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Abstract

Semiconductors are regarded as promising alternatives to traditional noble metals for 
constructing surface-enhanced Raman scattering (SERS) substrates. Nevertheless, their 
sensitivity is insufficient for widespread practical applications. In this work, urchin-like 
tungsten oxide (WO3 ) nanostructures with different oxygen-vacancy contents are fabricated 
by tuning the solvothermal reaction temperature. Oxygen-vacancy-rich WO3  nanostructures 
display a broad localized surface plasmon resonance band, whose resonance maximum is 
centered at ~585 nm. Owing to the synergistic coupling of electromagnetic enhancement 
and interfacial charge transfer enhancement, the as-synthesized urchin-like WO3  nanos-
tructures exhibit outstanding SERS sensing capability toward Rhodamine 6G molecules. 
The lowest detectable concentration of 1 × 10−7  M and a remarkable enhancement factor of 
5.1 × 105  are achieved. The relative standard deviations below 6.5% are obtained, indicating 
outstanding signal uniformity of the WO3  SERS substrates. In addition, these urchin-like 
WO3  nanostructures can serve as SERS substrates for the detection of prohibited fishery 
drugs. This work offers a feasible strategy for fabricating high-performance semiconductor-
based SERS platforms, and the plasmonic urchin-like WO3  nanostructures show great 
prospects for practical chemical sensing applications.

Keywords: tungsten oxide; surface-enhanced Raman scattering sensing; localized surface 
plasmon resonance; charge transfer

1. Introduction
As an ultrasensitive, nondestructive, and highly efficient analytical technology, surface-

enhanced Raman scattering (SERS) has attracted tremendous attention in diverse domains 
such as food safety, disease diagnosis, catalysis, environmental pollutant monitoring, foren-
sics, and biomedicine [1–6]. Up to now, two primary mechanisms, including the electro-
magnetic mechanism and chemical mechanism, have been put forward to interpret the 
SERS effect [3]. In general, noble metals (Au and Ag) serve as conventional SERS-active 
materials, whose enhancement mechanism originates from the electromagnetic mechanism 
induced by the strong localized surface plasmon resonance (LSPR) effect [3]. Under laser 
irradiation, LSPR can generate greatly amplified local electromagnetic fields near the surface 
of nanostructured noble metals, which dominates the SERS signal amplification process. 
Noble metal substrates deliver ultrahigh detection sensitivity, and single-molecule detection 
can even be realized under optimal experimental conditions [7,8]. For example, Chen et al. 
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designed gold and silver nanohole arrays integrated within a metal-insulator-metal config-
uration and further decorated with silver nanoparticles, yielding substrates with excellent 
SERS performance [9]. However, noble metal substrates suffer from inherent drawbacks 
including high production expenses, strong spectral noise, and low experimental repro-
ducibility [10]. In recent years, a variety of semiconductor materials, including graphene, 
transition metal chalcogenides, transition metal oxides, and covalent-organic frameworks, 
have been demonstrated to exhibit attractive SERS activity, offering new opportunities 
for developing noble-metal-free SERS sensing platforms [11–18]. For example, Tang and 
coworkers demonstrated that the band structure of transition metal chalcogenides can be 
precisely tuned via alloy engineering, which further achieves the on-demand controllable 
preparation of high-performance SERS substrates [16]. Fan and coworkers reported an 
innovative sensing strategy that combines the enhanced light-matter interactions of a single 
ZnO whispering-gallery-mode cavity with the fingerprint spectral feature of SERS to achieve 
ultrasensitive and highly specific molecular detection [17]. Ge et al. developed an optimized 
electrochemical cathodic exfoliation method to fabricate high-yield, low-defect MSe2  (M = 
Ta, Nb, Ti) monolayers, whose excellent SERS sensitivity enables superior tear-fluid MMP-9 
detection performance [18]. For semiconductor-based SERS substrates, chemical enhance-
ment constitutes the major enhancement contribution, which arises from the interfacial 
charge transfer process occurring between semiconductor substrates and analyte molecules. 
Benefiting from their intrinsic material characteristics, semiconductor-based SERS substrates 
exhibit superior stability, good signal uniformity, and abundant sources [11]. Nevertheless, 
compared with conventional noble metals, semiconductor-based SERS substrates suffer 
from relatively weak signal amplification. The unsatisfactory sensitivity has become a 
critical bottleneck that restricts their wide practical applications.

