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Shan Cong1,2, Zhen Wang1, Wenbin Gong1, Zhigang Chen1, Weibang Lu1, John R. Lombardi3 & Zhigang Zhao1,4

Electrochromic technology has been actively researched for displays, adjustable mirrors,
smart windows, and other cutting-edge applications. However, it has never been proposed to
overcome the critical problems in the ﬁeld of surface-enhanced Raman scattering (SERS).
Herein, we demonstrate a generic electrochromic strategy for ensuring the reproducibility
and renewability of SERS substrates, which are both scientiﬁcally and technically important
due to the great need for quantitative analysis, standardized production and low cost in SERS.
This color-changing strategy is based on a unique quantitative relationship between the SERS
signal ampliﬁcation and the coloration degree within a certain range, in which the SERS
activity of the substrate can be effectively inferred by judging the degree of color change. Our
results may provide a ﬁrst step toward the rational design of electrochromic SERS substrates
with a high sensitivity, reproducibility, and renewability.
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urface-enhanced Raman scattering (SERS) is a powerful
spectroscopic tool, characterized by rapid, nondestructive,
ultra-sensitive and ﬁngerprint diagnostics, so it has a wide
spectrum of promising applications in chemical and biological
analysis at trace levels. With the indispensable use of substrate
materials, SERS can give dramatically enhanced Raman signals
for analytes with small Raman scattering cross-sections, which are
usually difﬁcult to detect by traditional Raman spectroscopy1,2.
Typically, besides the magnitude of enhancement, uniformity,
reproducibility, and renewability are additional important criteria
in the practical evaluation of SERS substrates3,4. Among them,
uniformity is deﬁned as the absence of diversity or variation in
Raman signal intensity from spot to spot within a single substrate,
while reproducibility refers to test results in different batches of
SERS substrates. In previous studies, particular emphasis has been
given to the search for SERS substrates with a high level of SERS
enhancement and uniformity. In contrast, the reproducibility and
renewability of SERS substrates have been much less explored,
although they are also both scientiﬁcally and technically important due to the great need for quantitative analysis, standardized
production and low cost, and constitute one of the major scientiﬁc problems in the SERS ﬁeld. If the problems could be solved, it
would allow for quantitative and qualitative SERS analysis in
practice. However, constructing SERS substrates with excellent
reproducibility and renewability remains a great challenge. For
metallic SERS substrates, that is, Cu, Ag, and Au, plasmonic hot
spots have been proved to decisively contribute to SERS, where
the electromagnetic ﬁeld is greatly concentrated5. Unfortunately,
these hot spots are randomly distributed, hard to exactly reproduce, and display considerable uncertainties, which is one reason
for the poor reproducibility of the SERS signals of metallic SERS
substrates. In fact, it was recently demonstrated that the hottest
SERS-active sites account for only 63 in every 1,000,000 sites, but
contribute 24% of the overall SERS intensity6. Controlling fabrication to ensure a reasonable distribution of the hottest SERSactive sites throughout a metallic substrate surface, allowing both
highly sensitive and reproducible Raman signals, is still technically unfulﬁllable, not to mention the high cost of processing
nanostructures with coinage metals. In addition, the traditional
metallic substrates for SERS are usually single-use and nonrenewable, which has further added to the cost and greatly limited
their applications.
In contrast, in the case of semiconductor substrates, the
enhanced Raman signals are considered to derive from other
resonant contributions such as charge-transfer, excitonic, and
molecular resonance, mostly due to the electronic transitions
between the analytes and semiconductor substrate7. Such a chemical interaction-based mechanism offers new opportunities for
the simultaneous fulﬁllment of important criteria for consideration in SERS measurements using semiconductor SERS substrates. This, in turn, calls for new, very different strategies for
SERS substrate design. For example, in terms of SERS signal
ampliﬁcation, recent studies demonstrate that the structural
modulation of semiconductor materials, that is, oxygen defects or
crystal facet engineering, is an effective means of creating SERSactive semiconductor substrates due to the altered electronic
structures of semiconductor materials8–14. However, these strategies still neglect other critical issues of semiconductor SERS
substrates, such as uniformity, reproducibility, and renewability,
largely due to the difﬁculty in limiting and controlling the spatial
and temporal variability of the surface structure, chemical composition, and electronic distribution of semiconductor materials
using current treatments. Meanwhile, direct colorimetric detection of the SERS activity of semiconductors is believed to be a
particularly attractive feature for SERS systems, because it would
allow rapid preliminary discrimination of SERS activity through a
2

