that the SERS signals are
mainly derived from ultrahigh localized electric fields, named
hot spots. In some cases, a surface in which only a small pro-
portion of the probes is close to the hot spots (<1% of the total
surface) can contribute more than 80% of the total SERS sig-
nals.’! However, SERS techniques relying on EM enhancement
require the use of delicate, precisely fabricated and costly noble
metal nanostructures to achieve reproducible, reliable, and
sensitive analysis.

In addition, chemical mechanism (CM) offers another
important SERS mechanism relying on charge transfer (CT)
between the analytes and substrates. Furthermore, the most
studied semiconductors, such as ZnO and TiO,, are cheaper
than gold and silver nanostructures and easier to fabricate.11!
However, the SERS performance of these semiconductors and
other highly doped semiconductors are not comparable to
those of noble metals owing to their low charge carrier density.
Recently reported 2D materials, including graphene, MoS,,
WS,, h-BN, and ReS,,'™ are the most commonly reported
SERS substrates with CT resonances. However, the limited
factor is the population of electrons at states close to the Fermi
level. It hampers the CT efficiency of these 2D materials, and
a significant amount of research has been devoted to strate-
gies to increase the density of state (DOS) close to the Fermi
level to improve their SERS performance. According to Fermi’s
golden rule, the electron transition probability plays an impor-
tant role in the CT process and it is linearly dependent on the
DOS close to the Fermi level.™] As a result, several strategies,
including shifting the Fermi level by doping graphene with
nitrogen atoms,'® changing the phase transition from the
semiconductor 2H phase to the metallic 1T phase of MoS,,!]
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and the introduction of selenium vacancies in WSe,,'¥ have
been employed to significantly improve the SERS performance.
However, their SERS performance is still not comparable with
those of noble metals.

Recently, semimetallic 2D materials with zero bandgap were
reported to be ideal candidates for use as SERS substrates owing
to their high DOS close to the Fermi level, their atomically flat
surface and their strong interaction with the analytes.>2 NbS,
and NbSe, fabricated using chemical vapor deposition (CVD)
yielded an ultralow limit of detection (LOD) for SERS meas-
urements.'>? The lateral dimensions of the NbS, and NbSe,
nanosheets fabricated using CVD were =1-200 um. The small
size of the nanosheets barely meets the requirements of large-
scale applications. Other methods, such as liquid exfoliation
and mechanical exfoliation, are also inefficient for practical
usage.22 As a typical semimetallic 2D material, TaSe, exhibits
a charge density wave (CDW),12¥l superconductivity,?¥ and
tunable electronic structures.?’! Therefore, it may be a suitable
candidate for SERS substrate and may offer good performance
on Raman biosensors.

Herein, the intercalation of lithium ions into bulk TaSe,
followed by sonication in a water bath was utilized to fabricate
TaSe, nanosheets with a high yield. An atomically thin TaSe,
film with a diameter of 2.5 cm (containing two to three layers
of TaSe, nanosheets) was prepared by filtering the TaSe, solu-
tion through a porous anodic aluminum oxide (AAO) substrate.
Results obtained from experiments and density functional
theory (DFT) calculations reveal a strong interaction between
the TaSe, nanosheets and the Raman probes. In addition, the
higher Fermi level of TaSe, can expedite the migration of elec-
trons close to the Fermi level to the highest occupied molecular
orbital (HOMO) of the SERS probes resulting in a high electron
transfer probability.?® Tt further demonstrates excellent SERS
performance with an LOD of 0.1 X 107 m for the detection of
rhodamine 6G (R6G) molecules. Moreover, the atomically thin
TaSe, film can be used to detect bilirubin molecules in serum
and urine samples to conveniently diagnose jaundice resulting
from high levels of bilirubin with an excellent sensitivity.

