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ABSTRACT: By virtue of their high uniformity and stability,
metal oxide-based surface-enhanced Raman spectroscopy (SERS)
substrates have attracted enormous attention for molecular trace
detection. However, strategies for further enhancing the SERS
sensitivity are still desired. Herein, MoOx/WOx nano-hetero-
junctions are constructed by mixing MoOx and WOx together
(MoOx/WOx hybrid) with diverse weight ratios. Using a 532 nm
laser as the excitation source and R6G as the Raman reporter, it is
shown that the Raman signal intensity (for the peak @ 1360 cm−1)
obtained on the optimal MoOx/WOx hybrid (MoOx/WOx = 1:1/
3) is twice that observed on a pure MoOx or WOx substrate.
Moreover, a limit of detection of 10−8 M and an enhancement
factor of 108 are achieved. In the SERS enhancement mechanism
investigation, it is revealed that MoOx and WOx form a staggered band structure. During the SERS measurement, electron−hole
pairs are generated in the nano-heterojunction using the incident laser. They are then separated by the built-in potential with the
electrons moving toward WOx. The accumulated electrons on WOx are further transferred to the R6G molecules through the
coupling of orbitals. Consequently, the molecular polarizability is amplified, and SERS performance is enhanced. The
abovementioned explanation is supported by the evidence that the contribution of the chemical enhancement mechanism in the
optimal MoOx/WOx hybrid substrate is about 2.5 times or 5.9 times that in the pure WOx or MoOx substrate.
KEYWORDS: SERS, molybdenum oxides, tungsten oxides, nano-heterojunction, charge transfer

1. INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) was first
discovered on a roughed silver electrode by Fleischmann in
1974.1 From then on, it has been intensively studied for the
understanding of the underlying mechanisms and the potential
applications.2−5 Many studies have manifested that the
electromagnetic enhancement (EM) and chemical enhance-
ment (CM) are two principal mechanisms for the SERS
enhancement.6 Owing to its virtues of ultrahigh sensitivity and
specificity, the SERS technique has been widely used in the
fields of chemical engineering, environment protection, food
safety, bio-sensing, and so forth.7−11

In the early days, noble metal (e.g., Au and Ag)-based SERS
substrates were extensively studied. Relying on the significantly
enhanced surface electromagnetic field (|E|) or “hot spots”
produced by the surface plasmon resonance (SPR) on the
noble metal nanostructures, the Raman vibrational intensity
can be magnified using |E|4.12 Over the past decades,
tremendous efforts have been put on designing and preparing
noble metal nanostructures with various morphologies and
compositions, and great success on SERS performance
improvement has been achieved.13−19 However, from these

research studies, it is clear that facile and green preparation of
noble metal nanostructures/nanoparticles remains as a major
challenge. In addition, the demand of substrate stability, bio-
compatibility, and large-scale uniformity for novel sensing
applications would further limit the practicality of noble metal-
based SERS substrates.20

More recently, the rise of novel material synthesis and defect
engineering technology has triggered intensive studies of the
SERS effect in functional oxide materials. For example, Yang et
al. reported impressive SERS performance measured on TiO2
nanoparticles prepared by the sol-hydrothermal method.21

Their study showed that the Raman vibration of 4-MBA
molecules at 1594 and 1078 cm−1 was significantly enhanced
by the TiO2 nanoparticles assembled on a silicon substrate.
However, the enhancement was eliminated after calcining the
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TiO2 nanoparticles in air. Based on the experimental evidence,
they inferred that the SERS enhancement arose from defect
level-assisted charge transfer between the defective TiO2
nanoparticles and molecules. The transfer amplified the
molecular polarizability derivative and consequently boosted
the SERS performance via the CM mechanism.22 Additionally,
material engineering methods such as electrical stressing,
chemical reduction, and oxygen insertion have been used to
introduce defects in transitional metal oxides (MoO3−x, WOx,
Cu2O, and ZnO) and two-dimensional materials (MoS2, HfS2,
black phosphorous, MXenes, graphene oxide, etc.). Benefiting
from the enhanced charge transfer provided by the defect
levels, highly stable, uniform, and bio-compatible SERS
substrates with attractive performance also have been
achieved.23−34 On the other hand, theoretical and experimental
studies have revealed that the free electron concentration of
the oxide can be extensively tuned via defect engineering.
Consequently, strong SPR can also be excited on the defective
oxide using the visible light.35 In the literature, widely tunable
localized SPR was reported on MoO3−x and WOx through
controlling their stoichiometry, and using Rhodamine 6G
(R6G) molecules as the Raman reporter, a noble metal-
comparable SERS enhancement factor of 108 was achieved.36