color change observable by the naked eye. However, to the best of
our knowledge, it has never been attempted. Therefore, developing semiconductor SERS substrates with high colorimetric
functionality, reproducibility, and renewability could potentially
lead to a breakthrough in semiconductor SERS in terms of
quantitative analysis, standardized production, and low cost.
Nonetheless, it remains a signiﬁcant challenge.
Using tungsten oxide as a model material, we propose a
strategy to simultaneously ensure the signal ampliﬁcation, uniformity, reproducibility, and renewability of semiconductor SERS
substrates. We incorporate colorimetric functionality into semiconductor SERS substrates by a color-changing electrochromic
operation that can be described as a reversible reduction/oxidation process accompanying the insertion/extraction of ions and
electrons in a quantitative way. Impressively, upon charging, the
deep-blue-colored substrate shows a striking increase of SERS
enhancement compared with the uncolored substrate towards
rhodamine 6G (R6G), crystal violet (CV), and Victoria blue B
(VBB), when the excitation wavelength is ﬁxed to be 532 nm (the
physicochemical properties of the analytes are detailedly outlined
in Supplementary Note 1). More importantly, a clear quantitative
relationship can be found between the SERS enhancement of the
colored substrate and the amount of intercalated charges by
systematically varying the negative voltage, which enables a
controlled modulation of the chemical and electronic structures
of semiconductor SERS substrates and in turn affects their SERS
performances. Additionally, due to this quantitative relationship,
information on the SERS activity of a semiconductor SERS substrate can be effectively acquired by judging the degree of color
change. The developed approach is also applicable to other
semiconductors (e.g., nickel oxide (NiO)) and other intercalated
cations (such as H+, Li+, Na+, K+, Mg2+, and Al3+), thus
demonstrating the universality and extendibility of this method.
Results
Preparation and characterization of electrochromic SERS
substrates. Taking tungsten oxide as an example, the electrochromic SERS substrates are ﬁrst grown on ﬂuorine-doped tin
oxide (FTO) glass using a direct current (DC) magnetron sputtering technique at room temperature, which is widely used for
the large-scale preparation of thin ﬁlms. The as-sputtered ﬁlms
are then charged and discharged potentiostatically at different
voltages with various cations including H+, Li+, Na+, K+, Mg2+,
and Al3+ in aqueous solution for reversible electrochromic coloration/decoloration (see details in Methods). After the electrochromic treatments, the different colored and uncolored
substrates are used for SERS measurements.
The resulting pristine uncolored substrates are comprehensively characterized by scanning electron microscopy (SEM), Xray diffraction (XRD), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS), to study their morphologies,
chemical bonding, phase structures, and other properties.
Morphologically, the pristine uncolored ﬁlm on FTO glass shows
a rather uniform and dense surface in the top-view SEM images,
which is constructed by closely packed coral-like structures in the
size range of 200–400 nm (Fig. 1a). The thickness of the sputtered
ﬁlm over FTO glass is estimated to be around 300 nm, as
measured from the cross-sectional SEM image (Fig. 1b). In
comparison with other semiconductor SERS substrates prepared
from suspended powders (such as W18O49 sea-urchin-like
nanowires), the uniform coverage of the substrate by the dense
ﬁlm, with low variation in the surface roughness, as shown by the
AFM measurements (Supplementary Fig. 1), may beneﬁt the
uniformity of the SERS signal. The structural identiﬁcation of the
pristine uncolored ﬁlm is ﬁrst performed by XRD analysis, in
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which two broad and overlapping peaks with intensity maxima at
25° and at 55° are clearly visible, implying the amorphous nature
of the pristine ﬁlm (Supplementary Fig. 2a). Raman analysis
further veriﬁes its amorphous nature (Supplementary Fig. 2b), as
the characteristic bands that would indicate the formation of
crystalline tungsten oxide, including the O-W-O vibration (717
cm−1) and W-O-W stretching (807 cm−1) (Supplementary
Fig. 3), are not observed in the spectrum. Instead, a strong band
assigned to the W=O stretching vibration mode can be found at
950 cm−1, ascribed to the abundance of terminal O atoms in the
amorphous structure15. Next, XPS analysis is performed to
identify the mixed chemical states of the pristine ﬁlm. The XPS
survey spectrum clearly suggests that the ﬁlm mainly consists of
only two elements: W and O (Supplementary Fig. 4). Speciﬁcally,
the W 4f core-level XPS spectrum can be deconvoluted into two
doublets (W6+, W5+) with atomic percentages of W5+ and W6+
ﬁtted to be 11.6% and 88.4%, indicating the presence of mixed
tungsten states in the ﬁlm (Supplementary Fig. 5).
Taking Al ion intercalation as an example, the blue-colored
ﬁlms can be prepared as SERS substrates through electrochemical
charging by placing the pristine tungsten oxide ﬁlms as a working
electrode in a three-electrode cell setup (with Pt wire as the
counter electrode, Ag/AgCl as the reference electrode, and AlCl3
aqueous solution as electrolyte) (see Methods). It should be
emphasized that the chemical composition of the colored ﬁlms
can be temporally and spatially controlled to a large extent by the
quantitative intercalation of Al3+ ions. For example, the spatial
uniformity of the colored ﬁlms is revealed by SEM and energydispersive spectroscopy (EDS) analysis. As shown in Fig. 1c, an
almost ﬂat surface morphology for the colored ﬁlms can be clearly
observed in the SEM image, which is nearly unchanged compared
with the pristine tungsten oxide ﬁlms. EDS elemental mapping
further conﬁrms the uniform distribution of Al, W, and O in the
colored ﬁlms, satisfying a prerequisite for the homogeneous
distribution of SERS-active sites in the colored ﬁlms (Fig. 1c).
Meanwhile, direct veriﬁcation of the temporal reversibility and
batch-to-batch reproducibility of the chemical composition of the
colored ﬁlms can also be inferred from the cyclic voltammograms
(CVs), ultraviolet–visible (UV–Vis), and XPS results. Figure 1d
illustrates the typical CV curves of the colored ﬁlms, showing a
broad anodic peak around −0.1 V associated with the redox
reactions between W6+ and W5+ accompanied by Al3+
intercalation/extraction into the lattice of tungsten oxide. It is
clearly shown that after 50 cycles of coloring/bleaching operation,
the CV curves are substantially unchanged, implying good
reversibility between the coloring and bleaching states. UV–Vis
spectroscopy is also used to investigate the temporal change in the
composition of the colored ﬁlms by evaluating their optical
properties. As depicted by the change in absorption (monitored at
532 nm) against voltages alternating between −0.5 and 0.2 V, the
ﬁlm changes color repeatedly between the bleached (transparent)
and colored (blue) states (Fig. 1e, Supplementary Fig. 6). One can
see that the changes in absorption are almost identical in each
cycle, further suggesting the reversibility of the composition
change. Such a temporally controlled ion intercalation also
ensures high batch-to-batch reproducibility of the colored ﬁlms.
As depicted in Fig. 1f, ﬁve colored samples prepared in parallel
using the same synthetic conditions show almost identical
absorption characteristics, indicating good batch-to-batch reproducibility. XPS measurements give further evidence of control
over the chemical composition of colored ﬁlms in different
batches (Supplementary Fig. 7). It can be seen that different
batches of colored ﬁlms produced using the same synthetic
conditions have similar atomic ratios of W5+/W6+, indicative of
the reproducibility of chemical composition among batches
(Fig. 1g). Such spatial and temporal control of composition is
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expected to enable the control of the electronic structures of the
colored ﬁlms, thereby providing a reliable foothold toward ﬁne
control of their physical and chemical properties, including SERS
properties.
Quantitative correlation between SERS and coloration degree.
Interestingly, the colored ﬁlms exhibit much stronger SERS signals than the uncolored ﬁlms, and even show a unique quantitative relationship between the SERS signal ampliﬁcation and the
coloration degree within a certain range. As shown in Fig. 2a, the
pristine uncolored ﬁlm exhibits a rather weak SERS intensity
probably due to rather weak charger-transfer (CT) enhancement
when using R6G as a Raman probe (10−4 M, molecular structure
provided in Supplementary Fig. 8). In contrast, all six colored
ﬁlms obtained at various negative potentials (−0.1, −0.2, −0.3,
−0.4, −0.5, and −0.6 V), denoted as Al-1, Al-2, Al-3, Al-4, Al-5,
and Al-6, respectively, display much stronger SERS signals of
R6G molecules (Fig. 2a). Several characteristic bands of R6G
molecules are easily visible at 612, 773, 1360, and 1650 cm−1 in
these six samples, which can be assigned to in-plane and out-ofplane bending motions of carbon and hydrogen atoms of the
xanthene skeleton, and aromatic C–C stretching vibration modes,
respectively16. Another point worthy of note is that with the
increase in the coloration degree of the electrochromic SERS
substrates as depicted by analysis of the absorbance at 532 nm
(Supplementary Fig. 9), a further increase in the intensity of the
SERS signal could be observed (Fig. 2a). To provide a quantitative
view for the effect of electrochromic coloration on SERS activity,
the enhancement factors (EFs) for different samples are calculated
based on the intensity magniﬁcation of the most strongly
enhanced band (at 612 cm−1) compared with that on bare substrate (Supplementary Methods). Impressively, when plotted vs.
the absorbance, the EF is found to increase almost linearly up to
2.66 × 104, reaching a maximum within the absorbance range of
0.3–1.2, nearly 28 times greater than that of the pristine uncolored ﬁlm (Fig. 2b). Importantly, the obtained quantitative relationship may allow ﬁgure ground discrimination of SERS activity
in the colored ﬁlms by the naked eye, because a high degree of
electrochromic coloration corresponds to high levels of SERS
activity. Furthermore, SERS measurements are also performed for
the Al-6 sample under different concentrations of R6G molecules,
decreasing from 10−4, 10−5, to 10−6 M (Fig. 2c). It is found that
the SERS signals are still conspicuous even when the concentration of R6G solution is decreased to 10−6 M, suggesting the low
detection limit for R6G.
Strikingly, our approach to the activation of SERS activity by
electrochromic coloration is also applicable to other cation
species such as H+, Li+, Na+, K+, and Mg2+. As a result, greatly
improved SERS performances are observed for these colored
tungsten oxide ﬁlms when intercalated with all ﬁve of the above
cations, compared with that of the pristine uncolored ﬁlm, as
shown in Fig. 2d. The rank order of SERS activity for these
colored ﬁlms is Li+ >Mg2+ >Na+ >K+ >Al3+ >H+. Evidently, the
Li+ ion-intercalated ﬁlm produces the largest SERS enhancement,
with the increased EF reaching a maximum value of 8.86 × 104 for
R6G (10−4 M) detection. By contrast, the advantage of using
trivalent Al3+ as the insertion ion is that the colored ﬁlm
intercalated with Al3+ is more stable in the open air than its
counterparts intercalated with other cations17, making it
especially suitable for the acquirement of reproducible SERS
signals. Further investigation demonstrates that the good
universality of our approach extends to other electrochromic
semiconductors such as NiO (Supplementary Fig. 10). All six NiO
ﬁlms electrochemically activated by intercalation with different
cations (H+, Li+, Na+, K+, Mg2+, and Al3+) are found to