2. Results and Discussion

2.1. Exfoliation and Characterizations of TaSe,

To obtain atomically thin TaSe, nanosheets (Figure 1a), bulk
TaSe, was reacted with n-butyllithium for =3 d to form the inter-
mediate precursor (LiyTaSe;). Upon sonication of the precursor
in water, the resulting hydrogen gas boosts the expansion of the
interlayer distance and weakens the van der Waals interactions
between adjacent layers of TaSe,. Previous reports have also
confirmed the efficient synthesis of high quality 2D transition
metal dichalcogenides (TMDs) using lithium intercalation and
exfoliation.’”?8] As depicted in Figure 1b, the powder X-ray
diffraction (PXRD) patterns of the bulk TaSe, can be assigned
to the 2H phase of TaSe, using the Joint Committee on Powder
Diffraction Standards (JCPDS) No. 19-13030 (pink bars). After
exfoliation and deposition of the TaSe, nanosheets on a silicon
wafer chip, the high c-axis orientation of the TaSe, nanosheets
was verified using the PXRD patterns (red curve) shown in
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Figure 1b, in which the diffraction peaks of the (002) facet can
be easily observed, along with other diminished peaks.?l The
upshift of the peak at 13.8° indicates the expanded space along
the (002) facet direction after exfoliation, and the splitting of
this peak denotes the partial 2H phase TaSe, transforms into 1T
phase. The ratio of 2H to 1T is calculated to be about 4:1 with cur-
rent process of fabrication. The successful exfoliation of TaSe,
was also verified using the Raman spectra, as shown in Figure S1
in the Supporting Information, as two distinct peaks can be
observed at around 207 and 234 cm™! that are characteristic for
bulk TaSe,.’%3! The peak at 207 cm™ (E,, mode) is attributed
to the vibrational modes of the Ta and Se atoms oscillating in
the antiphase, that are parallel to the layer. Furthermore, the
peak centered at 234 cm™ (A;, mode) is ascribed to the vibra-
tion of the Se atoms in the antiphase mode with fixed Ta atoms
that is perpendicular to the layer.3233 After exfoliation in water,
the Ey, (207 cm™) mode in the bulk TaSe, noticeably shifts to
a higher wavelength of 213 cm™ in the TaSe, nanosheets, but
no obvious shift in the A;, (234 cm™) is observed.**l Some of
the previous studies based on intercalated TaSe, and WS, have
reported that this results from the considerable enhancement
of the dielectric screening effect by the long-range Coulomb
interaction. Upon increasing the number of layers, the overall
restoring force on the atoms is reduced.B*! The scanning
electron microscopy (SEM) image of the atomically thin TaSe,
nanosheets on the porous AAO substrate shows the lateral size
of the prepared TaSe, nanosheets ranges from 100 nm to 3 pm
(Figure 1c). The SERS substrate, with a diameter of 2.5 cm, was
prepared by filtering a dispersion of TaSe, nanosheets through
an AAO substrate to obtain an ultrathin AAO covered TaSe,
film (Figure S2, Supporting Information). Figure 1d shows
the obtained TaSe, film close to the edge of the AAO, with an
average of two to three layers of TaSe, nanosheets on the sur-
face of the AAO according to the calculation in Figure S3 in the
Supporting Information.

The transmission electron microscopy (TEM) image and
element mapping performed using high-angle annular dark-
field scanning transmission electron microscopy shown in
Figure 2a display the homogeneous dispersion of the Ta and
Se elements over the TaSe, nanosheets. The thickness of the
TaSe, nanosheets was measured and observed to be =1.6 nm
using atomic force microscopy (AFM) in the tapping mode
(Figure 2b), which was slightly larger than the thickness of two
layers of TaSe,. The crystal axis of the 2H phase TaSe, along the
z-direction is =1.27 nm (the distance of the (002) facet stated in
JCPDS No. 19-13030) and the unit cell contains two layers of
TaSe,.! The partial phase transition from 2H to 1T is observed
in many TMDs owing to the lithiation process.>~*”) Moreover,
the high-resolution TEM (HRTEM) image shows the coexist-
ence of the 2H and 1T phases with some disorder close to the
phase boundary, as observed in Figure S4 in the Supporting
Information. Selected areas have been amplified in Figure S4
in the Supporting Information to demonstrate the typical 2H
phase (Figure 2c) and the 1T phase of TaSe, (Figure 2d). The
hexagonal lattice, with bright Ta and dim Se, can be easily dis-
tinguished owing to their different atomic numbers. The lattice
fringe distance of 2.97 A is attributed to the (101) facet of the 2H
phase TaSe, and the Ta atom has a trigonal prismatic coordina-
tion (Figure 2e).3% For the 1T phase of TaSe,, the lattice fringe
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2.Liintercalated TaSe,

Figure 1. a) Schematic illustration of the fabrication process of the TaSe, nanosheets. Anhydrous n-hexane and 2.5 m n-butyllithium were used in a
Schlenk line with an argon atmosphere. b) PXRD patterns of the pristine TaSe, powder (black curve), TaSe, nanosheets (red curve), and the standard
JCPDS data with the pink bars and the blue bars representing the 2H and 1T TaSe, phases, respectively. c) The SEM image of the TaSe, nanosheets on
the AAO substrate. d) Assembled TaSe, film on an AAO substrate. The scale bar represents 1 um.

