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Remarkable surface-enhanced Raman scattering of
highly crystalline monolayer Ti3C2 nanosheets
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ABSTRACT As a powerful non-destructive and label-free
detection technology, surface-enhanced Raman scattering
(SERS) has been widely used in environmental-pollutant de-
tection, biological-tissue sensing, molecular fingerprint ana-
lysis and so on. Different from the traditional SERS substrates
represented by noble metals and semiconductors, herein, we
report a new highly sensitive SERS substrate material with
high stability, biocompatibility, and low cost, namely nucleus-
free two-dimensional electron gas (2DEG) Ti3C2 monolayer
nanosheets. The highly crystalline monolayer Ti3C2 na-
nosheets with clean surface are synthesized by an improved
chemical exfoliation and microwave heating method. The
unique structure of nucleus-free-2DEG in Ti3C2 monolayer
provides an ideal transport channel without nuclear scatter-
ing, which makes the highly crystalline monolayer Ti3C2 na-
nosheets achieve a Raman enhanced factor of 3.82×108 and a
10−11 level detection limit for typical environmental pollutants
such as azo dyes, trichlorophenol, and bisphenol A. Single-
molecule imaging is also realized on the surface of the Ti3C2

monolayers, which may be the first time that approximate
single-molecule imaging has been achieved on a non-noble-
metal SERS substrates. Preliminary toxicological experiments
show that the cytotoxicity of this material is very low. Con-
sidering the facile synthesis, high biocompatibility, low cost
and high chemical stability of carbide nanosheets, these Ti3C2

monolayer nanosheets show significant promise for the design
and fabrication of flexible SERS substrates for the sensing of
trace substances with ultrahigh sensitivity.

Keywords: Ti3C2, nucleus-free 2D electron gas, monolayer na-
nosheets, SERS, microwave heating quasi-metals

INTRODUCTION
Surface-enhanced Raman scattering (SERS) can greatly

enhance the weak Raman signal of molecules, which
makes it an extremely sensitive nondestructive analytical
technique at trace levels [1,2]. As a label-free method,
SERS has been widely used in various research fields, such
as biological and drug sensing [3,4], environmental de-
tection [5,6], molecular fingerprint discriminating [7,8],
and catalytic mechanism exploration [9,10]. Since
Fleischmann and Van Duyne et al. [11–13] discovered
SERS on rough silver surface, the search for perfect ma-
terials as substrates for SERS is one of the challenges
facing material and chemical scientists. An excellent SERS
substrate should have the advantages of low cost, high
chemical stability, good biocompatibility, and more im-
portantly a vigorous resonance with analytes [14]. In
addition, it should be environment-friendly, have abun-
dant reserve, and can be easily processed into desired
shape. Various inorganic materials have been developed
as substrates for Raman enhancement. The traditional
SERS materials are based on noble-metal nanostructures
with strong surface plasmon resonance (SPR), in which
the electromagnetic mechanism (EM) is regarded as the
dominant contribution to the Raman enhancement [15–
17]. Although the EM-based noble-metal substrates show
superior enhancement factors (EFs) of 106 or higher, they
inevitably suffer from poor biocompatibility, nearly im-
mobilized band structure, excessive cost and so on. In
addition to noble-metals, SERS has also been found in
semiconductors [18–22], metal-organic frameworks
(MOFs) [23] and amorphous materials [24,25], in which
Raman enhancement is thought to be the chemical me-
chanism (CM) caused by the charge-transfer between the
analytes and the substrates. Particularly interesting is the
recent discovery of SERS activity in conductive polymer
films [26]. These results enrich the types of SERS sub-
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strates and provide valuable directions for finding effi-
cient substrates. Although these CM-based SERS sub-
strates have the advantage of adjustable band-gap,
excellent biocompatibility and low cost, they are generally
trapped by the low EFs and poor stability compared with
noble-metals, which greatly limits their practical appli-
cations. Therefore, the discovery of highly sensitive SERS
materials with high stability, low cost and environmental
friendliness is a major issue to be solved urgently both in
academic and practical perspectives.