NATURE COMMUNICATIONS | (2019)10:678 | https://doi.org/10.1038/s41467-019-08656-6 | www.nature.com/naturecommunications

3

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08656-6

a

c

Al

W
1000 nm

b
O

300 nm

1000 nm

500 nm

d

4

e

1–50 cycles

–0.5 V
Absorbance

Current (mA)

2
0
–2

0.2 V

–4
–0.6

–0.4

–0.2

0.0

0.2

0.4

200

300

Voltage (V vs Ag/AgCl)

400

500

Time (s)

f

g 1.2

W5+// W6+ ratio

Absorbance

5 batches

Al-intercalated

0.9

0.6

0.3

Pristine
0.0
400

500
600
Wavelength (nm)

700

1

2

3
4
Batch number

5

Fig. 1 Composition control of tungsten oxide through Al intercalation. a Top-view and b cross-sectional scanning electron microscopy (SEM) images for the
pristine tungsten oxide ﬁlm on ﬂuorine-doped tin oxide (FTO) glass. c SEM image of the Al-intercalated tungsten oxide ﬁlm, and the elemental mapping
results of the selected area. d Cyclic voltammogram (CV) proﬁles of the tungsten oxide ﬁlm for 50 cycles, obtained in 1 M AlCl3 aqueous analyte at a scan
rate of 10 mV/s. The 50 curves are overlapping, suggesting good reversibility. e Absorbance switching monitored at 532 nm for tungsten oxide, with
alternating biases switching between −0.5 and 0.2 V in 1 M AlCl3 aqueous analyte. f Absorbance spectra taken for tungsten oxide ﬁlms from ﬁve batches,
and those after discharging potentiostatically at −0.5 V for 180 s in 1 M AlCl3 aqueous analyte. g Ratio of W5+/W6+ calculated from deconvolution of Xray photoelectron spectroscopy (XPS) W 4f core-level spectra for Al-intercalated ﬁlm in ﬁve batches

demonstrate much stronger SERS enhancement compared with
the pristine NiO ﬁlm, further corroborating the effectiveness of
electrochromic coloration for increasing Raman detection
sensitivity. Despite the similar mechanism of SERS signal
augmentation, the ion-intercalated NiO ﬁlms give a different
rank order for the SERS activity: Al3+>Mg2+>H+>Li+>Na+>K+.
The difference is probably linked to the differences in both
crystallographic and electronic structures between the two
distinct electrochromic materials, which affect the transportation
and accommodation of the various inserted cations.
Further investigation demonstrates that the electrochromic
SERS substrates are also effective for other types of analytes such
as CV and VBB with 532-nm laser excitation (Supplementary
Fig. 11). Furthermore, in the case that the laser excitation is not
resonant with the molecular absorbance of R6G, the enhanced
4