distance of 2.72 A can be indexed to the (101) plane (Figure 2d),
showing the octahedral coordination of the Ta atom (Figure 2e).
The splitting of the two spots from the 2H phase to 1T phase of
TaSe, can be observed from the result of the selected area elec-
tron diffraction (Figure S4, Supporting Information), indicating
the coexistence of 2H and 1T phases in TaSe,. The coexistence
of the 2H and 1T phases in the TaSe, nanosheets was further
verified using X-ray photoelectron spectroscopy (XPS) meas-
urements (Figure S5a, Supporting Information). According to
previous reports, the splitting of the peaks centered at 23.3 eV
(Ta 4f;);) and 25.5 eV (Ta 4f5);) shows the typical characteristics
of nearly commensurate CDW, which occurs in the 1T TaSe,
phase at room temperature and in the 2H phase at a high tem-
perature.3%*1 Compared with the XPS spectra of the 2H and
1T phase TaSe,,’l the TaSe, nanosheets prepared in this work
exhibit a reduced split at room temperature, indicating that both
the 2H and 1T phases exist in the TaSe, nanosheets. The core
level spectrum illustrated in Figure S5b in the Supporting Infor-
mation depicts the Se 3ds, (54.5 eV) and 3d,; (53.7 €V) of TaSe,,
which is in accordance with previously reported results.[*”!

2.2. SERS Performances of TaSe,

To investigate the SERS performance of the TaSe, film, a typical
dye molecule, R6G, was used as a Raman probe. A laser, at
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a wavelength of 532 nm with a power of 5 mW, was used to
investigate the Raman signal of the R6G molecules. Figure 3a
shows the SERS spectra of the TaSe, films covered with R6G
molecules at different concentrations ranging from 107 to
10~ M. The conspicuous Raman signals centered at 611, 773,
1182, 1302, 1360, 1501, 1573, and 1650 cm™ are attributed to the
different vibrational modes of R6G as listed in Table S1 in the
Supporting Information, which are in accordance with previ-
ously reported results."* Interestingly, the Raman signals
for the R6G molecules on the TaSe, film can still be detected
at concentrations as low as 107 m, which is comparable to
the sensitivity observed for noble metals, such as gold and
silver.=®l A comparison of the SERS performance of the TaSe,
film in this study and other TMDs is listed in Table S2 in the
Supporting Information. Considering the TaSe, film was sup-
ported on a porous AAO substrate, a control experiment was
performed on a bare AAO substrate covered with 10> M R6G
molecules and weak Raman signals were observed for R6G
(as shown in Figure 3a), indicating the negligible Raman
enhancement from AAO substrate. Due to the low background
Raman noise from AAO itself, there is no remarkable Raman
interference upon detecting analytes on top of it. The reproduc-
ibility of the SERS performance was investigated using 107 m
R6G solution on the TaSe; film, as depicted in Figure 3b. The
SERS mapping depicted from the Raman intensity at 611 cm™
shows a clear boundary and a remarkable contrast in the

© 2022 Wiley-VCH GmbH
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Figure 2. a) TEM image and the corresponding elemental mapping results for the TaSe, nanosheets. b) AFM image of the TaSe, nanosheets. HRTEM
morphology of the TaSe, nanosheets with the ordered c) 2H phase and d) 1T phase (bright field images). e) 3D models of the 2H and 1T TaSe, single layer.