As a rising star of photoelectric materials, two-dimen-
sional (2D) ultrathin materials have attracted more and
more interests [27–30]. Among them, graphene [31],
MoS2 [32], Ti2N [33], and Mo(W)Te2 [34] have also
joined the SERS substrate family. Because of their uni-
formity at atomic scale, strong chemisorption, high che-
mical stability and excellent biocompatibility, these 2D
ultrathin nanosheets have been suggested to be promising
Raman-enhanced substrates. However, due to the lim-
itation of CM enhancement mechanism, the EFs of 2D
SERS substrates are still far less than that of noble-metals.
As a most representative member of the 2D metal car-
bides (MXenes), Ti3C2 nanosheets have recently attracted
more and more attention due to their high conductivity
and high stability as well as very low production costs,
showing great potential as high-performance electrode
materials, supercapacitors, electrocatalysts, photothermal
agents and so on [35–42]. Recently, Sarycheva et al. [43]
reported that Ti3C2Tx (Tx = –OH, –COOH, –F) mono-
layers also showed SERS activity and 105–106 EF. Al-
though this EF is relatively high, there is still a big gap of
103 times compared with the recently reported W(Mo)Te2
monolayer nanosheets [34]. Therefore, it is very mean-
ingful to deeply explore the SERS enhancement me-
chanism of Ti3C2 monolayers and improve their
sensitivity. Eliminating the surface organic groups and
obtaining highly crystalline monolayers with clean sub-
strate/molecular interfaces is an effective way to increase
the sensing activity [44]. However, the traditional
synthesis method (HF method) often introduces a large
number of hydroxyl, carbonyl and other organic func-
tional groups on the surface of Ti3C2 monolayers [37,40–
42]. How to remove these organic groups without chan-
ging the shape and size is a difficult issue, because the
common heating method would easily lead to the de-
struction of its ultrathin structure [45].

Recent studies have shown that, due to the generation
of eddy currents, metallic graphene itself will be heated at
a very fast rate (2000 K/0.1s) under microwave irradia-
tion, thereby greatly improving its crystallinity and even

decomposing the metal salts adsorbed on its surface
[46,47]. Inspired by these work, since Ti3C2 also has good
electrical conductivity [48,49], can it also achieve an in-
crease in crystallinity and elimination of organic groups
through the extremely fast microwave heating? Herein,
we developed an efficient chemical exfoliation and rapid
microwave heating method for the large-scale synthesis of
highly crystalline monolayer Ti3C2 nanosheets. Due to the
extremely short microwave irradiation time (2 s), the
morphology and dimensions of the titanium carbide
monolayer were not damaged. Benefiting from its unique
structure of nucleus-free 2D electron gas (2DEG), these
ultrathin Ti3C2 nanosheets have been found to have
outstanding SERS properties. The highly crystalline Ti3C2
monolayer nanosheets achieve a Raman enhanced factor
of 3.82×108 and a 10−11 level limit of detection (LOD) for
typical environmental pollutants such as azo dyes, tri-
chlorophenol, and bisphenol A (BPA), which far exceeds
most semiconductor substrates and can even be com-
parable to noble-metal substrates. Single molecule SERS
imaging is also realized on the surface of the Ti3C2
monolayers, which may be the first time that approximate
single-molecule imaging has been achieved on a non-
noble-metal SERS substrates.

EXPERIMENTAL SECTION

Synthesis of highly crystalline monolayer Ti3C2 nanosheets
In a typical synthesis, the commercial Ti3AlC2 was first
pulverized into micron-sized particles by a ball mill. After
washing and drying, 0.1 g of the Ti3AlC2 particles were
put into a mixed solution of perchloric acid (HClO4,
2 mol L−1), hydrofluoric acid (HF, 5 mol L−1) in 100 mL
of distilled water, and stirred gently in a water bath for
12 h at 50°C. Note: HF and HClO4 are corrosive and
should be used with extra care. The acid-etched product
was separated by centrifugation (1000 rpm). After being
washed with deionized water, 0.1 g of the acid-etched
product was poured into 1 mol L−1 aqueous solution of
ethylenediamine (EN), heated to 60°C in a water bath,
and gently stirred for 24 h. Then, 0.1 g of the particles
expanded by the EN intercalations were dispersed in
30 mL of deionized water, and ultrasonically shaken for
2 h. The product was collected by centrifugation (5000
rpm). 0.1 g of the product was dispersed in 100 mL dis-
tilled water for washing three times. After freeze-drying,
0.1 g of the powders were irradiated in a microwave oven
with the power of 700 W for 2 s. Finally, the product was
washed three times with deionized water and absolute
ethanol, and dried at 50°C for 4 h in a vacuum oven.
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Constructing flexible Ti3C2 nanosheet SERS substrate
In a typical preparation process, 0.3 g of Ti3C2 nanosheets
were mixed with 50 mL of ethanol to form a suspension.
The suspension was filtered to form a thin layer on the
filter paper. After natural drying in air at room tem-
perature, the thin layer of Ti3C2 was spontaneously se-
parated from the filter paper to form a flexible SERS
substrate.