SERS signals from R6G are still distinguishable under 633-nm
laser excitation (Supplementary Fig. 12), suggesting the generality
of this application of the electrochromic SERS substrates. It
should be noted that the Raman signals for CV and VBB are
relatively weaker as the excitation wavelength (532 nm) is not in
direct resonance with the absorption of CV at about 590 nm or
VBB around 599 nm. In contrast, the molecular transition
between the HOMO and LUMO levels of R6G at 2.3 eV is
energetically near that of the excitation laser (532 nm), which
provides an important resonant pathway for the observed SERS
enhancement. In fact, such thermodynamically feasible resonance
can contribute to the overall Raman enhancement through
intensity borrowing based on the Herzberg–Teller vibronic
coupling, according to the theory established by Lombardi
et al7. On coupling, the relatively weak charge-transfer resonance
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Fig. 2 Colored tungsten oxide ﬁlm as surface-enhanced Raman scattering (SERS) substrate. a Raman intensity of rhodamine 6G (R6G) (10−4 M) on the
pristine uncolored ﬁlm and colored substrates (scale bar: 1000 cps). b Statistical evolution of enhancement factor (EF) vs. optical absorbance for pristine
and Al-intercalated substrates, indicating a roughly linear increase. A high coefﬁcient of determination (R2) of 0.96 is obtained, demonstrating the linear
dependence between EF and optical absorbance. Colored ﬁlms obtained via Al intercalation at various negative potentials (−0.1, −0.2, −0.3, −0.4, −0.5,
and −0.6 V) are denoted as Al-1, Al-2, Al-3, Al-4, Al-5, and Al-6, respectively. c Raman spectra of R6G collected for Al-6 substrate at different
concentrations of 10−4, 10−5, and 10−6 M (scale bar: 500 cps). Inset: with narrowed y scale for 10−6 M (scale bar: 10 cps). d EF values for pristine and ionintercalated substrates, which were prepared by discharging potentiostatically at −0.5 V for 180 s in 1 M aqueous analyte of each cation species. Error bars
represent means ± SD of the EFs

borrows intensity from the stronger nearby resonances, such as
molecular and exciton transitions, as can be expressed by
Herzberg–Teller coupling terms. Accordingly, the so-called
surface-enhanced resonance Raman scattering (SERRS) effect
could be recognized in the R6G/tungsten oxide system, basing on
the coincidence of incident photon energy and electronic
transition in R6G molecules.
High uniformity, reproducibility, and renewability. The
quantitative relationship of the coloration degree to the SERS
activity of electrochromic SERS substrates, along with good spatial and temporal control of chemical composition, paves the way
to achieve high SERS uniformity, batch-to-batch reproducibility,
and renewability, which are critically needed for highperformance SERS substrates. First, to examine the SERS uniformity of the colored ﬁlms, the SERS contours are plotted by line
mapping (Fig. 3a), which is conducted from spot to spot on the
same substrate for a 1 × 10−4 M R6G solution. Among all of the
100 tested spots, each exhibits a favorable capability of enhancing
the Raman signal of the R6G molecules. The RSD of the SERS
peak at around 612 cm−1 is used to further assess the uniformity
of the SERS signals on each substrate. The value of the spot-tospot RSD is calculated to be 7.86%, indicating that the structure
and SERS properties of our colored SERS substrate are relatively
uniform (Supplementary Fig. 13). Second, one of the greatest
hindrances to progress in realizing quantitative SERS analysis is
batch-to-batch reproducibility. In fact, for most SERS substrates,
the SERS enhancement greatly varies from batch to batch even if
the substrate is uniform to a very high degree, depending critically
on the substrate preparation. Here we note that deeper colors

represent higher intensities of the SERS signals for our colored
SERS substrates, while lighter colors represent lower intensities.
The strong quantitative correlation between SERS signal and
coloration degree inspires us to ﬁnd a colorimetric method to
achieve excellent batch-to-batch reproducibility. If the degree of
coloration of different batches of SERS substrates could be controlled to be uniform, similar SERS activities would be expected.
Following this principle, 50 batches of tungsten oxide substrates
are colored to the same degree (duplicate spectra at the same
intensity and line shape) by means of electrochemical insertion of
Al3+ ions at −0.5 V. Figure 3b shows the SERS spectra of 10−4 M
R6G collected from 500 randomly selected positions on the 50
batches of colored SERS substrates under identical experimental
conditions. These spectrum signals overlap to form a shaded area
as outlined in red, and the narrowness of the shaded area indicates that the ﬂuctuation of SERS signals between batches is very
small. Accordingly, the batch-to-batch RSD of the vibration at
612 cm−1 is calculated to have a record low value of 6.79%, much
lower than that of hydrogen-treated samples (30.2%) (Supplementary Fig. 14) and even beyond commercially available Klarite
substrates (29.0%) (Supplementary Fig. 15), further demonstrating the excellent batch-to-batch reproducibility. Third, from the
economical viewpoint, renewability is another desirable feature of
high-performance SERS substrate. However, only a few studies
have reported renewable SERS substrates, capable of being used
for more than one round of detection18–20. One approach to this
goal has been photocatalytic treatment. Impressively, our colored
SERS substrates provide an efﬁcient and effective avenue for
excellent renewability. Based on the idea of colorimetric determination, the tungsten oxide SERS substrates (Al-5) undergo ﬁve
cycles of coloring-to-decoloring reversible reactions to obtain
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Fig. 3 High reproducibility and renewability. a Surface-enhanced Raman scattering (SERS) spectra in the line-scan across a randomly selected area on the
surface of single Al-5 substrate, taken with a 20 nm step size (scale bar: 200 cps). b SERS spectra of 10−4 M rhodamine 6G (R6G) collected from 500
randomly selected positions on 50 batches of Al-5 substrates, with the overlapped signals forming a shaded area as outlined in red. Inset shows the batchto-batch Raman intensity variation for the 612 cm−1 vibrational band measured for these 50 batches of Al-5 substrates. c Comparison between SERS
intensity of the 612 cm−1 vibrational band of single substrates used for multiple cycles, renewed either through electrochromic or photocatalytic methods
(scale bar: 400 cps). Error bars represent means ± SD of the SERS intensity