intensity between the TaSe, film and the bare AAO substrate  is observed upon coating the TaSe, film. To verify the homo-
(Figure 3b). The results indicate a strong Raman EF of 1.5 X 10>  geneity of the SERS signals with the TaSe, film, 250 Raman
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Figure 3. a) SERS signals for the R6G molecules at different concentrations from 107 to 107'° m. b) SERS mapping of 107 m R6G close to the edge of
the TaSe, assembled on AAO. The scale bar represents 2 um. c) The signal variation of 107 M R6G at the Raman shift of 611 cm™. d) SERS signals of
105 M R6G, MG, and IR780 adsorbed on the TaSe, nanosheets measured using the laser at wavelengths of 532, 633, and 785 nm. e) Comparison of
the SERS performance of TaSe, with the MoS, and WS, and the pure 2H phase of TaSe,, MoS,, and WS,. f) Raman spectra of 1077 M R6G absorbed
on the freshly prepared TaSe, film and a film that has been stored in air for 25 d.
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signal points were measured at 611 cm™ and show a relative
standard deviation of 11.8% (Figure 3c), indicating the good
homogeneity of the prepared film. The universal SERS perfor-
mance of the TaSe, film was investigated for different Raman
probes, including R6G, Malachite Green (MG) and the IR780
molecules, as shown in Figure 3d. The SERS intensity of the
different Raman molecules is strongly dependent on the excita-
tion wavelengths of the laser. The strongest SERS signals for
the R6G, MG and IR780 molecules are obtained for excitation
at 532, 633, and 785 nm, respectively. The vibrational modes
and the corresponding Raman shifts of the MG molecules
and the IR780 molecules are also listed in Table S1 in the
Supporting Information.**->% The SERS signals for the R6G,
MG, and IR780 molecules excited at other wavelengths are very
weak or cannot be detected at all. This result strongly suggests
that the molecular resonance combined with the photons may
play the most important role in the SERS mechanism of the
TaSe, film and the photon-induced charge transfer (PICT) is
verified in the following discussion. The SERS performance
of TaSe, was also compared with the most frequently studied
TMDs, such as MoS, and WS,, prepared via lithium intercala-
tion and liquid-phase exfoliation with ethanol (Figure S6 in the
Supporting Information). The lithium intercalated MoS, and
WS, substrates comprise the metallic 1T phase and semicon-
ductive 2H phase. However, the liquid-phase exfoliated MoS,
and WS, samples display only the 2H phase. Figure 3e illus-
trates that the lithium intercalated MoS, and WS, show a better
performance than the liquid-phase exfoliated 2H phase MoS,
and WS,. However, the TaSe, film provides the highest Raman
enhancement among these TMDs (about ten times higher than
MoS, and WS, samples listed in Table S3, Supporting Informa-
tion). The SERS performance of the pure 2H TaSe, prepared via
liquid phase exfoliation is about 78% of the TaSe, nanosheets
prepared with lithium intercalation (Figure 3e), indicating the
process of lithium intercalation is more feasible to produce
TaSe, nanosheets with higher SERS activity. The stability of the
TaSe, film was investigated (Figure 3f) by measuring the 107 m
R6G solution before and after storage in air for 25 d. The SERS
signals still show 30.5% of the original intensity at 611 cm™
after 25 d of storage. The stability of TaSe, film is comparable
with other previously reported TMDs film such as NbSe, fabri-
cated via CVD.?!l The decrease in the SERS intensity is mainly
attributed to the partial oxidation of the TaSe, surface owing
to its large surface area, which can be observed in Figure S1
in the Supporting Information. In addition to the E,; and Ay,
vibrational modes of TaSe,, a peak centered at 260 cm™ appears
after 25 d of storage, which is ascribed to surface oxidation of
TaSe,.5!

2.3. SERS Mechanism of TaSe,

To reveal the underlying SERS mechanism of the TaSe, film,
comprehensive spectroscopic analysis and DFT calculations
were conducted. The absorption spectra of R6G, MG, and
IR780 show their absorption peaks at 530, 620, and 775 nm,
respectively (as shown in Figure 4a). The dispersion of TaSe,
nanosheets only exhibits a broad absorption peak around
425 nm, which is ascribed to the interband transition of the
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electrons from the p orbital of the Se atoms to the d orbital of
the Ta atoms.’? After mixing the Raman probes with TaSe,
nanosheets, the absorption peaks for R6G, MG, and IR780
redshift to 553, 643, and 812 nm, respectively, which indi-
cates that their HOMO-lowest unoccupied molecular orbital
(LUMO) gaps are narrowed and a more efficient charge
transition probability can be achieved.’®! Furthermore, the
Raman probes exhibit distinct color changes after mixing with
the TaSe, nanosheets (Figure 4a,b). The absorption spectra
show a redshift of the absorption peak for the three Raman
probes upon mixing with the TaSe, nanosheet, owing to the
charge transfer between the probes and the TaSe, nanosheet. It
should be noted that the absorption spectra of the mixed solu-
tion do not simply overlay the two spectra of the probes and the
TaSe, nanosheet. According to Fermi’s golden rule, the electron