At this stage, it is known that the enhancement obtained on
oxide-based SERS substrates not only involves the CM
mechanism but may also include the EM mechanism
depending on the material property.37−39 Therefore, in order
to further promote the SERS performance of these substrates,
improving the SPR strength and charge transfer efficiency is a
crucial aim for oxide property tuning.40 Recently, Li et al.
prepared a hybrid substrate involving molybdenum and
tungsten oxides (MWO) for SERS enhancement study. By
taking advantage of the inter-doping mechanism between
molybdenum and tungsten oxides, extra free electrons and

defect levels were generated by the interstitial defects and
oxygen vacancies, which enhanced both the SPR strength and
charge transfer efficiency. SERS measurement on the MWO
substrate revealed an appealing SERS performance with an
enhancement factor of 107.41 On the other hand, researchers
also developed heterojunctions for charge transfer improve-
ment.42−44 For example, Ghopry et al. constructed MoS2
nanodome/graphene van der Waals heterojunctions as non-
noble metal-based SERS substrates.45 Their work showed that
the heterojunctions raise the electric dipole moment and
dipole−dipole interaction, which in turn facilitated the charge
transfer and enhanced the overall SERS signal. Similarly, SERS
improvement was also observed on the W18O49/monolayer
MoS2 heterojunctions, which was ascribed to the generation of
extra excitation resonance on MoS2.

46 At this moment, it
should be pointed out that details of the charge transfer
process and optimization of the charge transfer efficiency in the
heterojunction are still ambiguous. Additionally, the SERS
improvement produced by the heterojunction usually com-
prises two mechanisms, and a clear distinction on the
contributions of the EM and CM mechanism to the total
SERS enhancement is still unavailable.
Herein, we report the preparation of MoOx/WOx hybrid

SERS substrates by mixing MoOx and WOx with diverse
weight ratios (MoOx/WoOx = 1:0, 1:1/3, 1:1, 1:3, and 0:1).
The SERS performance is evaluated using a 532 nm laser as
the excitation source and R6G molecule as the Raman
reporter. Through varying the weight ratios, MoOx/WOx
hybrids with different SERS activities are obtained. More
specifically, we show that the Raman signal (R6G Raman
peak@1360 cm−1) produced by the optimal MoOx/WOx
hybrid (MoOx/WoOx = 1:1/3) is about twice as high as that
observed on the pure MoOx or WOx substrate. The limit of
detection can be as low as 10−8 M with an enhancement factor

Figure 1. (a) SEM image of the synthesized MoOx Nbs. (b) Corresponding XRD pattern of the synthesized MoOx Nbs. (c) SEM image of the
synthesized WOx. (d) Corresponding XRD pattern of the synthesized WOx.
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of 108. Furthermore, mechanism investigation is performed.
Our study shows that MoOx and WOx form a staggered band
structure. During SERS measurement, the incident laser
generates many electron−hole pairs in the nano-heterojunc-
tions. The electron−hole pairs are separated by the built-in
potential, and the electrons move toward the WOx. Electrons
that accumulate on the WOx are further transferred to the R6G
molecules through the coupling of the oxide and molecule
orbitals. This transfer of charge in turn promotes the SERS
performance. The abovementioned explanation is supported
by the evidence that the contribution of the CM mechanism to
the total SERS enhancement on the optimal MoOx/WOx
hybrid is about 2.5 times and 5.9 times that observed on the
WOx and MoOx substrate, respectively.