regenerated SERS substrates with restoration of the same coloration degree. The collected SERS spectra from the regenerated
SERS substrates upon different coloring–decoloring cycles are
compared with those obtained from the freshly prepared substrate (Supplementary Fig. 16). It is noted that neither a large shift
in the major Raman peaks nor a signiﬁcant change in Raman
intensity occurs, revealing good renewability. The value of the
run-to-run RSD for the vibration at 612 cm−1 is 2.52%, which
also strongly proves the excellent renewability of the colored
SERS substrates prepared by electrochromic coloration (Fig. 3c).
The advantage of this colorimetric method in terms of renewability is further revealed by comparison with other control
methods such as photocatalytic treatment, which have been
previously documented to improve the renewability of SERS18–20.
As also shown in Fig. 3c, the tungsten oxide substrates (which are
oxygen deﬁcient) can clean themselves under UV irradiation by
photocatalytic degradation of target molecules adsorbed to the
substrates, so that renewability can be achieved. However, it is
observed that the EF values continuously decrease from 1.87 ×
104 to 0.26 × 104 after ﬁve cycles of photocatalytic treatment,
leading to the poor renewability of the SERS sensing platform.
The main reasons for the large decline in SERS activities may be
related to the inevitable accumulation of intermediate products
and loss of oxygen vacancies during photocatalytic oxidation. The
efﬁcacy of our electrochromic renewability scheme is also
examined by two other means (UV–Vis and Raman spectroscopies) (Supplementary Fig. 17). It could be observed that the
spectroscopic proﬁles obtained from the regenerated SERS substrate after electrochromic coloration are almost identical to those
6

obtained from the freshly prepared substrate, along with the
absence of clearly discerned signals ascribed to R6G analyte,
indicating good renewability that makes the surface able to
recover.
Structural mechanism underlying electrochromic SERS. Unlike
conventional plasmonic metallic SERS substrates that produce the
SERS effect using controllable formation of hot spots, semiconductor SERS substrates enable SERS enhancements through
vibronic coupling of several resonances such as charge transfer,
excitonic, and molecular resonances, in which the electronic
structures play crucial roles in determining the SERS performances7. Hence, we explore here the composition-dependent
electronic structures of electrochromic SERS substrates under
different coloration conditions to clarify the origin of high SERS
reproducibility and renewability.
When ionic species such as Al3+ are inserted into the lattice of
tungsten oxide during the coloration process, electron injection
occurs accompanied by a signiﬁcant decrease in the valence state
of W to maintain the electric neutrality. Therefore, the Al/W
molar ratio (x) of different colored SERS substrates can be
calculated from the quantity of injected charge with the following
equation21:
x ¼ QM=ðAδeρNA Þ;

ð1Þ

where Q denotes the value of inserted charge by Al intercalation
at a given potential, A is the electrode surface area, δ is the ﬁlm
thickness, M is the molar mass, ρ is the density, e is the
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elementary charge, and NA is Avogadro’s constant. The
calculation shows that there is a monotonic increase in the
Al/W molar ratio (from 0.188% to 8.67%) as the Al-intercalation
potential is reduced from −0.1 to −0.5 V (Fig. 4a), suggesting
that such an electrochromic process does allow control over the
chemical composition of the colored SERS substrates, and thus
offers a way to control their electronic structures. The adjustability or controllability of electronic structures induced by the
electrochromic process can be corroborated by the combination
of UV–Vis spectroscopy, XPS, and Mott–Schottky analysis. First,
the structure of the valence band near the Fermi level can be
determined by XPS analysis. As shown in Fig. 4b, the XPS valence
spectra of the colored SERS substrates show a two-region
structure: a broad peak situated at a binding energy of about
7.39 eV due to the O 2p state, and a small peak centered at 0.83
eV below the Fermi level. This latter peak corresponds to the
lower part of the conduction band associated with the W 5d state,
according to the ligand ﬁeld theory22. Notably, for all of the
colored and uncolored substrates, the leading edges of the O 2p
peaks toward the Fermi level almost completely overlap,
indicating that the valence-band character is almost unaffected
by coloration/bleaching. In contrast, the intensity of the small
peak gradually increases with an increase in the Al/W molar ratio
among the samples, suggesting the gradual occupation of the W
5d states by electrons. Second, electrochemical Mott–Schottky

analysis gives more quantitative information about the variations
in electronic structure23–25. The Mott–Schottky plots of the
colored and uncolored substrates at a frequency of 1 kHz in 0.1 M
of tetrabutylammonium perchlorate (TBAP) in propylene
carbonate are presented in Fig. 4c, where the reciprocal of the
square of capacitance (C−2) is plotted against the potential (V).
Clearly, all of the substrates exhibit n-type characteristics with
positive slopes, implying that electrons serve as the main carriers
in these substrates (Fig. 4c). From the intercepts of the
Mott–Schottky plots, two important electronic parameters, the
donor (electron) density (Nd) and ﬂat-band potential (Vfb), of
the colored and uncolored substrates can be quantitatively
determined using the following relation24:
1
2
¼
½ðV  Vfb Þ  kT=e0 ;
2
C
e0 εε0 Nd