" a1 . 2 ,
transition probability can be described as @y, = 7” g(Ex)|Hu [,

in which % is the reduced Planck constant, g(E,) is the DOS, and
Hjy; is the matrix element from the HOMO to LUMO transi-
tion.”] Taking the R6G molecule as an example, the adsorption
and charge transfer between the R6G and TaSe, nanosheets
was measured using Fourier transform infrared spectroscopy
(FTIR) spectroscopy (Figure S7, Supporting Information),
ultraviolet (UV)-vis spectroscopy (Figure S8, Supporting Infor-
mation) and the fluorescence spectroscopy (Figure 4c). After
mixing the R6G molecules with the TaSe, nanosheets, the R6G
solution immediately turned from purple to red indicating the
formation of an R6G-TaSe, complex. As shown in Figure 4b, the
red R6G-TaSe, complex can be completely removed using cen-
trifugation at 10 000 rpm to obtain a transparent supernatant
(see the inset photograph in Figure 4b) and a brown sediment.
The R6G-TaSe, complex, with an obvious absorption peak at
553 nm, decreases to a very small peak at 530 nm after centrif-
ugation, demonstrating that most of the R6G molecules are
adsorbed on the TaSe, nanosheets. The FTIR spectrum shown
in Figure S7 in the Supporting Information reveals the TaSe,
nanosheets do not exhibit obvious absorption. The R6G-TaSe,
complex after centrifugation demonstrates the same FTIR
absorption as that of the R6G molecules, indicating the highly
efficient adsorption of R6G on TaSe, nanosheets. In Figure 4c,
the electron transfer between the R6G molecules and the
TaSe, nanosheets is confirmed as the photoluminescent peak
of R6G at 552 nm, which is quenched upon addition of TaSe,
nanosheets. Compared with MoS, and WS, (Figure S8, Sup-
porting Information), the TaSe, nanosheets demonstrate the
highest fluorescence quenching efficiency. The results from the
DFT calculations are depicted in Figure 4d with the adsorption
energies (E,q5) of the R6G molecule in parallel and perpendic-
ular configurations on the 1T and 2H phase TaSe, layer. The
parallel configurations possess the most stable state, exhibiting
E,qs values of —1.93 and —2.17 eV for the 2H and 1T phases of
TaSe,, respectively. In contrast, E,q, values of —1.08 and —1.21 eV
with perpendicular configurations are more positive than those
observed for the parallel configurations suggesting a less stable
state. The charge density difference of R6G molecules and
TaSe, can be found in Figure S9 in the Supporting Information
that more remarkable charge accumulation near the TaSe, and
faster charge depletion near the R6G molecules occurs in the
parallel configurations. The stronger electron transfer from the
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Figure 4. a,l) Absorption spectra for the pristine R6G solution, II) R6G solution mixed with TaSe, nanosheets, Ill) TaSe, nanosheets solution, IV) MG
solution, V) MG solution mixed with TaSe, nanosheets, VI) IR780 solution, and VII) IR780 solution mixed with TaSe, nanosheets. The photograph shows
the colors of the respective solutions. b) Absorption spectra of the R6G solution mixed with TaSe, nanosheets 1) before and Il) after centrifugation
at 10 000 rpm for 3 min. The inset exhibits the color change of the R6G solution mixed with TaSe, and the supernatant after centrifugation. c) Photo-
luminescence spectra of the pristine R6G solution mixed with different amounts of the TaSe; nanosheets solution. d) DFT calculation results for the
R6G molecules adsorbed on the 2H phase and 1T phase TaSe, with parallel and perpendicular configurations. The differences of parallel and vertical
configurations of R6G molecule on 2H and 1T TaSe, are marked with circles.

R6G molecules to TaSe, are verified in the parallel configura-
tions with both 2H and 1T phase TaSe,. The same observation
has been previously reported by Lv’s group, who highlighted
that the R6G molecules adsorbed on the graphene and the
NbSe, layer are more stable in the parallel configurations.2!
The EM effect of the TaSe, nanosheets can be ruled out as no
absorption peak shifts were observed in the absorption spectra
of the nanosheets measured in solvents with different refractive
indexes (Figure S10, Supporting Information).*>" The results
also indicate that no obvious absorption of the surface plasmon
resonance (SPR) can be detected at wavelengths ranging from
300 to 1000 nm. A previous study reported that the SPR of
TaSe, mainly occurs in the terahertz and telecom range.?’]

The SERS mechanism can be described using a polariza-
tion tensor equation: & = A + B + C, in which A denotes the
molecular resonance and B and C represent the SPR and mole-
cule-metal charge-transfer resonance at the Fermi level, respec-
tively.l’®l The SPR effect is excluded in this paper. Thus, only
the other two resonances A and C are discussed. In addition to
the static absorption and spectrum analysis of the R6G mole-
cules on the surface of the TaSe, nanosheets, the PICT process
of the CM is further depicted in Figure 5.7°81 The HOMO
and LUMO levels for the R6G molecules are —5.7 and —3.4 eV,
respectively (the blue line).'”) As detailed in previous reports,
the metallic properties of both the 2H and 1T phase TaSe, are
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verified in Figure 5a, and a significant amount of electrons can
be observed across the Fermi levels.*®>° The process of PICT
comprises both the charge transfer from the R6G HOMO level
to the TaSe, Fermi level and from the TaSe, Fermi level to the
R6G LUMO level (Figure 5b), which is ascribed to the transfer
of the conducting electron below the Fermi level of the metallic
TaSe, to the CT transition.'”) This molecule-metal coupling can
be described using the vibronic Herzberg—Teller theory, and
the polarization tensor of the probe is largely magnified in this
coupling system.[®¥ Moreover, the abundant electrons across
the Fermi level of TaSe, can increase the number of allowed
energy states for PICT with this molecule-metal coupling com-
plex and it further increases the charge transition probability
as depicted with Fermi's golden rule. The molecular fluores-
cence quenching shown in Figure 4c provides further direct
evidence of the PICT process.? In addition to the PICT process,
the molecular resonance is also important to the SERS perfor-
mancel®! and the highest SERS signals only can be recorded
at a specific laser wavelength of excitation (Figures 3d and 4a).
Using the R6G molecules as an example, the HOMO-LUMO
gap is about 2.3 eV, which can easily match the 532 nm
wavelength (1240/532=2.33 eV). The SERS signals decrease
significantly if wavelengths of 633 and 785 nm are applied.
Furthermore, it must also be established how TaSe, can
outperform the most studied materials, MoS, and WS,. The
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Figure 5. a) Band structures of the 2H and 1T phases of the TaSe,
nanosheets. The red dashed lines denote the Fermi levels of the 2H
and 1T TaSe, nanosheets and the blue solid lines denote the HOMO
and LUMO of the R6G molecules. The Fermi levels are set at —5.5 eV
according to the results of a previous study.’®l b) Diagram of the energy
level and charge transfer in the R6G-TaSe, complex. i, denotes the
molecular transition. [.cr and W.cr denote the charge transfer from the
HOMO of the R6G molecules to the TaSe, nanosheets and from the TaSe,
nanosheets to the LUMO of the R6G molecules, respectively.