2. RESULTS AND DISCUSSION

MoOx was prepared by a simple hydrothermal method, while
WOx was prepared by a solvothermal method.23,36 Then,
MoOx and WOx were mixed with different weight ratios
(MoOx/WoOx = 1:0, 1:1/3, 1:1, 1:3, and 0:1) to construct the
nano-heterojunctions (details in the Materials and Exper-
imental Methods). The morphologies and crystal phases of the
synthesized MoOx and WOx were detected by scanning
electron microscopy (SEM) and X-ray diffraction (XRD),
respectively. It can be seen in Figure 1a that the MoOx shows a
belt-like structure with a width of 100−1000 nm and a length
of up to 10 μm. Meanwhile, the XRD pattern in Figure 1b
reveals sharp diffraction peaks at (020), (040), and (060)
crystal faces, which confirm a monoclinic phase. On the other
hand, the SEM image of WOx in Figure 1c shows a sea urchin-
like shape with an average size of 1.0 μm. The XRD pattern in
Figure 1d shows a clear reflectance peak at (002) and (220)
crystal faces, indicating that WOx also has a monoclinic phase.

The MoOx/WOx hybrids (Figure 2a) were also examined
using SEM. Figure 2b shows that the sea urchin-like WOx is
adsorbed on the belt-like MoOx. Comparing the SEM images
of hybrids with different MoOx/WOx weight ratios (Figure S1,
Supporting Information), it is found that the number of
adsorbed WOx on a single MoOx belt varies with the weight
ratio, which indicates that the overall number of nano-
heterojunctions in each hybrid is different. Additionally, the
absorption spectra of MoOx, WOx, and the MoOx/WOx hybrid
with a MoOx-to-WOx ratio of 1:1/3 were measured, and the
results are shown in Figure 2c. The absorption edge of MoOx
is close to 460 nm, while it is around 465 nm for WOx. After
mixing the two oxides together, the absorption edge is
relocated to 453 nm. Besides, a weak absorption is found for
MoOx in the long wavelength range, which implies that the
defect density in the MoOx is relatively low. On the other
hand, the absorption curve of WOx tails up significantly in the
long wavelength range, indicating a high defect density. The
absorption “tail” of the MoOx/WOx hybrid in the long
wavelength range is located between that of the WOx and
MoOx. In addition, the Raman spectra of the three materials
were measured, and the results are shown in Figure 2d.
Expectedly, typical fingerprint vibration modes at 288, 662,
818, and 994 cm−1 are observed on the MoOx. More
specifically, the Raman peak at 288 cm−1 represents the
wagging mode of the double bond OMoO, while Raman
peaks at 662, 818, and 994.7 cm−1 represent the stretching
mode of the triply coordinated oxygen (3Mo−O), doubly
coordinated oxygen (2Mo−O), and terminal oxygen (Mo6+−
O), respectively.47 As for the WOx, Raman peaks at 717.7 and
807.2 cm−1 are observed, and they can be assigned to the O−
W−O vibration and the stretching vibration of the bending
oxygen of W−O−W, respectively.48 Lastly, the Raman spectra

Figure 2. (a) Schematic illustration of the nano-heterojunction in the MoOx/WOx hybrids. (b) SEM image of the MoOx/WOx hybrids with the
weight ratio = 1:1/3. (c) UV−vis absorption spectra of MoOx, WOx, and MoOx/WOx hybrids (MoOx/WOx = 1:1/3). (d) Raman spectra of
MoOx, WOx, and MoOx/WOx hybrids (MoOx/WOx = 1:1/3).
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of the MoOx/WOx hybrid are a superposition of the Raman
peaks belonging to both MoOx and WOx.
To further explore the material property, X-ray photo-

electron spectroscopy (XPS) was used to analyze the valence
states of the element. Figure 3a,b shows the respective XPS
survey spectra obtained on MoOx and WOx, with the Mo 3d,
Mo 3p, W 4d, and O 1s peaks labeled. In the fine spectrum of
MoOx shown in Figure 3c, a twin-peak Mo 3d spectrum with
Mo 3d3/2 at 235.84 eV and Mo 3d5/2 at 232.71 eV can be
observed.42 Through deconvolution analysis, it is found that
MoOx is mainly composed of Mo6+ ions (90.3%), with only a
small percentage of Mo5+ (9.7%). These results are consistent
with the low defect density as deduced from the absorption
curve. A twin-peak W 4f spectrum with W 4f5/2 at 37.75 eV
and W 4f7/2 at 35.69 eV is also seen in the fine spectrum of
WOx in Figure 3d. However, deconvolution analysis shows that
WOx is composed of 50.0% of W5+ ions and 50.0% of W6+