Characterizations
The obtained samples were systematically characterized
by a variety of detection techniques. Powder X-ray dif-
fraction (XRD) patterns of the products were measured
on a Bruker D-8 focus X-ray diffractometer by using
CuKα radiation (λ = 1.54178 Å). Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM)
observations were completed with a Tecnai G F30 oper-
ated at 300 kV accelerating voltage. Scanning electron
microscopy (SEM) images and energy-disperse X-ray
spectroscopy (EDS) were obtained on a Hitachi S-4800
with an accelerating voltage of 15 kV. The X-ray photo-
electron spectroscopy (XPS) measurments were per-
formed in a Theta probe (ESCALab-250Xi Thermo
Fisher) by using monochromated Al Kα X-rays at hυ =
1486.6 eV. Peak positions were internally referenced to
the C 1s peak at 284.6 eV. UV-Vis absorption spectra
were detected with a Shimadzu UV-3600. The Fourier
transform infrared (FTIR) spectra were measured from a
THERMO Iz-10. The specific surface area was detected in
a Micro Tristar II 3020. Atomic force microscopy (AFM)
image was recorded from Agilent Technologies 5500.

Raman property test
A laser-confocal-micro-Raman spectrometer (Renishaw-
inVia Reflex) was used as the measuring equipment to
detect the SERS properties of the as-prepared Ti3C2 na-
nosheets. In all the experiments mentioned in this work,
if there is no definite indication, the used excitation wa-
velengths were all 532 nm, the magnification of the ob-
jective was × 100 L, and the excitation power was
0.5 mW. A series of standard solutions (R6G) with con-
centrations of 10−2–10−11 mol L−1 were used as the probe
molecules. To improve the signal reproducibility and
uniformity of the SERS substrates, the Ti3C2 nanosheet
flexible substrates were added into a probe molecule
aqueous solution to be measured and maintained for
20 min. After 3 min, the obtained flexible substrate was
coated on a glass slide, and then dried in air for 5 min
under the irradiation of a infrared light (200 W). In all
SERS detections, the laser beam was perpendicular to the

top of the sample to be tested with a resultant beam spot
diameter of 5 μm. Raman enhanced factor calculation
details are provided in the Supplementary information.

Cytotoxicity of the monolayer Ti3C2 nanosheets
Human cervix carcinoma cell lines (Hela) used in this
study were purchased from the National Infrastructure of
Cell Line Resource (Beijing, China). Cells were cultured
in RPMI1640 medium and supplemented with 10% fetal
bovine serum (Gibco), 2 mmol L−1 L-glutamine,
100 U mL−1 penicillin and 1 mg mL−1 streptomycin (In-
vitrogen) at 37°C in an incubator with 95% air and 5%
CO2. For cytotoxicity, cells were seeded in two parallel 96-
well cell culture plates at 5000 cells per well and incubated
for 12 h. Then the cells were treated with a series of
concentrations of Ti3C2 nanosheets (0, 7.5, 15, 31, 62, 125,
250, 500 and 1000 μg mL−1) for 24 and 48 h respectively.
The relative cellular viabilities were quantitatively de-
termined by the Alamar Blue® (Thermo Fisher Tech-
nology Inc.) assay. For cellular apoptosis detection, cells
were seeded in two parallel 6-well cell culture plates at
5×104 cells per well and incubated for 12 h. Then three
wells of cells were exposed to Ti3C2 nanosheets at the
concentration of 1000 μg mL−1 for 48 h. After exposure,
one plate of cells were incubated in 55°C water bath for
10 min as the positive control of late apoptosis. All cells
were co-stained with 1 mg mL−1 acridine orange and
ethidium bromide (AO/EB). The cell apoptosis was de-
tected with a micro-confocal and high content screening
system (HCA, Image Xpress micro XLS, Molecular De-
vices Corporation, USA).

Electronic structure calculation
All density functional theory (DFT) calculations were
performed by using Vienna ab initio Simulation Package
(VASP). The calculation details are provided in the
Supplementary information.