bandgaps of 0 eV are illustrated in Figure 5a for both the 2H
and 1T phases of TaSe,. Figures S11 and S12 in the Supporting
Information demonstrate the bandgaps of the 2H phase MoS,
and the WS, were observed to be 1.80 and 1.79 eV, respec-
tively.l®263] The 1T phase MoS, and WS, are metallic with a
0 eV bandgap, meaning that the 1T phase MoS, and WS,, with
an abundance of electrons filled close to the Fermi levels, can
increase the SERS signals more efficiently through lithium
intercalation and exfoliation. For TaSe,, both the 1T and 2H
phases are metallic and both can contribute to the SERS activity.

2.4. Detecting Bilirubin with TaSe,

High levels of bilirubin can result in jaundice, which is
a leading cause of neonatal death during the first day of
life.’¥ Furthermore, an increase in the normal concentration
(<25 % 107° M) of bilirubin to a level that can result in jaundice
(>50 x 107 M) can also potentially evoke mental disorders and
permanent brain damage resulting from dysfunction of the
hepatic or biliary tract.®>%l A study previously published by Li's
group demonstrates that graphene oxide and gold nanostars
as SERS substrates can be employed for detection bilirubin
molecules using a label-free SERS technique, as their large
Raman scattering cross-section can produce strong SERS
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signals.[”) However, plasmon-free substrates such as the TaSe,
film may provide as an economical and effective substrate for
clinical diagnosis. The SERS signals at different laser wave-
lengths and the Raman spectrum of bilirubin are displayed in
Figure 6a. The dominant Raman bands are listed in Table S1
in the Supporting Information, including the bands at 952
(out-of-plane CH vibration), 988 (CH; asymmetric deforma-
tion), 1190 (C—CH, bending), 1248 (CH wagging), 1268 (C—C
stretching and N—H scissoring in lactam ring), 1290 (CH
wagging), 1341 (C—CH bending in CH;), 1363 (CH, scis-
soring), 1455 (C—C and C—N mixed stretching), 1500 (C=C
stretching in ring and C—C stretching), 1572 (asymmetric C—N
stretching in ring) and 1613 cm™ (C=C stretching in the five-
membered ring).[%8%] The strongest SERS signals of bilirubin
on the TaSe, film are obtained for excitation using a laser at
532 nm. Notably, no SERS signal can be detected using a laser
at 785 nm and only a weak response was observed at 633 nm
(Figure 6a). Compared with 100 x 10° m of bilirubin on the
TaSe, film, the bilirubin powder exhibits Raman signals that
are sixfold lower (at 1611 cm™) with a 532 nm laser, indicating
the significant SERS effect observed using the TaSe, film. The
UV-vis spectrum is plotted in Figure 6b, and the absorption
peak at 449 nm of bilirubin (molecular resonance) redshifts to
455 nm after being mixed with the TaSe, nanosheets, demon-
strating the CM induced SERS mechanism.® Hence, a laser
wavelength of 532 nm was selected as the optimum match
for the molecular resonance of bilirubin and is used for the
following SERS measurements. In ethanol, the intensity of the
SERS signals declines significantly (Figure 6¢), along with the
decrement of the bilirubin concentration, denoting the propor-
tion of the SERS intensity to the amount of bilirubin adsorbed
on the TaSe, film surface. The SERS signals for the 1 x 107 m
bilirubin solution are easily detected and signals representing
the 0.316 x 10~° m bilirubin solution at 988, 1341, and 1613 cm™
readily can be observed. For the detection of bilirubin in serum,
rabbit serum that does not contain detectable bilirubin was
used in this study. The serum was centrifugated in a Millipore
tube with centrifugal filters to eliminate the majority of the
proteins and other large molecules. Figure 6d shows that the
SERS signals of bilirubin in the serum are weaker than those
observed in ethanol and the SERS signals of the bilirubin in
serum gradually increase with the addition of bilirubin and
an LOD as low as 0.316 x 10° m was obtained. This plasmon-
free TaSe, film exhibits more than tenfold higher sensitivity
than the noble metal (gold nanostars) based SERS sensor
(5 x 107 M) on the detection of bilirubin.[’l Similar measure-
ments were also performed in urine (Figure 6e), which shows a
higher response than that exhibited in serum, but weaker than
that observed in ethanol. The lower response can be ascribed
to the nonspecific adsorption of other molecules from serum
and urine on the TaSe, film, thus reducing the adsorption of
bilirubin and resulting in a lower SERS intensity for the bili-
rubin. However, the Raman signal of bilirubin can still be
detected, indicating the small Raman cross-sections and/or
the low concentration of the other interferent molecules. The
results indicate that the TaSe, film provides a high sensitivity
and Raman enhancement for the detection of bilirubin in these
complex media. The intensity of the SERS signals at 1611 cm™
shows the linear correlation with the logarithmic concentration
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Figure 6. a) SERS spectra of 100 x 10 m bilirubin incubated on the TaSe, film measured at different wavelengths and the Raman spectra of bilirubin
powder measured using a 532 nm wavelength laser. b) Absorption spectra of the pristine bilirubin solution (black dashed line), bilirubin solution mixed
with TaSe, nanosheets (blue line), and TaSe, nanosheets (orange line). SERS spectra of bilirubin with various concentrations of bilirubin ranging from
100 x 107® to0 0.316 X 107 M in c) ethanol, d) serum, and e) urine. Note that the Raman signal for 0.316 x 107 m bilirubin and the blank samples have
been multiplied by three to provide a clear illustration. f) Linear plots of the SERS intensities at a Raman shift of 1611 cm™' versus the logarithm of the