Benefiting from precise electronic structure modulation strategies including oxygen 
vacancy engineering, doping, and phase transformation, plasmonic semiconductors fun-
damentally overcome the intrinsic limitation of conventional semiconductor-based SERS 
substrates, which solely depend on weak interfacial charge transfer to produce chemical 
enhancement. Instead, such materials integrate LSPR-derived electromagnetic field am-
plification with interfacial charge transfer induced chemical enhancement, constructing a 
dual synergistic enhancement system that greatly improves their SERS sensitivity [19–21]. 
For example, Li et al. demonstrated that reducing semiconducting TiO2  microspheres into 
quasi-metallic Ti3 O5  microspheres boosted SERS sensitivity by 10,000 times [19]. Meng 
and coworkers designed amorphous MoO3  monolayers with visible-region LSPR activity 
for trace detection of carcinogenic aromatic amines, achieving a low limit of detection of 
10−9  M for o-aminoazotoluene [20]. However, precisely tailoring the LSPR peak position to 
achieve spectral matching with the excitation laser still remains challenging.

Herein, we report that urchin-like tungsten oxide (WO3 ) nanostructures synthesized 
via a solvothermal approach can serve as high-sensitivity SERS substrates. By adjusting the 
reaction temperature, oxygen-vacancy-rich urchin-like WO3  nanostructures show an LSPR 
band ranging from 400 to 770 nm, with its resonance maximum centered at ~585 nm. Bene-
fiting from the synergistic coupling of electromagnetic enhancement and interfacial charge 
transfer enhancement, the as-synthesized urchin-like WO3  nanostructures display excellent 
SERS sensing performance, achieving a lowest detectable concentration of 1 × 10−7  M and 
an enhancement factor (EF) of 5.1 × 105  for Rhodamine 6G (R6G) molecules. In addi-
tion, prohibited fishery drugs can be detected by using urchin-like WO3  nanostructures as 
SERS substrates. The present work provides a viable approach to design high-performance 
semiconductor-based SERS platforms, and the plasmonic urchin-like WO3  nanostructures 
hold enormous potential for practical chemical sensing applications.
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2. Materials and Methods
2.1. Preparation of Urchin-like WO3  Nanostructures

In a typical synthetic procedure, 35 mg of tungsten hexachloride (WCl6 , Aladdin 
Reagent Co., Ltd., Shanghai, China) powder was uniformly dispersed in 30 mL of absolute 
ethanol (Aladdin Reagent Co., Ltd., Shanghai, China) under continuous magnetic stirring. 
Subsequently, the well-mixed solution was transferred into a 50 mL Teflon-lined autoclave 
(KZ50, Beijing Zhouyun Technology Co., Ltd., Beijing, China). The autoclave was tightly 
sealed and heated to 160–190 °C for 24 h. After natural cooling to ambient temperature, 
the precipitated products were collected and thoroughly rinsed with deionized water 
(Genie G, RephiLe Bioscience, Ltd., Shanghai, China) and absolute ethanol in sequence to 
remove residual impurities and unreacted precursors. The washing process was repeated 
via centrifugation (GT216C, Hunan Kecheng Instrument Equipment Co., Ltd., Changsha, 
China) for three cycles to achieve high-purity samples. Ultimately, the obtained solid 
powders were dried in a vacuum oven (DZF6050, Shaoxing Supo Instrument Co., Ltd., 
Shaoxing, China) at 60 °C for 8 h to remove residual solvent, yielding the final urchin-like 
WO3  nanostructures.

2.2. Characterization
X-ray diffraction (XRD) patterns were collected on an X-ray diffractometer (Rigaku 

Smartlab (3), Akishima, Tokyo, Japan). The microscopic morphology and internal nanos-
tructure were investigated by transmission electron microscopy (TEM, FEI Tecnai G2 T20, 
Hillsboro, OR, USA) and scanning electron microscopy (SEM, FEI XL-30, Eindhoven, The 
Netherlands). X-ray photoelectron spectroscopy (XPS) measurements were performed 
on a Thermofisher ESCALAB 250Xi apparatus (Waltham, MA, USA). Ultraviolet-visible 
(UV-vis) absorption spectra were recorded to explore the optical absorption behaviour and 
LSPR properties of the samples (Shimadzu UV-3600, Kyoto, Japan).