ð2Þ

where C is the speciﬁc capacitance (F cm−2), e0 is the electron
charge (1.60 × 10−19 C), ε is the dielectric constant of tungsten
oxide (ε = 20), ε0 denotes the permittivity of a vacuum (8.85 ×
10−14 F/cm), V is the applied potential (V), k is the Boltzmann
constant (1.38 × 10−23 J/K), and T is the absolute temperature
(K). Accordingly, the electron density (Nd) for the pristine
uncolored tungsten oxide, calculated from the slope of
the obtained Mott–Schottky plots, is estimated to be 0.78 ×
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1020 cm−3, in good agreement with previous studies24,25, while
the Nd values of the colored samples are found to be up to seven
times larger than that of the uncolored tungsten oxide, ranging
from 0.79 × 1020 to 5.43 × 1020 cm−3. Notably, a roughly linear
relation between the electron density and intercalation potential
(or Al/W molar ratio) can be established within a certain range
(Inset of Fig. 4c), further corroborating the quantitative electron
ﬁlling in the colored samples observed from the XPS VB spectra
(Fig. 4b). At the same time, a gradual shift in the ﬂat-band
potential (Vfb), determined from the Mott–Schottky plots by the
intercept on the potential axis, can also be observed in the colored
samples, with the Al-5 sample showing the maximum shift of
0.26 eV when compared with pristine uncolored tungsten oxide,
with a Vfb value of 0.09 eV (vs. Ag/AgCl electrode) (Supplementary Fig. 18). The shift in ﬂat-band potential, which can be used to
experimentally determine the Fermi level location26, further
indicates the adjustability of the electronic structures. Finally, by
acquiring optical bandgap (Eg) values from UV–Vis spectroscopy
(Supplementary Fig. 19), the energy-level diagrams can be
constructed, indicating that the conduction band minimum
(CBM) is roughly constant as the Fermi level is gradually shifted
upward, while the valence-band maximum (VBM) linearly
related to the extent of Al intercalation (Fig. 4d, Supplementary
Table 1). Because the SERS signal is maximized where the
derivative of the density of states (DOS) is largest, the chargetransfer transitions in a semiconductor-molecular system are
usually considered to start or terminate at band-edge-derived
states7. Considering that the frequencies of both the interband
excitonic transition and the interfacial photo-induced charge
transfer (PICT) transition (from VBM to LUMO) in our system
are far away from resonance with the incident laser (2.33 eV),
they probably contribute little to the overall SERS due to lack of
effective band-level alignment7. Instead, the quantitatively
accumulated electrons at the bottom of the CB probably
participate in the PICT process in such metallic semiconductors27, thus contributing to the quantitative increase in SERS
enhancement upon Al intercalation.
The gradually variation in the electronic structure of Alintercalated tungsten oxide is further veriﬁed by the results of
density functional theory calculations. For simplicity, these
calculations examine a cubic bronze system with Al atoms
inserted into the unit cell (Supplementary Methods). As shown by
the calculated DOS in Fig. 5a, the Fermi level is located well into
the conduction band for the AlxWO3 (0 < x < 0.12) bronzes,
rendering them metallic, as noted in other studies28, in contrast to
the electronic behavior of typical semiconductors. With increasing x in AlxWO3, that is, the insertion of more Al atoms into the
8

unit cell, the shape of the band structure does not change
signiﬁcantly. Instead, a gradual down-shifting of both CB and VB
can be observed with respect to the Fermi level, which is in exact
agreement with the experimental band-level diagram shown in
Fig. 4d. In particular, a linear relationship can be drawn when
plotting the location of CBM against the Al accommodation
number x in AlxWO3, indicating a rationally adjustable energyband location (Supplementary Fig. 20). Further, an obviously
linear increase of the DOS at the Fermi level can also be observed
with increasing x, as shown in Fig. 5b. This quantitatively
modulated DOS near the Fermi level in the colored samples, in
great contrast to the usually ﬁxed DOS values shown by common
metallic or semiconducting SERS substrates8,29, is presumably
responsible for the unique color-dependent enhancement in
SERS. Finally, to illustrate the dependence of signal intensity on
DOS for the Raman vibrational bands, Herzberg–Teller theory is
applied to the charge-transfer contributions to SERS, derived
from Albrecht30 and Lombardi et al.’s31 work on a metalmolecular system. As illustrated in detail in Supplementary
Methods, the SERS intensity (I) is in proportion to the square of
the polarizability tensor (α), making I directly dependent on the
DOS (ρ) near the Fermi level of the substrate. The simplest
mathematical expression of this relation is as follows:
I / ½κρ2 ;

ð3Þ

where κ represents the contributions from charge transfer,
determined by the band-level alignment between the semiconductor and molecules, and ρ is the DOS at the Fermi level of the
semiconductor. Therefore, it can be inferred that the linearly
increased DOS in the CB of AlxWO3 upon charge intercalation is
the origin of the quantitative control over its SERS enhancement.
Finally, we try to realize a similar systematic modulation of the
electronic structures of tungsten oxide ﬁlms through pathways
other than electrochromic processes, for example, by creating
oxygen vacancies. According to our previous work8, the
formation of oxygen defects in thermally reduced samples can
in principle be controlled by varying the treatment time (from 20
to 100 min) under a precisely controlled H2 ﬂow at 350 °C, with
the aim of gradually modulating the electronic structure.
Unfortunately, the series of H2-treated samples shows no
systematic trends in the modulation of the bandgap, carrier
density, or the ﬁlling of W 5d states, as determined from the
UV–Vis spectra, Mott–Schottky plots, and XPS valence-band
spectra (Supplementary Fig. 21). In fact, reproducible control
over the electronic properties is barely possible even among
batches of H2-treated substrates fabricated under the same
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conditions (Supplementary Fig. 22), which probably explains the
relatively poor reproducibility among the hydrogen-treated
samples as SERS substrates (Supplementary Fig. 14). Further,
the morphologically uniform sputtered ﬁlms as SERS substrates,
in contrast to the common drop-casted counterpart (Supplementary Fig. 23, Note 2), are also beneﬁting from the ﬂuorescence
quenching effect (Supplementary Fig. 24, Note 3) and the
colorimetric functionality (Supplementary Note 4).
Discussion
In summary, by means of electrochemical intercalation of cation
species (H+, Li+, Na+, K+, Mg2+, and Al3+), SERS substrates
with boosted SERS activity can be obtained through the coloration of electrochromic semiconductors (such as WO3 and NiO),
showing high reproducibility, renewability, and unique colorimetric functionality. Upon quantitatively controlled ion intercalation, the electronic structure of the host semiconductor (such
as WO3) can be rationally manipulated, with a gradually
increasing DOS in the CB, which is quantitatively related to the
SERS enhancement, leading to the reproducible and renewable
control over the SERS enhancement of the substrates.