RESULTS AND DISCUSSION

Synthesis and characterization of the highly crystalline
Ti3C2 monolayers
Compared with the products prepared by the physical
vapor deposition (PVD), the ultrathin nanosheets pre-
pared by chemical exfoliation often inevitably have poor
crystallinity due to strong acid corrosion and ultrasonic
damage. In order to obtain high crystallinity, these
monolayer Ti3C2 nanosheets were prepared by an im-
proved chemical exfoliation method. Compared with the
previous methods, this method greatly enhanced the
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crystallinity of the obtained Ti3C2 monolayer, which is
very beneficial to the formation of strong SPR effect and
interface charge-transfer effect. In a typical synthesis, as
shown in Fig. 1, firstly, commercial Ti3AlC2 powders were
ground into micron-sized particles (Fig. 2a) by ball mil-
ling; then, these Ti3AlC2 microparticles were corroded in
a mixture of HClO4 and HF to remove the Al layer
(Fig. 2b); and the Al-removed microparticles were injected
into the EN solution for molecular-intercalation. The
expanded samples were then dispersed into a monolayer
of Ti3C2 by ultrasonic vibration; finally, the crystallinity of
these Ti3C2 nanosheets was rapidly improved by micro-
wave heating. In particular, it should be pointed out that
the addition of a small amount of HClO4 is a key to obtain
the high-quality monolayer Ti3C2 nanosheets, because
without HClO4, it is difficult to completely remove the Al
component. However, the concentration of HClO4 should
not exceed 3.5 mol L−1, otherwise the Ti3C2 layer will be
corroded due to the strong oxidation of HClO4 [49]. In
addition, microwave heating is also a key step to obtain
the highly crystallized Ti3C2 nanosheets. Without this
rapid heating process, the crystallinity of the obtained
nanosheets is poor, and the EF of the nanosheets would be
reduced by two orders of magnitude.

By the method described above, we have obtained a
well dispersed sample of monolayer Ti3C2 nanosheets,
which can be stored in water and ethanol stably (Fig. S1).
XRD patterns show that these samples can be accurately
indexed as Ti3C2 monolayers, and no diffraction peaks of

Ti3AlC2 are detected (Fig. S2). The SEM image shows that
the prepared Ti3C2 samples are indeed composed of a
large number of flexible nanosheets (Fig. 2c). It is note-
worthy that the thickness of these nanosheets is very thin,
and the electron beam can easily penetrate these na-
nosheets. TEM further demonstrates that these samples
contain soft and ultrathin Ti3C2 nanosheets (Fig. 2d). The
EDS obtained on the copper microgrid shows that the
atomic ratio of Ti to C in the sample is about 1.53, which
is basically consistent with the theoretical value of tita-
nium carbide (Fig. S3). In order to accurately characterize
the thickness of these nanosheets, AFM was used to
measure these nanosheets. The results show that the
thickness of these nanosheets is about 1.22 nm (Fig. 2e).
Compared with the theoretical calculation of the thick-
ness of Ti3C2 monolayer (0.98 nm) [40], the thickness of
the nanosheet obtained in our experiment increases by
0.24 nanometer, which may be caused by the adsorbed
water molecules and carbon dioxide molecules on the
surface of the nanosheet [41]. Furthermore, HRTEM
image reveals that these monolayer Ti3C2 nanosheets have
clear lattice fringes (Fig. 2f). The corresponding fast
Fourier transform (FFT) pattern also proves this high
crystallinity (inset in Fig. 2f). All the above results in-
dicate that highly crystallized monolayer Ti3C2 na-
nosheets have been successfully prepared by the present
method.

XPS was performed to further explore the composition
and surface chemistry of the monolayer Ti3C2 nanosheets.

Figure 1 Schematic diagram for the synthesis of highly crystalline monolayer Ti3C2 nanosheets. Note: HF and HClO4 are corrosive and should be
used with extra care.
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The data were calibrated based on the peak of C–C bond
located at 284.8 eV. A survey spectrum of Ti3C2 na-
nosheets indicated the presence of Ti, C, and O atoms
(Fig. S4). The high-resolution XPS spectrum for Ti 2p is
shown in Fig. 3a. The peaks located at 453.8 and 461.7 eV
prove the presence of Ti–C bonding in the Ti3C2 na-
nosheets, whereas the low peak at 457.1 eV can be at-
tributed to the Ti–O bond. It is worth pointing out that
such well-defined XPS spectrum is rarely seen in Ti3C2
nanosheets prepared by traditional chemical exfoliation.
In sharp contrast, the Ti3C2 monolayers that have not
been subjected to microwave heating show multiple Ti–O
bonds at 455.20, 456.52, 458.42, 460.31 and 461.42 eV
(Fig. 3b). Obviously, they originate from the Ti–O bonds
with different oxidation states of Ti, and their strength is
significantly increased compared with that of Ti–C bonds,
which is highly consistent with the results of Ti3C2Tx
monolayer nanosheets reported earlier [37,41]. The two
distinct XPS spectra prove that microwave heating is an
effective method for removing groups introduced by

synthetic processes such as hydroxyl groups on the sur-
face of Ti3C2 monolayers.