ions, indicating a high defect density49 (consistent with the

inference made from the absorption curve). Furthermore, XPS
measurement was also performed on one of the MoOx/WOx

hybrids. As shown in Figure S2a, three typical peaks assigned
to Mo 3d, W 4d, and O 1s peaks can be observed on the survey
spectrum. Detailed investigation on the binding energy of the
Mo 3d peak in Figure S2b reveals a shift to a higher value by
0.3 eV, implying that electrons have been transferred from
MoOx to WOx. This confirms the formation of a nano-
heterojunction between the two oxides.49

The SERS characteristics of the MoOx/WOx hybrids were
assessed using the R6G molecule as the Raman reporter. A
total of 10 μL of 10−4 M R6G ethanol solution was dropped on
the substrate, and then, the substrate was dried in the air. A
532 nm laser and 10 s integration time were used in the
measurement. Figure 4 shows the SERS spectra collected on
the substrates with different weight ratios. Four prominent
Raman vibration modes of R6G are evidently enhanced on all
five substrates. More specifically, the vibration modes at 609

Figure 3. (a) Element survey spectrum of MoOx Nbs. (b) Element survey spectrum of WOx. (c) Deconvoluted core level spectra of Mo 3d
measured on MoOx Nbs. (d) Deconvoluted core level spectra of W 4f measured on WOx.

Figure 4. (a) Raman spectra measured on different substrates composed of Mo/W = 0:1 [curve: (i)], Mo/W=1:3 [curve: (ii)], Mo/W=1:1 [curve:
(iii)], Mo/W = 1:1/3 [curve: (iv)], and Mo/W = 1:0 [curve: (vi)]. A R6G concentration of 10−4 M is used during the Raman measurement. (b)
Comparison of the R6G P3 peak intensity obtained on different substrates.
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(P1) and 772 cm−1 (P2) are attributed to the in-plane and out-
of-plane bending modes of the aromatic C−H, respectively.
The vibration modes at 1360 (P3) and 1637 cm−1 (P4) are
assigned to the stretching vibrations of the aromatic C−C
bonds.50 At this moment, it is worth pointing out that the
Raman vibration peaks from the oxide substrates are very weak
and are found at wavelength numbers different from those of
the R6G Raman vibration peaks. Hence, the former would not
affect the R6G Raman signal intensity. Next, the enhancement
capabilities of different substrates are evaluated using the peak
intensity of P3 as the metric. It can be seen in Figure 4b that
the P3 peak intensities obtained on three hybrids are twice as
high as that obtained on the MoOx or WOx substrate. More
interestingly, the largest improvement in the P3 peak intensity
is obtained for the MoOx/WOx weight ratio of 1:1/3, whereas
an increase in the ratio of WOx in the hybrid results in the
decrease in the peak intensity. This observation can be
explained by the SEM images in Figure S1, which shows that in
the situations of higher WOx weight ratios, a piling up of the
sea urchin-like WOx structures occurs, resulting in a reduction
in the number of heterojunctions and consequently the charge
transfer efficiency. Other than the R6G, the SERS spectra of
methylene blue (MB), rhodamine B (RhB), and crystal violet
(CV) were also measured, and the results are shown in Figure

S3. It can be observed that the hybrid oxide substrate also
displays attractive Raman enhancement capability for mole-
cules even far-off the resonance frequency.
In the next discussion, the substrate prepared using the