2.3. Raman Measurement
To investigate the SERS performance of urchin-like WO3  nanostructures, R6G (Shang-

hai Macklin Biochemical Co., Ltd., Shanghai, China) dissolved in deionized water was 
selected as the probe molecule. A stock R6G solution (1 × 10−3  M) was first prepared. A se-
ries of working solutions spanning from 1 × 10−4  M to 1 × 10−7  M were subsequently obtained 
by diluting the stock solution. Preparation of the WO3  samples for SERS measurements: 
5 mg of WO3  powder was added to 5 mL of R6G solution with different concentrations. The 
mixture was stirred for 2 h, and the precipitate was collected by centrifugation. Afterwards, 
a small amount of R6G-modified WO3  powder was placed on a glass slide and dried at 
room temperature in the dark for 4 h. To improve the signal uniformity, a glass slide was 
used to gently press the powder into a flat layer prior to SERS measurement. The excitation 
wavelength was 532 nm and a 50× objective was used to focus the laser beam (LabRAM HR, 
HORIBA Jobin Yvon S.A.S., Longjumeau, France). The spectra were acquired for 10 s and 
the laser power was maintained at 0.25 mW with an average spot diameter of 1.0 μm in all 
acquisitions. The silicon peak at 520 cm−1  was used to calibrate the measured wavenumbers. 
A silicon substrate was employed for non-SERS reference measurements.

3. Results and Discussion
3.1. Characterization of Urchin-like WO3  Nanostructures

XRD patterns of the as-synthesized urchin-like WO3  nanostructures (marked WO3 -160, 
WO3 -175, and WO3 -190) with different reaction temperatures (160 °C, 175 °C, and 190 °C) 
are shown in Figure 1a. Several diffraction peaks at 23.4, 24.1, 26.5, 28.6, 34.0, 41.5, 47.7, 
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49.7, and 55.7o  can be clearly observed, which are assignable to the (001), (200), (102), 
(112), (220), (222), (002), (400), and (420) planes of the orthorhombic WO3  (JCPDS No. 
20-1324, a = 0.7384 nm, b = 0.7512 nm, c = 0.3846 nm), respectively [22]. Further structural 
characterization was performed by Raman spectroscopy in the range from 400 to 1200 cm−1 . 
Two characteristic vibration peaks can be detected at 689 and 804 cm−1  (Figure 1b). The 
peak at 689 cm−1  is assigned to the stretching vibration of W-O bond, while the other peak 
at 804 cm−1  is assigned to the stretching vibration of O-W-O bond [23]. The results indicate 
that WO3  samples are successfully synthesized by the solvothermal method.

Figure 1. (a) XRD patterns and (b) Raman spectra of as-prepared urchin-like WO3  nanostructures.

XPS measurements were carried out to further investigate the surface chemical state 
of WO3 . The XPS survey spectra of WO3 -160, WO3 -175, and WO3 -190 clearly display the 
characteristic photoemission peaks assigned to W, O, and C elements (Figure S1). As 
shown in Figure 2a–c, high-resolution W 4f spectra can be deconvoluted into two spin–orbit 
doublets. A Shirley-type background is subtracted from the acquired spectrum prior to 
curve-fitting analysis. The spin–orbit doublet separation is maintained at 2.1 ± 0.1 eV for the 
W states [24]. The doublet centred at 34.4 and 36.6 eV corresponds to the W 4f7/2  and W 4f5/2 
core-level signals of W5+ , whereas the second doublet at 35.7 and 37.9 eV originates from the 
W 4f7/2  and W 4f5/2  core-level signals of W6+  [25]. On the basis of the deconvolution results, 
the atomic fractions of W5+  and W6+  in WO3 -190 are 19.3% and 80.7%, respectively. By 
contrast, the proportion of W5+  rises to 41.2% while that of W6+  drops to 58.8% for WO3 -160. 
All fitting results are summarized in Table S1. The increased proportion of W5+  is mainly 
associated with the formation of positively charged oxygen vacancies and the concomitant 
presence of charge-compensating electrons [26,27]. The oxygen vacancy was also confirmed 
by the XPS O 1s spectra. As shown in Figure 2d–f, the spectra can be deconvoluted into three 
peaks. The peaks at 530.6 and 532.7 eV can be assigned to the W-O-W lattice oxygen (OL ) 
bonds of WO3  and surface-adsorbed oxygen (OA ), respectively [28]. The peak at 531.5 eV 
is attributed to oxygen species chemisorbed on oxygen vacancies (OV ) [29]. Compared 
with WO3 -190 and WO3 -175, WO3 -160 exhibits a higher relative area fraction of the peak at 
531.5 eV, demonstrating the presence of more oxygen vacancies in WO3 -160. The fractions 
of the oxygen-vacancy-related O 1s component are 34.2%, 28.1%, and 24.6% for WO3 -160, 
WO3 -175, and WO3 -190, respectively (Table S1). XPS measurements demonstrate that 
the concentration of oxygen vacancies can be effectively tuned by modifying the reaction 
temperature, and similar observations have also been reported in previous studies [30].
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Figure 2. XPS W 4f spectra of (a) WO3 -190, (b) WO3 -175, and (c) WO3 -160 nanostructures. XPS O 1s 
spectra of (d) WO3 -190, (e) WO3 -175, and (f) WO3 -160 nanostructures.