It should be pointed out that the addition of EN is also
a key factor in the formation of the monolayer Ti3C2
nanosheets. EN has been used as chelating agent in na-
nosynthesis for a long time due to its strong coordination
ability to guide the formation of special nanostructures
[50]. Herein, two N atoms of EN molecule can form Ti–N
coordination bond with Ti3C2, which can be easily in-
serted into the layered structure of Ti3C2 to play the role
of expansion molecule. After intensive ultrasound treat-
ment, a large number of monolayer Ti3C2 nanosheets
were formed. In contrast, without EN added, the final
sample was a multilayer Ti3C2 nanosheets consisting of 3–
6 layers (Fig. 3c and Fig. S5). At the same time, we should
emphasize the importance of microwave heating. In
general, the crystallinity of the Ti3C2 nanosheets will in-
evitably decrease significantly after strong acid corrosion
and intense ultrasound treatment, which is unfavorable
for their applications in many aspects, especially in
photoelectric applications. Fig. 3d shows an HRTEM
image of the monolayer Ti3C2 nanosheets without mi-
crowave heating. It is obvious that many lattice defects
exist in the nanosheets, apparently due to corrosion and
ultrasound. This difference in crystallinity has a sig-
nificant effect on their properties. For example, highly
crystallized Ti3C2 samples show strong localized-SPR ef-
fect in the visible region (Fig. S6), while the absorption
spectrum of Ti3C2Tx monolayer nanosheets with a large
number of defects has a significant red shift, showing an
obvious lattice defect absorption. Generally, the excitation
wavelengths commonly used in SERS experiments are 532
and 633 nm, respectively. It is obvious that high crystal-
linity Ti3C2 nanosheets can more easily resonate with the
incident excited light, which is a necessary condition for
the formation of strong Raman enhancement.

Enhanced Raman scattering properties of the Ti3C2
monolayers
Next, we systematically investigated the SERS properties
of these monolayer Ti3C2 nanosheets. Unlike those SERS
substrates based on nanoparticles prepared by spin-
coating method, these ultrathin Ti3C2 nanosheets can
easily form large-area flexible substrates by simple filtra-
tion (Fig. 4a), without glass, silicon and other substrates,
which greatly simplifies the substrate preparation process.
The detection process is also very simple. After dipping
these flexible substrates in the solution to be tested, and
then quickly drying under the infrared lamp, they can be
placed on the loading table for testing. Without special

Figure 2 Morphology and structure characterizations of the Ti3AlC2

precursor and the monolayer Ti3C2 nanosheets. (a) The commercial
Ti3AlC2 powders after grinding. (b) The multilayer Ti3C2 nanosheets
obtained by HClO4 and HF etching. (c) The SEM image of the mono-
layer Ti3C2 nanosheets. (d) TEM image of the monolayer Ti3C2 na-
nosheets. (e) AFM image of the Ti3C2 nanosheets. (f) HRTEM image of
the monolayer Ti3C2 nanosheets, inset: FFT pattern of the nanosheet.
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explanation, in all Raman detections, the objective lens
used in the experiment was 100×, the excitation power
was 0.5 mW, and the excitation wavelength was 532 nm.
The results show that the monolayer Ti3C2 nanosheets
have a strong SERS effect on the probe molecule R6G
(Fig. 4b). It is clear that four typical Raman scattering
peaks of R6G, R1, R2, R3, R4, are highly consistent with the
Raman spectra of R6G reference materials (Fig. S7).
Through the detection of a series of R6G samples with
different concentrations, we can see that in a large con-
centration range, the Ti3C2 nanosheets have a good re-
sponse to the probe molecules, and the lowest detection
limit can even reach 10−11 mol L−1. The Raman EF of the
Ti3C2 nanosheets was obtained by calculating the signal
enhancement multiples of the two scattering peaks R1 and
R2 of R6G at three concentrations over the Ti3C2 na-
nosheets. As shown in Fig. 4c, compared with the signal
intensities obtained over the glass, the calculation results
show that the maximum EF of the Ti3C2 nanosheets is
3.82×108 at 10−10 mol L−1, which is comparable to the
record of noble-metal substrates, but with much lower
cost. These experimental results demonstrate that the
monolayer Ti3C2 nanosheets have a very high Raman

signal enhancement ability and a very high sensitivity to
the analyte.