MoOx/WoOx weight of 1:1/3 is chosen for estimating the
SERS performance since this substrate gives the best SERS
improvement. First, different R6G solution concentrations
ranging from 10−4 to 10−8 M are used to evaluate the detection
capability. As shown in Figure 5a, the Raman signals are still
discernible even when the concentration reaches 10−8 M,
indicating that the limit of detection can be as low as 10−8 M.
Figure 5b shows that the enhancement factor (EF) obtained
for the 10−7 M solution is in the order of 108 (see the
Supporting Information for the calculation). The uniformity of
the MoOx/WOx hybrid is also investigated. To achieve this,
10−7 M R6G ethanol solution was used as the reporter, and the
integration time was reduced to 2 s for the purpose of
expediting the experiment. The Raman signal intensity
mapping was recorded on a randomly selected square with
an area of 400 × 400 μm2, and a total of 1600 points were
measured. Figure 5c depicts the Raman signal intensity map for
the 1360 cm−1 band, showing an average peak intensity of
1447 cps. The collected data points can be fitted to a Gaussian
distribution (inset of Figure 5d), and the relative standard

Figure 5. (a) Raman spectra measured on MoOx/WOx hybrids (1:1/3) when the concentration of R6G solution is 10−4 M [curve: (i)], 10−5 M
[curve: (ii)], 10−6 M [curve: (iii)], 10−7 M [curve: (iv)], and 10−8 M [curve: (vi)]. (b) Calculated SERS EFs at different concentrations of R6G.
(c) Raman mapping intensity at 1360 cm−1 obtained on a 400 × 400 μm2 square with 10−7 M R6G as the reporter. (d) RSD of the mapped data
points. The inset in panel (d) shows that the data points are fitted to Gaussian distribution.
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derivation is determined as 11.3%. The abovementioned
results clearly show that the hybrid substrate with the optimal
MoOx/WOx weight ratio possesses an excellent EF and
uniformity, with good potential for ultralow trace detection.
Next, for the sake of understanding the SERS enhancement

mechanism and unveiling the role of the nano-heterojunction
in the charge transfer process, ultraviolet photoelectron
spectroscopy (UPS) detection was performed to acquire the
band alignment of the MoOx/WOx hybrid structure. Figure 6a
shows the full photoemission spectrum of MoOx. The
extrapolated cutoff energy is found to be 15.2 eV, which
indicates that the Fermi level of MoOx is at −6 eV when the
energy is referred to the vacuum level (0 eV). The extrapolated
setoff energy is 2.7 eV, and thus, the top of the valence band
(VB) of MoOx is at −8.7 eV. Similarly, the full photoemission
spectrum of WOx in Figure 6b shows that the Fermi level is at
−5.48 eV, and the top of the VB is at −7.96 eV (relative to the
vacuum level at 0 eV). In addition, the band gaps of MoOx and
WOx are extracted from their respective absorption spectra in
Figure S4; they are 2.9 and 2.6 eV, respectively. Based on the
abovementioned physical characterization data, the band
alignment of two oxides is established and shown in Figure
6c. The conduction band (CB) and VB of WOx are higher than
the corresponding bands of MoOx by 0.44 and 0.74 eV,

respectively. Thus, a combination of these two oxides forms a
staggered band structure with the internal electric field
pointing from WOx to MoOx. To verify the formation of a
heterojunction between the two oxides, a two-terminal device
with a MoOx/WOx partial overlaid structure was fabricated
(Figure S5a), and the photocurrent under the 532 nm laser
illumination was measured. Figure S5b shows that a large
photocurrent is obtained when the laser was shone on the
MoOx/WOx hybrid structure. The large photocurrent may be
ascribed to the incident photons generating many electron−
hole pairs in the MoOx/WOx heterojunction. The built-in
electric field separates the electron−hole pairs (with the
electrons transferred to WOx and the holes transferred to
MoOx), resulting in a photocurrent flowing in the external
circuit. However, an extremely weak current is measured for
the case where the MoOx and WOx structures were coated
with PVP (polyvinyl pyrrolidone) (Figure S5b). Electron−hole
pair generation is greatly suppressed in this case because the
formation of a heterojunction was blocked by the PVP (Figure
S5b). Furthermore, to analyze the electron transfer between
the substrate and the molecules, the molecular orbitals of R6G
are aligned to the band structure of the MoOx/WOx

heterojunction (Figure 6c).51 It can be seen that the CB of
WOx is 0.34 eV higher than the HOMO of the R6G. ζ

Figure 6. (a) UPS photoemission spectrum measured on MoOx Nbs. (b) UPS photoemission spectrum measured on WOx. (c) Band alignment
between MoOx and WOx. The vacuum level is taken as the reference (0 eV).

