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ABSTRACT

Carbon based dots capped tin oxide nanosheets (Sn0,/CDs) were synthesized by liquid exfoliation of tin
oxide (SnO;) nanoparticles in the presence of single-layer carbon based (CDs). The obtained SnO,/CDs
have lateral sizes of about 20—50 nm and heights of about 3—4 nm. A thin layer of CDs of about 1-2 nm
in thickness are presence on the surface of the SnO, nanosheets. The SnO,/CDs present excellent surface
enhanced Raman spectroscopy (SERS) activity due to the chemical enhancement (CM) led by the charge
transfer between SnO,/CDs and the target molecules. The enhancement factor (EF) of the SnO,/CDs is
1.42 x 10°, taking rhodamine 6G as a model target molecule. The SnO,/CDs are further hybridized with
silver nanoparticles (AgNPs) using an in situ synthesis method. The obtained homogeneous nano-hybrids
(Sn0,/CDs@AgNPs) have a lot of nanogaps. The nanogaps among the AgNPs/CDs create strong electro-
magnetic enhancement (EM) due to the “hot spots” effect. The nanogaps among the SnO,/CDs and
AgNPs/CDs allow the target molecules to be embedded, and thus gained both the CM effect of Sn0,/CDs
and the EM effect of AgNPs/CDs. As a result, the as-prepared SnO,/CDs@AgNPs exhibits excellent SERS
activities, with an ultrahigh enhancement factor of 3.27 x 10",

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

As a powerful analytical technique, surface enhanced Raman
spectroscopy (SERS) enables single-molecule sensitive detection
and provides special chemical fingerprints [1]. It has been exten-
sively applied in many fields such as forensics, homeland security,
food safety, and medical diagnostics [2,3]. In SERS, electromagnetic
enhancement (EM) and chemical enhancement (CM) are two
widely accepted mechanisms [4]. EM refers to the local electro-
magnetic field effect from the surface plasmon excited by the
incident light, while CM originates from the charge transfer (CT)
between the target molecule and the substrate [5]. Although the
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exact mechanism of SERS is still controversial, the SERS signals
were absolutely dependent on the substrate. Therefore, great ef-
forts have been made to obtain an ideal SERS substrate during the
past decades.

In general, localized EM field is considered to be the dominant
contributor to SERS enhancement, which generally has an
enhancement factor (EF) of 102 or even more [6]. Therefore, various
noble metals (e.g. gold, silver, Copper) based nanostructure arrays
were designed as SERS substrates [7—11]. However, increasing
studies highlight the non-negligible role of CM effect in SERS. Novel
SERS substrates with CM effect have been designed, which mainly
include graphene based materials and some semiconductor based
materials [12—18]. These substrates exhibited EFs higher than 10,
which is comparable with those of some noble metal based SERS
substrates [19]. Recent years, some researchers tried to construct
novel SERS substrates integrating both EM and CM effects. Noble
metal/semiconductor hybrid nanostructures have attracted board
attention acting as SERS-active substrates with higher efficiency by
either depositing noble metallic nanostructures on semiconductor
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or coating noble metallic nanomaterials with semiconductor
[20—26]. However, direct coating noble metallic nanomaterials
with a layer of semiconductor would significantly decrease its EM
effect due to the increased distance between the probe molecule
and the metal surface. Coating the semiconductor with noble metal
would inhibit its CM effect since CM effect is usually a “first layer
effect” [27]. Consequently, the EF of the reported substrates is
usually below 10° far below expectation [22—25,28—30]. There-
fore, developing a reasonable metal-semiconductor hybrid struc-
ture is highly desired for constructing ideal SERS substrates
concurrently possessing the EM effect of metal and the CM effect of
semiconductor.