SEM and TEM techniques were utilized to observe the surface morphology and mi-
croscopic structure of the as-prepared WO3  nanostructures. As illustrated in Figure 3a–f, 
as-prepared WO3 -160, WO3 -175, and WO3 -190 nanostructures have a typical urchin-like 
shape, with an average diameter ranging from 1 to 3 μm. The elemental mapping results of 
WO3 -160 demonstrate the uniform distribution of W and O elements across the as-prepared 
nanostructures (Figure 3g,h), indicating the homogeneous composition of the obtained 
samples. Further SEM observation in Figure S2 reveals that these urchin-like WO3  nanos-
tructures feature a distinct hollow interior cavity. As shown in Figure 3i, the radially grown 
nanoneedle subunits of the urchin-like architecture possess a length of 100-400 nm. The 
results verify the successful fabrication of urchin-like WO3  nanostructures. The formation 
mechanism of urchin-like WO3  nanostructures involves nucleation, anisotropic growth, 
and Ostwald self-assembly processes [31,32]. First, the tungsten precursor reacts to form 
numerous primary WO3  nuclei. Benefiting from the intrinsic anisotropic crystal property 
of WO3 , crystal growth preferentially proceeds along a specific crystallographic direction. 
One-dimensional nanoneedles radially extend from the surface of spherical aggregates. 
With prolonged solvothermal reaction, smaller grains dissolve and redeposit on larger 
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crystals via Ostwald ripening. The nanoneedles continuously grow, finally constructing the 
urchin-like hierarchical architecture assembled from radially aligned nanoneedles. These 
radially distributed nanoneedles create abundant ‘hotspots’ (Figure S3), which can con-
tribute to electromagnetic enhancement. In addition, the urchin-like morphology possesses 
a large specific surface area, offering sufficient adsorption sites for probe molecules and 
increasing the loading amount of probe molecules. Therefore, the urchin-like morphology 
endows the WO3  substrate with favorable features for SERS performance.

Figure 3. (a–f) SEM images, (g,h) elemental mapping images from (f), and (i) TEM image of the 
as-prepared urchin-like WO3  nanostructures.

3.2. SERS Performances of Urchin-like WO3  Nanostructures
R6G molecule was used to examine the SERS performance of urchin-like WO3  nanos-

tructures. SERS spectra of 1 × 10−5  M R6G adsorbed on urchin-like WO3 -160, WO3 -175, 
and WO3 -190 nanostructures are displayed in Figure 4a. Several typical characteristic peaks 
of R6G at P1  (612 cm−1 ), P2  (774 cm−1 ), and P3  (1360 cm−1 ) can be distinctly detected. 
Specifically, the peaks at 612 and 774 cm−1  originate from the C-C-C ring in-plane bend 
and C-H out-of-plane bend modes, respectively. The peak at 1360 cm−1  is attributed to the 
aromatic C-C stretching mode [33]. The results indicate that as-prepared WO3  samples can 
be used as SERS-active materials. Compared with WO3 -175 and WO3 -190, the WO3 -160 
exhibits stronger SERS enhancement. The enhanced Raman intensities of R6G at 612 cm−1 
on WO3 -160 are ~1.5 times higher than those on WO3 -190 (Figure 4b).