In addition to sensitivity, the uniformity and reprodu-
cibility of signals on the substrates are another important
evaluation factor from a practical point of view. For this
reason, we randomly detected 20 points in the range of
1 cm2 on this flexible substrate. The results show that the
peak intensities of the 20 Raman spectra of R6G are
highly consistent (Fig. 4d). In order to evaluate the signal
uniformity of this substrate more accurately, we used
Raman mapping technology to scan 10,000 ordered
points in 160 mm2. Statistical analysis of their R1 peak
intensities reveals that their relative standard deviation is
only 5.2% (Fig. 4e), which can be attributed to the uni-
formity of their atomic level. The corresponding Raman
mapping image also demonstrates this high signal uni-
formity (Fig. 4f). It is precisely because of the high
homogeneity of the substrate that a good linear re-
lationship exists between the analyte concentration and
the signal intensity (Fig. S8). These excellent properties
are very important for actual analysis. As mentioned
above, the LOD of these Ti3C2 monolayers to R6G is up to
10−11 mol L−1, which approaches or reaches single-mole-

Figure 3 (a) XPS spectrum of the monolayer Ti3C2 nanosheets. (b) XPS spectrum of the monolayer Ti3C2Tx nanosheets without microwave heating.
(c) HRTEM image of the as-synthesized multilayer Ti3C2 nanosheets. (d) HRTEM image of the obtained monolayer Ti3C2 nanosheets without
microwave heating.
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cule level [26]. Based on such high sensitivity, it is ex-
pected to make single molecule SERS imaging. As shown
in Fig. 4g, a clear single-molecule (or near single-mole-
cule) SERS imaging of 10−11 mol L−1 R6G was successfully
achieved on the Ti3C2 monolayers. To the best of our
knowledge, this may be the first time that approximate
single-molecule imaging has been achieved on a non-
noble-metal SERS substrate. Moreover, due to the in-
herent high stability of metal carbides, the chemical sta-
bility of these Ti3C2 nanosheets is considerablely high.
Even if stored in air for half a year to one year, they still
have a high degree of crystallinity (Fig. S9) and their SERS
properties do not decrease significantly (Fig. 4h). In ad-
dition, for high-risk chemicals, such as BPA, di-
chlorophenol (DCP), and tetrachlorophenol (TCP),
which are widely concerned, these Ti3C2 nanosheets also

show high sensitivities (Fig. 4i), showing a good uni-
versality as a practical SERS substrate.

Raman enhancement mechanism
In order to understand the enhancement mechanism of
this highly sensitive quasi-metallic Ti3C2 monolayer SERS
substrate, we explored it by combining experimental and
theoretical calculations. The Ti3C2 structure unit can be
defined as trilayer Ti-atomic layers being interleaved with
two C-atomic layers, forming an edge-shared TiC6 octa-
hedral structure (Fig. S10). Interestingly, the results of the
DFT calculations reveal that the Ti3C2 monolayer pos-
sesses intrinsic nucleus-free 2DEG in free space, which is
similar to the Ga2N monolayer [51], and the 2DEG dis-
tributes among the edge Ti atoms (Fig. 5a), indicating the
strong chemical activity of Ti3C2 monolayer. It should be

Figure 4 SERS properties of the flexible Ti3C2 nanosheets. (a) Flexible SERS substrate based on the Ti3C2 ultrathin nanosheets. (b) Raman spectra of
10−6–10−11mol L−1 R6G obtained in the flexible SERS substrate. (c) The average Raman EFs obtained by counting the peak intensities (R1 and R2) at
three different concentration levels. (d) SERS signals collected from 20 randomly selected points on the substrate. (e) The signal intensity distribution
at 612 cm−1 of 10−8 mol L−1 R6G recorded from 10,000 sites. (f) The signal intensity distribution recorded by SERS mapping at 612 cm−1 of
10−8 mol L−1 R6G in the substrate. (g) Single-molecule SERS spots recorded from 10−11 mol L−1 R6G. (h) SERS spectra of Ti3C2 ultrathin nanosheets
stored in air for 3–12 months. (i) SERS spectra of a series of harmful substances: butyl hydroxy anisd (BHA), melamine, BPA, 2,4,5-TCP, and acid
fuchsin (AF).
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noted that this unique 2DEG in the surface of the Ti3C2
monolayer provides an ideal transport channel without
nuclear scattering, which would greatly promote the in-
terface charge-transfer and increase the Raman scattering
cross-section of the adsorbed molecules. The further
electronic structure calculations show the 2DEG is com-
posed of Ti 3d orbitals, presenting a strong metallic fea-
ture rather than semiconducting characteristic
(Fig. 5b). Due to the existence of a high density of free
electrons, these Ti3C2 monlayers exhibit strong SPR in the
visible region (Fig. S6). Dravid et al. [40] found that high
density magnetic field “hot spots” exist between these

ultrathin Ti3C2 nanosheets, which suggests that EM en-
hancement exists in this quasi-metallic 2D SERS sub-
strate.