In this work, a simple liquid exfoliation method is developed to
synthesize carbon based dots capped tin oxide nanosheets (SnO,/
CDs). The obtained Sn0O,/CDs show a good SERS activity, with a high
EF of 1.42 x 10°. Furthermore, the materials can be further hy-
bridized with silver nanoparticles (AgNPs) using a simple and in
situ growth method. The obtained nanohybrids (SnO5/CDs@AgNPs)
have a novel sandwich structure. Thus, the target molecules allow
to be embedded in the gaps between SnO,/CDs and AgNPs, and
thus gain both the CM effect of SnO,/CDs and the EM effect of
AgNPs. As a result, the as-prepared substrate exhibits an ultrahigh
sensitivity of identifying rhodamine 6G (R6G) with concentration
as low as 1 x 1077 M. The EF is as high as 3.27 x 10,

2. Experimental section
2.1. Synthesis of CDs

5 g XC-72 carbon black was refluxed with 300 mL concentrated
HNOs (8.0 M) at 130 °C for 48 h [31]. After the reaction, the sus-
pension was cooled to room temperature then filtered, collecting
the filtrate. Finally, about 1.5 g reddish-brown single-layer CDs
could be obtained after the filtrate was dried by reduced pressure
distillation.

2.2. Synthesis of Sn0,/CDs nano-hybrids

Sn0,/CDs nano-hybrids were prepared by ultrasonic treatment
of nano-sized SnO, in the presence of CDs. In a typical experiment,
0.6 g SnO; powder and 0.6 g single-layer CDs were mixed in 50 mL
de-ionized (DI) water, which was ultrasound for 3 h. The as-
resulted suspension was centrifuged at 3000 rmp to remove the
sediment. Subsequently, the supernatant was further centrifuged at
12,000 rmp to remove the residual CDs, which show good dis-
persity in the supernatant. Then, the sediment (mainly SnO,/CDs
nano-hybrids) was washed with DI water three times through
centrifugation at 12,000 rmp. Finally, the washed SnO,/CDs nano-
hybrids were re-dispersed in 10 mL DI water (~5.5 mg/mL) and
stored at 4 °C before use.

2.3. Synthesis of Sn0,/CDs@AgNPs nano-hybrids

1.0 mL of SnO,/CDs solution mentioned above and 300 pL of
AgNOj3 solution (1.0 M) were added in 50 mL DI water, whose pH
value was adjusted to about 8 using NH3-H,0 (0.1 M). Then, the
suspension was stirred and heated to 80 °C before 5 mL of glucose
solution (20 mg/mL) was added. 30 min later, the heating was
stopped, allowing the solution cooled naturally to room tempera-
ture. Finally, the resulted suspension was centrifuged 12,000 rmp to
collect the sediment, which was further washed with DI water
twice through centrifugation. The washed SnO,/CDs@AgNPs nano-
hybrids were re-dispersed in 10 mL DI water (~1.2 mg/mL) and
stored at 4 °C before use.

2.4. Synthesis of AgNPs/CDs

The synthesis of AgNPs/CDs was similar to the experimental
procedure of SnO,/CDs@AgNPs. In brief, 300 pL of AgNOs3 (1.0 M)
was added to 50 mL CDs solution (0.1 mg/mL), which was subse-
quently heated to 80 °C. Then 5 mL of glucose solution (20 mg/mL)
was added into the solution. The heating was stopped after 30 min,
allowing the solution cooled naturally to room temperature under
stirring. Finally, the supernatant was collected and washed with DI
water through centrifugation at 12,000 rpm. The washed AgNPs/
CDs was re-dispersed in DI water and stored at 4 °C.

2.5. SERS detection

Si0,/Si wafers (0.5 x 0.5 cm?) were cleaned by ultrasonic rinsing
in acetone, ethanol, and DI water in sequentially. Subsequently, the
cleaned SiO,/Si wafers were immersed in the solution of 98%
H,S04/30% H,0, = 4:1 (v/v) for about 4 h, allowing the formation of
a hydroxyl surface. Then, hydroxylized SiO,/Si wafers were further
modified with CTAB by being soaked in the solution of 0.05 M CTAB
overnight. After that, the SERS substrate materials (20 pL) could be
dropped directly on the modified SiO;/Si wafers, and dried at 60 °C.
Finally, the probe molecules (20 uL) were dropped onto the SERS
substrates and dried at 60 °C for the SERS measurement.