Data availability
The data that support the ﬁndings of this study are available from the corresponding
authors on reasonable request. Additionally, data reported herein have been deposited in
the Figshare database, and are accessible through https://doi.org/10.6084/m9.
ﬁgshare.7577444.

Received: 28 August 2018 Accepted: 21 January 2019

References
1.

2.
3.

4.

5.

Methods

Film fabrication. To fabricate electrochromic ﬁlm substrates for SERS tests, slabs
of FTO-coated glass with planar sizes of 1.5 cm × 2.5 cm were used as substrates,
which were cleaned beforehand in acetone, ethanol, and distilled water successively
under sonication for 20 min before drying at 60 °C. The tungsten oxide thin ﬁlms
on FTO glass were prepared by reactive DC magnetron sputtering at room temperature. The background pressure of the sputtering cavity was evacuated to 8 ×
10−4 Pa before deposition. Then, the DC power of the tungsten target (>99.9%)
was kept at 200 W for 10 min, with the ratio of Ar:O2 ﬁxed as 80:20 sccm and the
pressure maintained at 0.2 Pa during sputtering.

6.

7.
8.

9.
10.

Electrochemical and electrochromic measurements. The electrochemical
behavior was studied using a CHI 660C electrochemical workstation (CH Instruments, Inc., China) at room temperature. A three-electrode quartz cell setup was
used, with the ﬁlms sputtered on FTO glass, Pt wire, and Ag/AgCl/KCl as the
working electrodes, counter electrode, and reference electrode, respectively. All
potentials reported herein have been measured vs. Ag/AgCl. Aqueous electrolyte
solutions of various chlorides (HCl, LiCl, NaCl, KCl, MgCl2, and AlCl3) with a
concentration of 1 M have been used for the electrochromic treatments. The pH
values of the aqueous solutions containing HCl, LiCl, NaCl, KCl, MgCl2, and AlCl3
are measured to be 0.01, 6.03, 9.15, 4.10, 5.12, and 2.96, respectively. The electrochromic characteristics were examined by a combination of the electrochemical
workstation and a UV–Vis optical spectrometer, with alternating biases switching
between −0.5 and +0.2 V relative to Ag/AgCl applied to the working electrode, for
coloring and bleaching of the ﬁlm. CV tests were obtained from the ﬁlm electrode
with a scan rate of 10 mV s−1 in the potential range of −0.6 to +0.4 V in 1 M AlCl3
aqueous analyte. The Mott–Schottky plots were collected from −0.6 to 0.6 V vs.
Ag/AgCl at the frequency of 1000 Hz in 0.1 M of TBAP in propylene carbonate
saturated with Ar atmosphere. Colored ﬁlms as SERS substrates were obtained after
discharging potentiostatically for 180 s at certain potentials in 1 M aqueous AlCl3
solution.

Raman measurement. Typically, SERS spectra of R6G molecules deposited on the
pristine and colored ﬁlms as substrates were obtained under laser excitation at
532.8 nm, after the ﬁlms were thoroughly rinsed with distilled water, dried at 60 °C
and re-loaded with R6G. Speciﬁcally, R6G ethanol solutions with concentration
varying from 10−4 to 10−6 M were obtained from a stock solution of 10−3 M by
successive dilution. Then, 50 μL of R6G solution with a given concentration was
dropped on the ﬁlm, and was allowed to spread over the whole surface of the ﬁlm
spontaneously, followed by drying at room temperature for 2 h in the dark. Raman
spectra were subsequently acquired on a high-resolution confocal Raman spectrometer (LabRAM HR-800) with an excitation laser of 532 nm. The spectra were
collected by using a ×50 L objective lens for 15 s with a laser spot diameter of about
1 μm and power of 0.3 mW for all acquisitions. Raman spectra from different
locations were collected for each sample, with the signal intensity averaged for ﬁnal
analysis to estimate the RSD values for the EFs.