On this basis, SERS signals of R6G at various concentrations were further acquired 
on WO3 -160 substrates. It is worth noting that distinct SERS fingerprints of R6G are still 
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observable at a trace concentration of 1 × 10−7  M (Figure 5a). The Raman EF can be 
calculated using the equation presented below [34]:

EF =
𝐼SERS

𝐼Raman
×

𝑁Raman
𝑁SERS

(1)

where ISERS  and IRaman  represent the peak intensities obtained from SERS and conventional 
Raman spectra, respectively. NSERS  and NRaman  refer to the average number of analyte 
molecules within the laser scattering region during SERS and conventional Raman mea-
surements, respectively. The Raman EF of WO3 -160 was calculated to be 5.1 × 105  (detailed 
calculation processes are provided in the Supplementary Materials), exhibiting comparable 
SERS capacity to conventional noble metal materials without ‘hotspots’. Figure 5b presents 
the working curve plotting logarithmic-scale Raman intensity against R6G concentration. A 
well-defined linear relationship is achieved over the concentration range from 1 × 10−4  M 
to 1 × 10−7  M, with a correlation coefficient (R2 ) of 0.976. This result demonstrates that 
WO3 -160 nanostructures possess potential for SERS quantitative analysis. In addition, the 
SERS signal intensities of samples from two tested batches are comparable (Figure S5), 
indicating consistent performance of as-prepared WO3 -160 substrates.

Figure 4. (a,b) SERS spectra and corresponding signal intensity of R6G (1 × 10−5 ) adsorbed on the 
as-prepared urchin-like WO3 -160 and WO3 -175, WO3 -190 nanostructures.

Figure 5. (a) SERS spectra of R6G with a series of concentrations adsorbed on the as-prepared 
urchin-like WO3 -160 nanostructures. (b) Logarithm of integral Raman intensity at 612 cm−1  as a 
function of molecular concentration, and corresponding fitting curves.

SERS spectra of 1 × 10−5  M R6G adsorbed on the urchin-like WO3 -160 nanostructures at 
30 randomly selected points (spot-to-spot distance is about 2 μm) were collected (Figure 6a). 
The RSDs of Raman intensities at 612 and 774 cm−1  of R6G molecules on urchin-like WO3 -
160 nanostructures are calculated to be 5.5% and 6.3%, respectively (Figure 6b,c), which 
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are generally lower than those of traditional Au and Ag SERS materials [35–37], indicating 
good SERS signal uniformity of urchin-like WO3 -160 substrates.

Figure 6. (a) SERS spectra of 1 × 10−5  M R6G adsorbed on the as-prepared urchin-like WO3 -160 
nanostructures at 30 randomly selected points. (b,c) The RSDs of Raman intensities at 612 and 
774 cm−1  of R6G molecules acquired from (a). (d) SERS spectrum of 1 × 10−5  M MG adsorbed on the 
as-prepared urchin-like WO3 -160 nanostructures.

In addition, malachite green (MG) is a prohibited fishery drug, which can be detected 
by using WO3 -160 as a SERS substrate. As shown in Figure 6d, main characteristic Raman 
peaks of MG at 1175 (R1 , in-plane mode of C-H bending), 1385 (R2 , N-phenyl stretch-
ing), and 1614 cm−1  (R3 , C-C stretching) are observed [38], indicating that WO3 -160 has 
promising applications for food safety monitoring.

3.3. Raman Enhancement Mechanism of Urchin-like WO3  Nanostructures
To explore the underlying Raman enhancement mechanism, UV-vis absorption spec-