2.6. Calculation of SERS EFs
The EFs were calculated according to the standard equation:

EF = (Isgrs / Nsgrs) / (Ibulk / Nbulk),

where Isgrs and Ipyik are the SERS intensities of the same vibration
mode of the target molecules obtained on the substrates and the
normal Raman spectra from solid sample, respectively. Nsgrs and
Npulk represent the numbers of target molecules absorbed on SERS
substrates in the focus of the laser beam and the normal Raman
sample, respectively. More details about the calculation are shown
in the supporting information (see SI).

3. Result and discussion
3.1. Synthesis and characterization of SnO,/CDs

Nano-sized SnO; was ultrasound in the presence of CDs, which
were used as the capping agents, to prepare SnO,/CDs. Trans-
mission electron microscopy (TEM) images indicate that the ob-
tained Sn0,/CDs are nanosheets, whose lateral sizes are distributed
in the range of 20—50 nm (Fig. 1A and B). High resolution TEM
(HRTEM) image exhibits clear lattice fringes with a spacing of
0.338 nm corresponds to the (110) plane of SnO, (Fig. 1C). The
lattice structure of SnO, nanosheets is further confirmed by the X-
ray diffraction (XRD) characterization (Figure S1). However, the
edges of the SnO, nanosheets (about 1—-2 nm in thickness) show
nearly no lattice fringe, suggesting the amorphous structure (Fig. 1B
and C). High-angle annular dark-field scan TEM (HAADF-STEM) and
energy-dispersive X-ray (EDX) results indicate abundant C atoms
on the surface of SnO, nanosheets (Fig. 1D—F). In other words, the
obtained SnO, nanosheets are fully covered by CDs to obtain SnO;
nanosheets core-CDs shell structure. Atomic force microscopy
(AFM) images reveal that the height of SnO,/CDs is in the range of
3—4 nm (Fig. 2). Apparently, the values should contain the thick-
nesses of the SnO, nanosheets and the CDs on them. The thick-
nesses of the CDs are distributed in the range of 0.3—0.8 nm, with
an average of about 0.5 nm (Figure S2). Therefore the thicknesses of
the SnO; nanosheets should be mainly below 3 nm. Fourier
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Fig.1. TEM (A) and HRTEM (B, C) images of Sn0O,/CDs, HAADF-STEM image of SnO,/CDs (D), EDX elemental distribution of C (E) and Sn (F) along the red line in (D). (A colour version

of this figure can be viewed online.)
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Fig. 2. Atomic force microscopy (AFM) images of SnO,/CDs with a scale of 5 um x 5 um (A) and 1.5 pm x 1.5 pm (B). The inset in (B) is the height profile along the white line in (B).

(A colour version of this figure can be viewed online.)

transform infrared (FT-IR) spectra of the obtained SnO,/CDs exhibit
the absorption peaks of C=C, C—OH and O—H bonds from the CDs,
and Sn—0—Sn bond from the SnO, (Figure S3). The results confirm
the hybridization of SnO; with CDs. It should be mentioned that the
relative intensity of the C=0 bond of the nanohybrids decrease
obviously as compared to that of the pristine CDs. That is because
most of the carboxyl groups on CDs are removed after the long-
time sonication (It can be further confirmed by the following XPS
analysis). However, SnO,/CDs exhibit excellent and long-term dis-
persity in water due to the abundant hydroxyl groups and the re-
sidual carboxyl groups. In a control experiment, it is found that
some SnO, nanosheets can also be formed when the nano-sized
SnO; was ultrasound in the absence of CDs. Furthermore, the
morphologies of the obtained SnO, nanosheets are quite same with

those of Sn0O,/CDs (Figure S4), suggesting that the presence of CDs
has nearly no effect on the morphologies of SnO,. However, the
Sn0, nanosheets can’t be long-term dispersed in water due to lack
of functional groups.