bilirubin concentration.

(0.316 x 107°-100 x 10~° m) of bilirubin (Figure 6f). The small
variations obtained from the measurement of three different
TaSe, films and the excellent linear relationship observed in
ethanol, serum, and urine demonstrate the high reproduc-
ibility, reliability, and potential of the TaSe, film for quantitative
analysis of bilirubin. This material and the methods reported in
this study indicate the feasibility of further applications in the
diagnosis of jaundice by extensive analysis of clinical samples.

3. Conclusion

A convenient method was used to fabricate an atomically thin
TaSe, film that demonstrates excellent sensitivity, reproduc-
ibility, and reliability for SERS analysis. Systematic experiments
and DFT calculations were used to demonstrate high SERS per-
formance of the TaSe, film derived from the CM effect instead
of the SPR effect. The metallic properties in both the 2H and
1T phases of the TaSe, nanosheets significantly increased the
charge transition probability from the HOMO level to the
LUMO level of the adsorbed probe molecules through the PICT
process. In addition, the molecular resonance is also essential
for SERS measurements if combined with a well-matched laser
wavelength. The SERS performance of the TaSe, film cannot
outperform state-of-the-art materials such as CVD prepared
NbS, and NbSe,.l>2 However, it exhibits a more economical
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method for the fabrication of large scale 2D films for the detec-
tion of bilirubin, the biomarker for jaundice (which is consid-
ered as the dominant cause of death in newborns), in serum
and urine. Taken together, the atomically thin TaSe, film
offers an attractive avenue for applications in plasmon-free
SERS detection of target of relevance in clinical diagnostics.
We believe more research works may be inspired by exploring
other semimetallic 2D materials with abundant charge carrier
density and their CM effect should not be underestimated.

4. Experimental Section

Chemical Reagent: TaSe, powder was purchased from Nanjing
MKnano Tech and has a particle size of 5-20 um. R6G, MG, IR780,
bilirubin, n-butyllithium (2.5 M in n-hexane), anhydrous n-hexane,
polyvinyl pyrrolidone, and anhydrous ethanol were purchased from
Shanghai Macklin Biochemical Co., Ltd and used without further
purification. Normal rabbit serum was purchased from Wuhan AmyJet
Scientific Inc.

Chemical Exfoliation: TaSe, powder was dried in a vacuum oven at
85 °C for 12 h prior to use. The intercalation of lithium ions into the
TaSe, powder was performed according to a previously reported method
to exfoliate the MoS,."%l Briefly, 200 mg TaSe, was mixed with 2.5 mL
n-butyllithium in 10 mL n-hexane and stirred at 55 °C for 3 d under
an inert atmosphere. The obtained precipitate was quenched with
deionized water and washed with ethanol several times. The precipitate
was then sonicated in 35 mL degassed water for 1 h and centrifugated
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at 1000 rpm for 10 min to remove the nonexfoliated materials, 30 mL
of the brown supernatant was obtained and was frozen using liquid
nitrogen and stored at —20 °C. The concentration of the TaSe, dispersion
was calculated to be =3 mg mL™" by weighing 20 mL of the freeze-dried
sample.