Importantly, DFT calculations show that the binding
energy between R6G and Ti3C2 monolayer and the
number of electron transport (Fig. 5c) were pretty high.
The binding energy is up to 5.07 eV, which is more than
seven times that between WTe2 and R6G reported re-
cently (0.67 eV), and far exceeds that betwenn graphene
and R6G (0.24 eV) [34]. This indicates that there is a very
strong interfacial interaction between R6G and Ti3C2
monolayer. At the same time, by using the Bader’s

Figure 5 Enhancement mechanism of the monolayer Ti3C2 nanosheets. (a) The electronic local function (ELF) of Ti3C2 with a scale bar from zero at
the low end to one at the high end. (b) The DOS of Ti3C2 near the Fermi levels. (c) Side views of the electron density differences for R6G chemisorbed
onto the Ti3C2 surface, in which the isosurface was set to 2×10−3 e Å−3, and the Bader charge analysis indicates there are 3.43 e transferring from Ti3C2
surface to R6G. (d) The DOS of R6G adsorbed on the Ti3C2 surface. (e) Absorption spectra for R6G on the monolayer Ti3C2 nanosheets compared
with pure monolayer Ti3C2 nanosheets and R6G. (f) The measured surface potential difference profiles. (g) Energy level distribution and PICT in the
R6G-Ti3C2 complex. (h) Structure diagram of the Ti3C2 nanosheets and Ti3C2Tx nanosheets. (i) Comparison of the SERS performance of the Ti3C2
nanosheets and Ti3C2Tx nanosheets.
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quantum theory of atoms in molecules (QTAIM) charge
analysis [52], there are 3.43 electrons per unit transferred
from the Ti3C2 monolayer to R6G, which is about three
times that of the WTe2 and R6G system (1.26 e), and far
exceeds that of graphene and R6G (0.46 e) [34]. The high
binding energy and the large amount of charge transfer
reveal that the coupling of R6G-Ti3C2 is much stronger
than that of WTe2 and graphene with R6G. More inter-
estingly, the density of states (DOS) near the Fermi level
of Ti3C2 monolayer increases significantly after R6G ad-
sorption (Fig. 5d), the d-band center increases from 0.61
to 0.85 eV, which not only demonstrates that the analyte
has a strong interfacial-charge-transfer with the substrate,
but also indicates that the analyte improves the electron
concentration near the fermi level of the substrate, and
further gives rise to the high charge transition prob-
abilities according to the Fermi’s golden rule.

Furthermore, due to the relatively high surface activity
of Ti3C2 monolayer, shown in the charge density differ-
ence isosurfaces, the electrons go through a self-charge
transfer process and concentrate at the R6G/Ti3C2 inter-
face, forming a quasi-covalent bond, which will enhance
the electron coupling between R6G and the Ti3C2
monolayer. The electron transfer also forms a strong di-
pole between the R6G and Ti3C2, which will improve the
electrostatic attraction of the dipole and further enhance
the Raman scattering of R6G on the Ti3C2 monolayer.
The results of calculations have also been confirmed by
experiments. As shown in Fig. 5e, the main absorption
bands of R6G adsorbed on the Ti3C2 monolayer have
changed significantly, which undoubtedly proves that the
charge-transfer behavior occurs at the Ti3C2/R6G inter-
face. Therefore, the strong dipole interaction and the
quasi-covalent bond interaction greatly enhance the in-
terface charge-transfer between the analyte and the sub-
strate, and increase the Raman scattering cross-section of
the analyte molecule.

The excellent Raman enhancement behavior of Ti3C2
nanosheets can also be attributed to the CM enhancement
caused by photoinduced charge transfer (PICT). As
shown in Fig. 5f, considering that the work function of
Au reference is 4.8 eV, the work function of Ti3C2
monolayers is estimated to be 4.8−0.351 = 4.45 eV ac-
cording to the work function measurement by Kelvin
probe force microscope (KPFM). The Ti3C2 thickness
dependence of its work function can be neglected. The
energy level distribution and the possible PICT process in
the R6G-Ti3C2 complex are shown in Fig. 5g. μmol denotes
the molecular transition. μi-CT and μk-CT denote the charge
transfer transitions from the molecular ground states to

Ti3C2 and from Ti3C2 to the molecular excited states,
respectively. According to early research reports, the en-
ergy levels of the highest occupied molecular orbital
(HOMO) and lowest occupied molecular orbital (LUMO)
of R6G are −5.7 and −3.4 eV, respectively. This energy
level distribution makes PICT possible. In this process,
the excited electrons can be transferred not only from the
HOMO of R6G to the Fermi level of Ti3C2 monolayers,
but also from the Fermi level of Ti3C2 monolayers to the
LUMO of R6G. Therefore, according to the well-known
Herzberg-Teller vibration coupling law, the molecule re-
sonance caused by the interface PICT greatly enhances
the polarization tensor of the R6G molecule. It is parti-
cularly noteworthy that the Fermi level of Ti3C2 mono-
layers is almost symmetrically matched to the HOMO
and LUMO of R6G (Fig. 5g), which greatly reduces the
interference of the luminescence background of the R6G
molecule itself.