3.2. SERS activity of SnO5/CDs

It was well known, both CDs and many semiconductors could
act as SERS substrates due to the CT processes [12,32—34]. There-
fore, the obtained SnO,/CDs may also have a good SERS activity. As
shown in Fig. 3, bulk R6G on a SiO,/Si substrate exhibits very weak
Raman signals (curve a), while 1 x 107> M R6G on the SnO,/CDs
shows much stronger Raman signal (curve c). Above results confirm
the SERS activity of the obtained SnO,/CDs. The SERS enhancement
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Fig. 3. Raman spectra of R6G on different substrates: bulk R6G on SiO,/Si (a);
1 x 1073 M of R6G on SnO, (b); and 1 x 10> M of R6G on Sn0,/CDs (c). (A colour
version of this figure can be viewed online.)

factor (EF) was calculated to be about 1.42 x 10°, which is high for a
SERS substrate based on the CM effect [12,15,16]. In a control
experiment, SnO, nanoparticles are also found to be able to work as
a SERS substrate with an EF of 1.76 x 103 (curve b), which is much
lower than that of SnO,/CDs. Therefore, the high EF of SnO,/CDs
originates from the synergistic interaction between SnO, nano-
sheets and CDs.

3.3. Synthesis and characterization of SnO3/CDs@AgNPs

Although the SnO,/CDs show a good SERS activity, it is still far
from an ideal SERS substrate. Therefore, the Sn0O,/CDs are further
hybridized with AgNPs, which usually exhibit high SERS activities
due to the EM properties. In principle, Ag™ ions are added into the
obtained Sn0O,/CDs suspension, allowing the Ag* absorbed by the
oxygen-containing functional groups on the surface of Sn0O,/CDs.
Then, the absorbed Ag™ ions are reduced directly by glucose. As a
result, SnO,/CDs@AgNPs nanohybrids are formed. Apparently, the
amount of added Ag™ ions will affect greatly the structure and SERS
activity of the obtained materials. Therefore, the amount of Ag" is
optimized. When the amount of Ag™ used for the synthesis of SnO;/
CDs@AgNPs substrate is increased from 50 to 300 pL, the surface
plasmon resonance (SPR) absorption of AgNPs centered at around
460 nm increases with the increasing amount of Ag*, without any
wavelength-shift (Figure S5). The results indicate that increasing
the amount of Ag* has nearly no effect on the size of the formed
AgNPs, but only increases the amount of the formed AgNPs on the
Sn0,/CDs@AgNPs. However, when the amount of Ag™ is further
increased to 400 pL, the SPR absorption of AgNPs and the band-
edge absorption of SnO; all decrease obviously due to the aggre-
gation of the substrate nanoparticles. Correspondingly, the SnO,/
CDs@AgNPs substrate synthesized at the Ag™ amount of 300 pL
exhibits the strongest SERS signals (Figure S6).

The optimized SnO,/CDs@AgNPs substrate is characterized in
detail. As shown in Fig. 4, the X-ray photoelectron spectroscopy
(XPS) analysis exhibits that the obtained SnO,/CDs@AgNPs nano-
hybrids are mainly composed of C (43.5 At.%), O (44.6 At.%), Ag (5.3
At.%) and Sn (6.6 At.%). The Cy5 spectrum reveals the presence of C=
C, C—0 and C=0 bonds. However, the relative intensity of the C=0
peak decreases obviously as compared with that of the primary CDs
[35]. The results agree well with that from the FTIR spectra. The
Snzq spectrum showed the Snsq(sj2) and Snsqzj2) peaks located at
486.5 and 494.9 eV, ascribing to Sn** oxidation state [30]. The Agsq
spectrum presents two peaks at 367.6 and 373.6 eV, attributing to