Constructing the SERS Substrate: The atomically thin TaSe, film
on AAO substrate was prepared by dispersing 100 uL of the TaSe,
nanosheets in 10 mL ethanol to form a homogeneous solution. The
diluted TaSe, solution was filtered through an AAO substrate with
a diameter of 2.5 cm and a pore size of 90 nm. Then, the TaSe, film
supported on AAO was dried in a vacuum oven at 40 °C for 1 h. The
thickness of the TaSe, film was calculated and details are provided in
Figure S3 in the Supporting Information.

SERS Measurements: The AAO substrate covered with TaSe, film was
cut to a size of 5 X 5 mm and immersed in 100 pL of the SERS probes
at different concentrations dispersed in ethanol. After 15 min, the TaSe,
film was washed with ethanol three times and dried in an ambient
environment. For serum spiked with bilirubin, 100 puL serum was added
to a 0.5 mL Millipore tube (Amicon Ultra-4 3KD) with cellulose filters
and centrifugated at 10 000 rpm for 20 min. Then, the TaSe, film was
soaked in =100 pL of the serum for 15 min, washed with ethanol three
times, and dried in an ambient environment. The spiked urine samples
were used directly without extra processing. Every sample was tested
using three different TaSe, films with ten sites to determine the SERS
intensity.

The SERS measurements were performed using a microscopic
confocal Raman spectrometer (Renishaw inVia). A laser power of 5 mW,
an exposure time of 0.1 s and an accumulation number of 30 times
using an L50 objective lens were utilized for all SERS measurements. To
test different SERS probes, laser wavelengths of 532, 633, and 785 nm
were used.

The values of EF were calculated using the following equation?2

ISERS IRaman
EF = 2&%= /_faman. 1
CSERS CRaman ( )

In which Isggs and Igaman refer to the intensity of the probe molecules
in the SERS and Raman spectra and Csggs and Cpama, denote the
concentration of the probe molecules in the SERS and Raman spectra.
Table S3 in the Supporting Information shows the EF of TaSe,, MoS,,
and WS,.

Characterization: Morphology and structural tests were performed
using SEM, TEM, and AFM. The SEM samples were prepared by
drop-casting 1.5 L of the TaSe, dispersion onto the AAO membranes
(at a hole size of 90 nm and a hole depth of 200 um) and dried at 40 °C
in a vacuum oven. The SEM measurements were carried out using a
HITACHI SU8010 at an accelerating voltage of 1.5 kV. The TEM samples
were prepared by dispersing 5 puL TaSe, solution in 100 pL ethanol,
then a copper grid with an ultrathin carbon film (Beijing Zhongjingkeyi
Technology Co., Ltd.) was soaked in the solution for 2 min. The copper
grid was then dried at 40 °C in a vacuum oven. FEI Talos F200S with an
accelerating voltage of 200 kV was used to record the high-resolution
TEM images and the energy dispersive X-ray spectroscopy mapping
images. The AFM tests were performed using a Bruker Dimension Icon
equipment.

The UV-vis absorption spectra were performed using an Agilent
CARY5000, the FTIR measurements were carried out using a Bruker
Tensor Il, and the fluorescence spectra were obtained on a Horiba
FluoroMax-4. XPS analysis was performed on a Perkin-Elmer PHI 5000C
electron spectroscopy for chemical analysis (ESCA) using a Mg anode as
the excitation source. The PXRD spectra were obtained using a Bruker
R8 Advance instrument.

DFT Calculations: The Cambridge Sequential Total Energy Package
embedded in Material Studio was utilized to perform the DFT
calculations and analysis.”! The Perdew-Burke—Ernzerhof generalized
gradient approximation functional was used in all simulations and the
DFT-D1 method was utilized to describe the van der Waals forces.’273l
For band structure calculations, unit cells of the TMDs (MoS,, WS,, and
TaSe,) with both 1T and 2H phases were considered with a vacuum layer
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of 15 A. To calculate the adsorption energy of the R6G molecules, a 4 x 4
supercell of one-layer of TaSe, with a vacuum layer of 20 A was built. A
R6G molecule with parallel and vertical structures on the surface of TaSe,
was optimized. The parameters were a cutoff energy of 500 eV, an energy
convergence of 107 eV and a residual force convergence of 0.001 eV A~".
The Monkhorst—Pack grid k-points of 10 X 10 X 2 and 3 X 3 X 2 were set for
calculations of the electronic structure and adsorption, respectively. The
adsorption energy (E,q) can be determined as E,y = Eyoral — Egiab — Emmon
in which Eyoip, Eglap, and Epq are the energies of the adsorbed molecule
on the slab, isolated slab, and isolated molecular, respectively.
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