11.
12.
13.
14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Guerrini, L. & Graham, D. Molecularly-mediated assemblies of plasmonic
nanoparticles for surface-enhanced raman spectroscopy applications. Chem.
Soc. Rev. 41, 7085–7107 (2012).
Schlücker, S. Surface-enhanced Raman spectroscopy: concepts and chemical
applications. Angew. Chem. Int. Ed. 53, 4756–4795 (2014).
Lim, D.-K. et al. Highly uniform and reproducible surface-enhanced Raman
scattering from DNA-tailorable nanoparticles with 1-nm interior gap. Nat.
Nanotechnol. 6, 452–460 (2011).
Gopalakrishnan, A. et al. Bimetallic 3D nanostar dimers in ring cavities:
recyclable and robust surface-enhanced Raman scattering substrates
for signal detection from few molecules. ACS Nano 8, 7986–7994
(2014).
Ding, S.-Y. et al. Nanostructure-based plasmon enhanced Raman spectroscopy
for surface analysis of materials. Nat. Rev. Mater. 1, 1–16 (2016).
Fang, Y., Seong, N.-H. & Dlott, D. D. Measurement of the distribution of site
enhancements in surface-enhanced Raman scattering. Science 321, 388–392
(2008).
Alessandri, I. & Lombardi, J. R. Enhanced Raman scattering with dielectrics.
Chem. Rev. 116, 14921–14981 (2016).
Cong, S. et al. Noble metal-comparable SERS enhancement from
semiconducting metal oxides by making oxygen vacancies. Nat. Commun. 6,
7800 (2015).
Lin, J. et al. Ultrasensitive SERS detection by defect engineering on single
Cu2O superstructure particle. Adv. Mater. 29, 1604797 (2017).
Lin, J. et al. Direct experimental observation of facet-dependent SERS of Cu2O
polyhedra. Small 14, 1703274 (2018).
Wu, H., Wang, H. & Li, G. H. Metal oxide semiconductor SERS-active
substrates by defect engineering. Analyst 142, 326–335 (2017).
Zhang, Q. et al. A metallic molybdenum dioxide with high stability for surface
enhanced Raman spectroscopy. Nat. Commun. 8, 14903 (2017).
Wang, X. T. et al. Remarkable SERS activity observed from amorphous ZnO
nanocages. Angew. Chem. Int. Ed. 56, 9851–9855 (2017).
Liu, W. et al. Improved surface-enhanced Raman spectroscopy sensitivity
on metallic tungsten oxide by the synergistic effect of surface plasmon
resonance coupling and charge transfer. J. Phys. Chem. Lett. 9, 4096–4100
(2018).
Madhavi, V., Kondaiah, P., Hussain, O. M. & Uthanna, S. Structural optical
and electrochromic properties of RF magnetron sputtered WO3 thin ﬁlms.
Phys. B 454, 141–147 (2014).
Hildebrandt, P. & Stockburger, M. Surface-enhanced resonance Raman
spectroscopy of Rhodamine 6G adsorbed on colloidal silver. J. Phys. Chem. 88,
5935–5944 (1984).
Tian, Y. et al. Unconventional aluminum ion intercalation/deintercalation for
fast switching and highly stable electrochromism. Adv. Funct. Mater. 25,
5833–5839 (2015).
Ben-Jaber, S. et al. Photo-induced enhanced Raman spectroscopy for universal
ultra-trace detection of explosives, pollutants and biomolecules. Nat.
Commun. 7, 12189 (2016).
Liu, L. et al. Au-ZnO hybrid nanoparticles exhibiting strong charge-transferinduced SERS for recyclable SERS-active substrates. Nanoscale 7, 5147–5151
(2015).
Hao, R. et al. A fast self-cleaning SERS-active substrate based on an
inorganic–organic hybrid nanobelt ﬁlm. Phys. Chem. Chem. Phys. 17,
20840–20845 (2015).
Triana, C. A., Granqvist, C. G. & Niklasson, G. A. Electrochromism and smallpolaron hopping in oxygen deﬁcient and lithium intercalated amorphous
tungsten oxide ﬁlms. J. Appl. Phys. 118, 024901 (2015).
Greiner, M. T. et al. Universal energy-level alignment of molecules on metal
oxides. Nat. Mater. 11, 76–81 (2011).
Wang, Q., Puntambekar, A. & Chakrapani, V. Vacancy-induced
semiconductor-insulator-metal transitions in nonstoichiometric nickel and
tungsten oxides. Nano. Lett. 16, 7067–7077 (2016).
Zhang, T. et al. Iron-doping-enhanced photoelectrochemical water splitting
performance of nanostructured WO3: a combined experimental and
theoretical study. Nanoscale 7, 2933–2940 (2015).

NATURE COMMUNICATIONS | (2019)10:678 | https://doi.org/10.1038/s41467-019-08656-6 | www.nature.com/naturecommunications

9

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08656-6

25. Hu, Z., Xu, M., Shen, Z. & Yu, J. C. A nanostructured chromium (III) oxide/
tungsten (VI) oxide p–n junction photoanode toward enhanced efﬁciency for
water oxidation. J. Mater. Chem. A 3, 14046–14053 (2015).
26. Grätzel, M. Photoelectrochemical cells. Nature 414, 338–344 (2001).
27. Cui, G. et al. IR-Driven photocatalytic water splitting with WO2-NaxWO3
hybrid conductor material. Nano Lett. 15, 7199–7203 (2015).
28. Ingham, B., Hendy, S. C., Chong, S. V. & Tallon, J. L. Density-functional
studies of tungsten trioxide, tungsten bronzes, and related systems. Phys. Rev.
B 72, 075109 (2005).
29. Lombardi, J. R. & Birke, R. L. Time-dependent picture of the charge-transfer
contributions to surface enhanced Raman spectroscopy. J. Chem. Phys. 126,
244709 (2007).
30. Albrecht, A. C. On the theory of Raman intensities. J. Chem. Phys. 34, 1476
(1961).
31. Lombardi, J. R., Birke, R. L., Lu, T. H. & Xu, J. Charge-transfer theory of
surface enhanced Raman spectroscopy: Herzberg-Teller contributions. J.
Chem. Phys. 84, 4174 (1986).

Acknowledgements
This work was supported by the National Natural Science Foundation of China
(51772319, 51772320, 51572286, and 21503266) and the Outstanding Youth Fund of
Jiangsu Province (BK20160011), the Youth Innovation Promotion Association, CAS
(2018356) the Natural Science Foundation of Jiangxi Province (20181ACB20011), and
the Science and Technology Project of Nanchang (2017-SJSYS-008).

Author contributions
Z.Z. conceived the project. S.C. designed the experiments and analyzed the data. S.C. and Z.
W. performed material synthesis, structural characterization, and Raman measurements. W.
G. contributed with the parts of simulation and calculation. S.C. and Z.Z. co-wrote the
paper. Z.C., W.L., and J.R.L. contributed in discussions and comments on the manuscript.

10

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467019-08656-6.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Journal peer review information: Nature Communications thanks Pavel Matejka and
the other anonymous reviewers for their contribution to the peer review of this work.
Peer reviewer reports are available.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019

NATURE COMMUNICATIONS | (2019)10:678 | https://doi.org/10.1038/s41467-019-08656-6 | www.nature.com/naturecommunications