Agaq(sp2) and Agsaspe) of metallic silver, respectively [32]. XRD
patterns of the obtained materials exhibit not only the peaks
attributed to SnOy, but also an obvious peak attributed to the (200)
crystal facet of Ag at 44.2° (Figure S1). The results indicate that Ag
deposited on the surface of Sn0,/CDs nanosheets is in the state of
metal Ag (0). TEM images of the resulted materials confirm the
formation of a lot of AgNPs with sizes ranging from 30 to 80 nm
(Fig. 5A and B). HRTEM images further reveal the crystalline
structure of the AgNPs, with a lattice spacing of 0.205 nm corre-
sponding to the (200) plane of Ag (Fig. 5C). Elemental mapping
results indicate that the AgNPs are uniformly hybridized with SnO,/
CDs (Fig. 5D—F). Scanning electron microscopy (SEM) images
indicate that the morphologies of SnO,/CDs@AgNPs have no
obvious change after being deposited on the CTAB-modified SiO,/Si
wafer (Figure S7).

3.4. SERS performance and mechanism of the as-prepared SnO,/
CDs@AgNPs substrate

The SERS performance of the obtained SnO,/CDs@AgNPs sub-
strate is evaluated by using R6G as the probe molecule. Fig. 6A
shows the SERS spectra of R6G with various concentrations from
1.0 x 1077 t0 1.0 x 1012 M. The Raman peaks of R6G can be clearly
observed even at a concentration of 1 x 10~'7 M. There is a good
semi-logarithmic correlation between the Raman intensity at
1655 cm~! and the concentration of R6G (Fig. 6B). The EF is
calculated to be 3.27 x 10'\ In addition, the obtained SERS sub-
strate exhibits good spectral uniformity and repeatability
(Figure S8). Apparently, the synthesized SnO,/CDs@AgNPs is an
excellent SERS substrate.

The possible enhancement mechanism of the SnO,/CDs@AgNPs
SERS substrate is clarified. As well known that the gapped AgNPs
would create electromagnetic “hot-spots” to generate strong local
electromagnetic field and thus significantly enhance the SERS ef-
fects. The HRTEM images of the substrate mentioned above indicate
that the formed AgNPs are gapped from each other with a thin layer
of CDs, whose thickness is only about 1 nm. Apparently, the sub-
strate exhibited outstanding SERS effects due to the strong EM from
the gapped AgNPs. In a control experiment, AgNPs/CDs were syn-
thesized for SERS investigation (Figure S9). Strong SERS signal of
R6G could be detected even at concentration lower than 1 x 1079 M
(Figure S10), the result is comparable with those of other metallic
nanostructures [8,10,11,36]. On one hand, the results confirmed the
SERS activity of AgNPs/CDs. On the other hand, the fact that the
SERS activity of AgNPs/CDs is much lower than that of SnO,/
CDs@AgNPs implied that the CM effect of SnO,/CDs is quite
important for the SnO,/CDs@AgNPs substrate, and should be
further discussed.

It is found that the SERS performance of the obtained SnO;/
CDs@AgNPs is greatly dependent on the excitation wavelength. The
SERS signals excited at 532 nm are much stronger than those
excited at 633 and 785 nm (Figure S11). The result might be related
to the relative strong SPR absorption of AgNPs at 532 nm
(Figure S5). However, the CT between R6G and SnO- could also be
the key factor for the effect of excitation wavelength (Fig. 7A). The
conduction band (CB) of Sn0,/CDs is measured to be ~ -4.50 eV
(Figure S12), and the band gap to be ~3.50 eV (Figure S13). Then the
valence band (VB) would be —8.00 eV. The results fit well with
those of Sn0, [37], indicating that the coating of CDs has no obvious
effect on the CB and VB of SnO;. For R6G molecule, the highest
occupied molecule orbital (HOMO) and the lowest unoccupied
molecule orbital (LUMO) are —5.70 and —3.40 eV, respectively [14].
When the excitation wavelength is 532 nm (~2.33 eV), electron
transition from HOMO to LUMO of the R6G molecule happens, then
CT process from LUMO of the R6G molecule to CB of Sn0,/CDs (CT1)
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Fig. 4. XPS spectrum of Sn0,/CDs@AgNPs (a), high resolution XPS spectra of Cys (b), Snsq (c), and Agsq (d). (A colour version of this figure can be viewed online.)