tral characterizations were performed. Compared with WO3 -175 and WO3 -190, WO3 -160 
exhibits a distinct LSPR band ranging from 400 to 770 nm, with the maximum resonance 
at ~585 nm (Figure 7a). According to the Drude model, the plasma frequency of metal 
oxides is strongly dependent on their free-electron density, which is primarily determined 
by the concentration of oxygen vacancies [39]. Higher oxygen-vacancy concentration gives 
rise to greater free-electron density, which gradually blue-shifts the LSPR peak of metal 
oxides from the near-infrared into the visible range. Therefore, the characteristic plasmonic 
resonance peak observed for WO3 -160 originates from its high density of oxygen-vacancy 
defects (Table S1). The LSPR effect can amplify the local electric field on the surface of mate-
rials, and the amplification of Raman signals arising from electromagnetic enhancement is 
approximately proportional to the fourth power of the enhancement of the local electric field. 
Since the 532 nm excitation laser line falls within this resonance region, efficient electromag-
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netic enhancement is achieved for SERS detection in the R6G-WO3 -160 system. The optical 
band gap of the WO3  nanostructures can be obtained from the absorption-edge data based 
on the Tauc relation 𝛼hv = A(hv − Eg )2 , where α, h, v, Eg  and A represent the absorption 
coefficient, Planck’s constant, light frequency, band gap, and a constant, respectively [40]. 
From the (𝛼hv)1/2  versus energy (hv) plot presented in Figure 7b, the band gaps of the 
WO3 -190, WO3 -175 and WO3 -160 are estimated to be 2.57, 2.53, and 2.50 eV, respectively. 
Further, the degree of charge transfer (𝜌CT (k)) is used to evaluate the contribution of charge 
transfer effect to SERS intensity, as expressed by the following equation [41]:

𝜌CT(k) =
𝐼k(CT) − 𝐼k(SPR)
𝐼k(CT) + 𝐼0(SPR)

(2)

where Ik (CT) represents the Raman intensity of a vibrational mode whose enhancement 
originates from the charge transfer. Two reference intensities without charge transfer contri-
bution are chosen within a spectral region. Among them, I0 (SPR) denotes the intensity of 
the totally symmetric mode enhanced solely by surface plasmon resonance (SPR). The other 
is called Ik (SPR). If the k band is a totally symmetric vibration band, the main contribution 
to the intensity arises from the SPR, and Ik (SPR) = I0 (SPR). For a nontotally symmetric 
vibrational band k, charge-transfer effects dominate the SERS enhancement. At this moment, 
Ik (SPR) is typically very weak and can be reasonably set to zero for most calculations. We 
selected the totally symmetric 1360 cm−1  mode and the nontotally symmetric 612 cm−1 
mode of R6G molecules as the 0 and k bands, respectively. The degrees of charge trans-
fer calculated for R6G (1 × 10−5  M) on WO3 -190, WO3 -175, and the WO3 -160 are 0.674, 
0.644, and 0.612, respectively. This result indicates that WO3 -160 exhibits a more prominent 
electromagnetic enhancement effect, which boosts the overall SERS performance.

Figure 7. (a) UV-vis absorption spectra of WO3 -160, WO3 -175, and WO3 -190. (b) Optical band gaps 
of WO3 -160, WO3 -175, and WO3 -190. (c) UV-vis absorption spectra of R6G molecule, R6G-WO3 -160, 
R6G-WO3 -175, and R6G-WO3 -190. (d) The energy level diagram of R6G adsorbed on WO3 -160.
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In Figure 7c, R6G shows an intense characteristic absorption band centered at ~528 
nm. Compared with the spectra of R6G and WO3 -160, the spectrum for the R6G-WO3 -160 
displays two new bands at ~480 and ~545 nm, which may be attributed to interfacial charge 
transfer processes between WO3 -160 and adsorbed R6G [42,43]. Similar phenomena are 
also observed for R6G-WO3 -175 and R6G-WO3 -190. Figure S6 presents the Raman spectra of 
R6G adsorbed on bare Si and WO3 -160 without baseline correction. A strong fluorescence 
background appears on bare Si and the Raman signals of R6G cannot be observed. Nev-
ertheless, such fluorescence background is greatly suppressed when R6G molecules are 
adsorbed on WO3 -160. This notable quenching behavior may be indicative of efficient charge 
transfer processes at the R6G-WO3 -160 interface [44]. The energy level diagram of R6G 
adsorbed on WO3 -160 is illustrated in Figure 7d. The conduction band (CB) and valence 
band (VB) positions of WO3 -160 are evaluated via the relationships ECB  = −X + Eg /2 and 
EVB  = −X − Eg /2, respectively [40]. Herein, X denotes the absolute electronegativity of 
the atom semiconductor, defined as the geometric mean of the absolute electronegativity 
of the constituent atoms. Eg  corresponds to the experimental band gap of the WO3 -160 
(2.50 eV, from Figure 7b). The calculated absolute electronegativity X for WO3 -160 is 5.54 
eV. According to the above equations, the CB and VB positions of WO3 -160 are calculated 
to be −4.29 and −6.79 eV, respectively. The defect energy levels originating from oxygen 
vacancies are well separated from the bottom of the CB and located at 0.5–1.0 eV below 
the CB edge [25]. Furthermore, the energy levels of R6G molecule reveal that its highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are 
located at −5.70 and −3.40 eV, respectively [40]. Based on the thermodynamic feasibility in 
this system, the following photo-induced charge transfer (PICT) pathways can be identified: 
PICT between molecular HOMO level and oxygen vacancy-associated electronic states, PICT 
between molecular HOMO level and CB state, and PICT between oxygen vacancy-associated 
electronic states and molecular LUMO level. According to Herzberg-Teller coupling theory, 
Rmol-CT (𝜔) and Rex-CT (𝜔) can be described as [10]:

𝑅mol−CT(𝜔) =
𝜇mol𝜇CTℎmol−CT⟨𝑖|𝑄k|𝑓 ⟩

((𝜀1(𝜔) + 2𝜀0)2 + 𝜀2
2)((𝜔2

CT − 𝜔2) + 𝛾2
CT)((𝜔2

mol − 𝜔2) + 𝛾2
mol)

(3)

𝑅ex−CT(𝜔) =
𝜇ex𝜇CTℎex−CT⟨𝑖|𝑄k|𝑓 ⟩

((𝜀1(𝜔) + 2𝜀0)2 + 𝜀2
2)((𝜔2

CT − 𝜔2) + 𝛾2
CT)((𝜔2

ex − 𝜔2) + 𝛾2
ex)

(4)

where 𝜔 represents the frequency of the incident photons, 𝜔mol  is the molecular resonance 
frequency, and 𝜔ex  is the exciton resonance frequency. The Raman intensity is proportional 
to the values of R2 mol-CT (𝜔) and R2 ex-CT (𝜔). Under irradiation with a 532 nm laser, the 
corresponding excitation energy is 2.33 eV. The intrinsic band gap of R6G molecule is 
determined to be 2.30 eV according to the difference between LUMO and HOMO energy 
levels. Since the photon energy of 532 nm laser closely matches the band gap of R6G 
(𝜔 ≈ 𝜔mol ), the molecular transition (𝜇mol ) can be effectively excited. Furthermore, electron 
transition energy between oxygen vacancy-associated electronic states and VB state is 
2.0 eV (𝜔 ≈ 𝜔ex ), which gives rise to exciton resonance (𝜇ex ). The molecular resonance 
and exciton resonance greatly facilitate the interfacial charge transfer between WO3  and 
adsorbed R6G molecules, which contributes to the enhancement of molecular Raman 
signals [45]. Accordingly, the SERS activity of the urchin-like WO3 -160 nanostructures 
stems from the synergistic coupling of electromagnetic enhancement and interfacial charge 
transfer enhancement.

4. Conclusions
In summary, urchin-like WO3  nanostructures are successfully synthesized via a facile 

solvothermal approach. By adjusting the reaction temperature, the LSPR band of oxygen-
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vacancy-rich WO3  nanostructures possesses a broad region from 400 to 770 nm, with the 
maximum peak at ~585 nm. These urchin-like WO3  nanostructures exhibit remarkable SERS 
performance for R6G, achieving a high Raman EF of 5.1 × 105  and the lowest detectable 
concentration of 1 × 10−7  M. The RSDs lower than 6.5% are achieved, indicating excel-
lent signal uniformity of urchin-like WO3  nanostructures. In addition, prohibited fishery 
drugs can be detected by using urchin-like WO3  nanostructures as SERS substrates. The 
remarkable SERS activity of urchin-like WO3  nanostructures originates from the synergistic 
coupling of electromagnetic enhancement and interfacial charge transfer enhancement. 
This work provides a viable strategy to construct high-performance semiconductor-based 
SERS substrates, and the plasmonic urchin-like WO3  nanostructures possess considerable 
potential for practical sensing applications.
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Raman spectrum of bulk R6G with 10 s acquisition time; Figure S5: Raman spectra of R6G (1 × 10−5  M) 
adsorbed on WO3 -160 with different batchs; Figure S6: Raman spectra of R6G (1 × 10−6  M) adsorbed 
on bare Si and WO3 -160 without baseline correction; Table S1: Atomic percentages of W6+ , W5+  and 
OV  on the as-prepared WO3 -160, WO3 -175 and WO3 -190 nanostructures.
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