Figure 7. (a) SERS spectra measured on different hybrids with or w/o the PVP layer. Mo/W = 1:0 [curve: (i) and (i)-PVP], Mo/W = 1:1/3
[curve: (ii) and (ii)-PVP], and Mo/W = 0:1 [curve: (iii) and (iii)-PVP], hybrids with the PVP isolation layer are denoted with PVP. (b) Calculated
contribution of EM and CM to the total SERS enhancement.
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potential measurement in Figure S6 reveals that WOx is more
negatively charged than MoOx, implying that WOx would tend
to adsorb the more positively charged R6G molecules. Hence,
during the SERS measurement, the electrons generated by the
incident light are first separated and then accumulated on
WOx. These electrons are subsequently transferred from the
CB of WOx to the LUMO of R6G through the coupled
molecular orbitals, resulting in the enhancement of the SERS
signals.52

Lastly, to verify the mechanism understanding and to clarify
the relative contributions of the EM and CM mechanisms to
the total SERS enhancement in the hybrid oxide substrate,
alternative SERS substrates were prepared using PVP as a
barrier layer to cut off the charge transfer. Figure 7a shows the
comparison of the SERS spectra recorded on the hybrid
substrate with and without the PVP layer. With the
incorporation of the PVP layer, part of the EM mechanism
is attenuated, and the charge transfer path is blocked. The
Raman signal intensity enhanced only by the EM mechanism is
much lower than that measured on the normal substrates. The
contributions of the EM and CM mechanisms are extracted
from the two corresponding sets of Raman spectra (Table 1).

As the PVP layer will attenuate the strength of the electric field
that acts on the molecules, corrections are performed (see the
correction of the EM in the Supporting Information). Figure
7b shows that both the EM and CM mechanisms contribute to
the SERS enhancement on three substrates. More specifically,
the corrected EM contribution obtained on the hybrid
substrate (MoOx/WOx = 1:1/3) is about 1.47 times that of
the WOx substrate but is only 0.86 times that of the MoOx
substrate. On the other hand, the CM contribution obtained
on the hybrid substrate is about 2.5 times and 5.9 times that of
the WOx and MoOx substrates, respectively. The above-
mentioned results present a clear distinction on the
contributions of EM and CM to the total SERS enhancement.
They also provide a solid support for our proposed role of
nano-heterojunctions in enhancing the charge transfer
efficiency in the hybrid oxide substrate.

3. CONCLUSIONS
In summary, we have developed a novel MoOx/WOx hybrid
substrate for SERS measurement. Through aligning the band
structure of MoOx and WOx, effective nano-heterojunctions
are formed between the two oxide structures. The SERS
performance is measured using a 532 nm laser as the excitation
source and R6G molecule as the Raman reporter. About two
times Raman signal intensity improvement can be achieved on
the prepared MoOx/WOx hybrid substrate (of the correspond-
ing weight ratio of 1:1/3) with an optimal number of nano-
heterojunctions. The limit of detection can be as low as 10−8

M, and the EF can be as high as 108. Finally, mechanism

analysis indicates that the attractive SERS performance may be
attributed to the synergetic effect of the EM and CM
mechanisms. More importantly, the formation of nano-
heterojunctions can significantly promote the charge transfer
efficiency, and the contribution of the CM mechanism on the
MoOx/WOx hybrid substrate is about 2.5 times and 5.9 times
that observed on the WOx and MoOx substrate, respectively.

4. MATERIALS AND EXPERIMENTAL METHODS
Chemicals. Ammonium molybdate tetrahydrate ((NH4)6Mo7O24·

4H2O, 99.0%), nitric acid (HNO3, 65%), and absolute ethanol
(C2H5OH, 99.7%) were purchased from Sinopharm Chemical Agent
Co., Ltd. Rhodamine 6G (R6G) was bought from Sigma-Aldrich. L-
(+)-Tartaric acid (C4H6O6, 99.0%) was purchased from Shanghai
Macklin Biochemical Co., Ltd. Tungsten chloride (WCl6, 99.99%)
was purchased from Aladdin Biochemical Technology Co., Ltd.
Deionized water (18.2 MΩ·cm) was used for the preparation of
samples. All chemicals used in this work were of analytic purity and
used without further purification.