In addition, our study found that high crystalline and
clean surface of the monolayer nanosheets can greatly
promote their SERS performances. It is mentioned above
that without the final microwave heating, the prepared
Ti3C2Tx (T = OH) nanosheets have low crystallinity and a
large number of –OH radicals on their surfaces. It should
be noted that a large number of crystal defects and surface
active groups can often promote the catalytic activity of
titanium carbide; however, the experimental results show
that the SERS effect of the Ti3C2Tx nanosheets as the
substrate is much lower than that of the Ti3C2 nanosheets
after microwave heating (Fig. 5h, i). This is because a
large number of hydroxyl radicals on the surface of
Ti3C2Tx hinder the charge transfer between the adsorbed
molecule and the substrate, while a large number of
crystal defects further restrict the charge transfer and
SPR. Therefore, microwave heating is a simple and ef-
fective way to enhance the SERS performance of these
ultrathin nanosheets by improving the crystallinity and
eliminating the hydroxyl groups on the surface.

Toxicity of the monolayer Ti3C2 nanosheets
The safety and biocompatibility of the active SERS ma-
terial are essential for its application in the biosensor and
detection fields. We evaluated the in vitro toxicity of Ti3
C2 monolayers briefly using Hela cell lines. In order to
obtain a more reliable toxicity conclusion, we set the
concentration of Ti3C2 monolayers used in the toxicity
experiment to 1000 μg mL−1, which far exceeds the
amount used in conventional SERS biological imaging
experiments. As shown in Fig. 6a, Ti3C2 monolayers in-
duced no cellular mortality at such high concentration of
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1000 μg mL−1 for 24 h exposure. Even if extended to 48 h
exposure, the cellular mortality was only 16.9 ± 2.52%.
Furthermore, AO/EB assays revealed that the monolayer
Ti3C2 nanosheets did not trigger apoptosis significantly at
the concentration of 1000 μg mL−1 and upon exposure for
48 h (Fig. 6b–d). These results indicated that the mono-
layer Ti3C2 nanosheets showed considerablely low toxicity
at a extremely high concentration for cytotoxicity ex-
periment. Combined with their excellent SERS activity,
this low toxicity indicates that the Ti3C2 monolayer na-
nosheets have good application prospects in the field of
biological tissue detection.

CONCLUSION
In summary, we have developed an effective chemical
exfoliation method for the large-scale synthesis of highly
crystalline monolayer Ti3C2 nanosheets. Due to the un-
ique structure of nucleus-free 2DEG, the Ti3C2 monolayer
has an active surface and shows a strong localized-SPR
effect in visible region. These ultrathin Ti3C2 nanosheets
can be easily assembled into flexible SERS substrates with
an LOD of 10−11 mol L−1 and a maximum Raman EF of
3.82×108. The experimental and theoretical results show
that the ultrasensitive SERS properties of the Ti3C2
monolayers result from the dual functions of strong lo-

calized-SPR and remarkable interfacial-charge-transfer.
Moreover, this new material shows very low cytotoxicity.
Current research results show that the low cost quasi-
metallic 2D metal carbide is a very promising SERS active
material.
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高度结晶Ti3C2单层纳米片的表面增强拉曼散射
叶雨庭1†, 易文才2†, 刘伟1, 周云3, 白桦1, 李俊芳1, 席广成1*

摘要 表面增强拉曼散射(SERS)作为一种优秀的免标记无损检测
技术, 已被广泛应用于环境污染物检测、生物组织传感及指纹级
分子分析等领域. 与以贵金属和半导体为代表的传统SERS基底不
同, 本文报道了一种新型的高灵敏SERS基底材料, 即无核二维电子
气(2DEG)结构的Ti3C2单层纳米片, 其具有高稳定性、生物相容性
和低成本等优点. 我们通过一种化学剥离和微波加热相结合的方
法合成了具有洁净表面的、高度结晶的单层Ti3C2纳米片. Ti3C2单
层无核2DEG的独特电子结构提供了理想的无核散射传输通道, 使
单层Ti3C2纳米片的拉曼增强因子达到了3.82×108, 其对典型污染
物的检出限高达10−11 mol L−1. 初步的毒理学实验表明, 该物质的
细胞毒性非常低. 考虑到碳化物纳米片合成简单、良好的生物相
容性、低成本以及高的化学稳定性, Ti3C2单层对于设计和制造具
有超高灵敏度的柔性SERS衬底具有很好的应用前景.
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