Fig. 5. TEM (A, B), HRTEM (C), and HAADF-STEM (D) images of SnO,/CDs@AgNPs, and the corresponding (the area framed in D) EDX elemental maps of C (E) and Sn (F). (A colour

version of this figure can be viewed online.)

occurs. Meanwhile, CT process from the HOMO of R6G molecule to
the CB of Sn0,/CDs (CT2) is also thermodynamically feasible. As a
result, the polarizability tensor of R6G can be strongly magnified,
bringing out an evident Raman enhancement. When increasing the
excitation wavelength to 633 nm (~1.96 eV), CT1 is inhibited while
CT2 is still thermodynamically allowed. However, CT2 is usually
difficult on the SERS substrate because of no molecular orbital
coupling of R6G with SnO, Therefore, the SERS intensity is

decreased obviously when compared with that excited at 532 nm.
Finally, when further increasing the excitation wavelength to
785 nm (1.58 eV), both CT1 and CT2 are thermodynamically
inhibited. Accordingly, the SERS intensity is further decreased. The
results indicate that the CM effect from SnO,/CDs is important for
the SERS substrate.

To further confirm the role of CM effect from SnO,/CDs, crystal
violet (CV) and 4-aminothiophenol (4-ATP) are used as the probe
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molecules to decorate the obtained SERS substrate. The LUMO and
HOMO of CV are —4.10 eV and —6.00 eV, respectively [39]. Appar-
ently, the energy levels of CV are similar with those of R6G. As
expected, the SERS signals of CV can still be clearly detected even at
an ultralow concentration of 1 x 1076 M (Figure S14). There is a
linear relationship between the logarithmic Raman peak intensity
of 1621 cm~! and the concentration of CV. Different from R6G and
CV, the LUMO and HOMO of 4-ATP are —3.03 and -7.16 eV,
respectively [38]. Both the two CT processes are thermodynami-
cally inhibited under the excitation of the three wavelengths
(Fig. 7B). In other words, the CM effect from SnO,/CDs does not
work for 4-ATP. As a result, the SERS intensities of 4-ATP on SnO-/
CDs@AgNPs are much weaker (Figure S15). The results mentioned
above indicate that the CM effect from SnO,/CDs is important for an
excellent SERS substrate. Furthermore, matching the HOMO and
LUMO of the attached molecules to the CB and VB of the semi-
conductor is the key factor to gain the CM effect, and received high
SERS signals. The results indicate that the obtained SnO,/
CDs@AgNPs integrate the CM effect of Sn0,/CDs and the EM effect
AgNPs/CDs, and thus exhibit excellent SERS activities. The combi-
nation of EM and CM effects may be related to the special structure

of the materials. It can be clearly seen from the HRTEM image of the
materials that a lot of gaps are presented between AgNPs/CDs and
Sn0,/CDs, allowing the target molecules adsorbed. Then, the
adsorbed molecules can gain both the CM effect of SnO,/CDs and
the EM effect of AgNPs/CDs.

4. Summary

In conclusion, we herein design and fabricate a novel substrate by
integrating SnO, nanosheets, single-layer CDs and AgNPs for ultra-
sensitive SERS analysis. The prepared SnO,/CDs@AgNPs combine
the CM effect of SnO,/CDs and EM effect of AgNPs/CDs, and thus
exhibit outstanding SERS activity and repeatability. By using SnO,/
CDs@AgNPs as SERS substrate, a concentration as low as
1.0 x 1077 M of R6G of can still be clearly identified by SERS. The
SERS EF of the proposed substrate is calculated to be 3.27 x 101, The
outstanding SERS activity and repeatability of the proposed sub-
strate show promising applications in on-site sensing or rapid
detection of ultralow-concentration of organic pollutant. More
importantly, the present work guides future development in struc-
ture design and fabrication of high-performance SERS substrate.
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