Synthesis of MoOx. MoOx was synthesized using a simple
hydrothermal method. First, (NH4)6Mo7O24·4H2O (825 mg) and L-
(+)-tartaric acid (400 mg) were dissolved in deionized water (50
mL), and then, the mixed solution was stirred for 30 min. Thereafter,
nitric acid (1 mL) was added into the abovementioned mixed
solution, stirring for another 10 min. After that, the mixed solution
was transferred to a Teflon-lined stainless-steel autoclave and kept at
180 °C for 24 h. Finally, a milky white precipitate was collected by
centrifugation (5000 rpm), washed with ethanol and DI water three
times, and finally dried in a vacuum oven at 50 °C for 24 h for further
use.

Synthesis of WOx. WOx was synthesized by a solvothermal
method. WCl6 (0.5 g) was used as a tungsten source and dissolved in
ethanol (30 mL), stirring for 20 min. Thereafter, the mixed solution
was transferred to a Teflon-lined stainless-steel autoclave and kept at
180 °C for 24 h. After that, blue color products were collected by
centrifugation (10,000 rpm), washed with ethanol three times, and
then dried in a vacuum oven at 60 °C for 24 h.

Coating PVP on the Surface of Nanoparticles. To isolate the
charge transfer, PVP (20 mg) was first dissolved in DI water (100
μL), and then, the PVP solution (100 μL) was added into the
nanoparticle solution (100 μL), stirring for 3 h to coat the PVP on the
nanoparticle surface. Then, the nanoparticles were collected by
centrifugation, washed with ethanol three times, and then dried in a
vacuum oven at 60 °C for further use.

Preparation of the SERS Substrate. To construct the MoOx/
WOx nano-heterojunction, different weight ratios of MoOx and WOx
(MoOx/WoOx = 1:0, 1:1/3, 1:1, 1:3, and 0:1) were mixed in DI water
(1 mL) and sonicated for 30 min. Then, the mixture (10 μL) was
dropped onto a pre-cleaned silicon chip (5 × 5 mm2) and dried in a
vacuum oven at 50 °C for 5 h to obtain the SERS substrate.

Characterization. The XRD spectrum was recorded on a D8
Advance diffractometer equipped with a LynxEye XE detector
(Bruker-AXS, Karlsruhe, Germany). SEM images were obtained
using the Hitachi SU-70 system (Hitachi, Japan). XPS was performed
using a Thermo Scientific K-Alpha instrument; the X-ray emission
source is Al Kα rays (hν = 1486.6 eV), and the test binding energy
data were corrected to C 1s = 284.6 eV. UPS was performed using a
Thermo ESCALAB XI+ instrument with the He I line as the
ultraviolet emission source (hν = 21.2 eV). Absorption−diffuse
reflectance was measured with a fluorescence spectrophotometer
(Cary Eclipse, USA). The ζ potential of WOx, MoOx, and the
heterojunction in the solution was analyzed using a nanoparticle size
potential analyzer (Malvern Zetasizer Nano ZS90). The photocurrent
data were measured on the Keithley 2450 digital source meter
(Tektronix, USA) with a 532 nm laser as the light source. SERS
measurements were performed on the ProSp-Micro40-VIS Raman
system (Hangzhou SPL) equipped with a QE Pro spectrometer
(Ocean Optics, USA). A 532 nm semiconductor laser was used as the
excitation source, and the diameter of the spot size was 20 μm (50×

Table 1. SERS Intensity and EM and CM Contributions
Obtained on Different Substrates

substrate types

total SERS
intensity (c
ounts)

EM
measured
(counts)

EM after
correction (c

ounts)

CM
contribution
(counts)

MoOx 10,309 6773 7546 2763
WOx 11,002 3991 4446 6556
MoOx/WOx
hybrid
(1:1/3)

22,856 5862 6532 16,323
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objective lens). The Raman spectra were collected under a laser
power of 1 mW and an integration time of 10 s unless mentioned
otherwise.
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