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1. Introduction

“Green” materials and nanotechnolo-
gies have been envisioned as effective 
means toward carving a sustainable 
future.[1] Inspired by this ambitious goal, 
scientists attempt to develop renewable 
environment-friendly functional devices 
to minimize the negative impact on our 
living surroundings.[2] In particular, reus-
able biosensors have recently drawn 
increasing research attention because of 
their advantages to be applied in remote 
and resource-limited environments for 
point-of-care (POC) diagnostics.[3] Among 
a variety of biosensors, surface-enhanced 
Raman scattering (SERS) is emerging as 
one of the most cutting-edge techniques 
for its intriguing role to demonstrate 
sensitivity down to the single molecule 
level.[4–6] Such accurate label-free and fin-
gerprint detection technique has been 
considered as a promising and nonin-
vasive POC diagnostic tool in various 
applications, such as environmental moni-
toring,[7] drug detection,[8] explosives anal-
yses,[9] as well as healthcare inspection.[10] 
Due to small scattering cross sections of 

the detected molecules, a plenty of plasmonic nanostructures 
primarily based on the electromagnetic field enhancement are 
widely investigated, which usually rely on chemical syntheses 
or complex lithographic approaches to achieve high-density of 
hotspots.[11–20] Among them, laser processing is an intriguing 
approach to fabricate micro/nanostructures over a large area at 
a high speed.[21–24] Nevertheless, most of these traditional SERS 
substrates can only be applied as single use due to the cross-
contamination of probe molecules.[25,26] The high costs also 
hinder the practical applications of large-scale production of 
noble metal-based SERS substrates.

In recent years, recyclable SERS substrates have attracted 
considerable research attentions because of their self-cleaning 
characteristics, which typically rely on wide bandgap semi-
conductors, such as ZnO and TiO2 as the building block.[27–36] 
Due to their photocatalytic capability, under the UV light irra-
diation, the formation of photogenerated oxygen species, 
such as superoxide radical anions (O2

•−) and hydroxyl radicals 
(OH•) result in the decomposition of analytes adsorbed on the 

Self-cleanable surface-enhanced Raman scattering (SERS) spectroscopy 
affords a promising route toward environment-friendly biosensors for point-
of-care diagnostics. It is of great importance to develop recyclable SERS 
substrates driven by a photocatalytic decomposition process, especially in the 
visible range. In this work, inspired by the hedgehog-like structures, a broad-
band visible-light-driven photocatalytic SERS platform with the CuO nano-
wires (NWs)/Cu2O hetero-nanostructures as the backbone is demonstrated. 
Via employing the approach of nanosecond laser ablation on Cu sheet 
coupled with subsequent thermal oxidation, the formed hedgehog-like, high-
density, and dual-scale micro/nanostructures not only demonstrate enhanced 
broadband visible-light-absorption capability even extended to the near 
infrared range but also exhibit boosted interfacial adhesion with favorable 
stability. Such phenomena imply that the binary oxidized Cu composites deco-
rated with metallic nanoparticles can serve as high-performance SERS  
substrates with superior recyclability. Under the visible light illumination, the 
as-fabricated ternary Ag/CuO NWs/Cu2O composites can be self-cleaned by 
photocatalytic degradation of adsorbates, thus leading to recyclable SERS 
substrates, which can preserve more than 85% SERS activity after seven 
cycles’ measurement. These results pave a new path to realize reusable SERS 
substrates in the applications of remote and resource-limited environments 
toward next-generation green biosensors.
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SERS substrates.[37–39] With this motivation in mind, a plenty 
of metal–semiconductor hybrid nanostructures as cleanable 
SERS substrates have been studied. For instance, Au semi-
shells on TiO2 spheres have been demonstrated via nanosphere 
self-assembly coupled with subsequent atomic layer deposi-
tion (ALD) methods.[29] The UV-assisted cleaning is capable 
of degrading adsorbates on Au-TiO2 composite, which can 
preserve the SERS activity even after five adsorption and UV-
cleaning cycles. Furthermore, other emerging self-cleaning 
SERS substrates have also been reported, including Au-coated 
ZnO nanorods,[28] TiO2 nanofibers decorated with Ag nano-
particles,[30] flower-shaped Au-ZnO hybrid composites,[27] as 
well as ZnO@ZnS-Ag active nanostructures.[40] However, one 
of the intrinsic drawbacks of the aforementioned reusable 
SERS substrates is that UV irradiation (only ≈4% of solar spec-
trum) is required for self-cleaning due to the wide bandgap of 
ZnO (≈3.37 eV) or TiO2 (≈3.2 eV), which restricts their prac-
tical applications.[37,41] Therefore, it is of great significance to 
improve the utilization efficiency of solar energy in the visible 
range for photocatalytic recyclable SERS substrates.

In order to realize the visible-light-driven self-cleanable SERS 
detection, the backbone material of a hybrid SERS system with 
the capability to enhance visible light absorption is required to 
be achieved, although a formidable task. Huang et al. recently 
demonstrated the chestnut-like Ag/WO3−x nanostructures by a 
hydrothermal approach and redox reaction for reusable SERS 
substrates, which can endure multiple visible-light cleaning.[42] 
Furthermore, the incorporation of gold nanoparticles graphitic 
carbon nitride into graphene oxide (GNPs/g-C3N4/GO) was 
reported to exhibit both good SERS and catalytic activity for 
the detection as well as removal of adsorbates illuminated by 
visible light.[11] However, the majority of conventional reported 
reusable SERS substrates are provided with 
narrow light absorption band and further-
more, generally involve several tedious fabri-
cation procedures.[11,33,42] Hence, it is highly 
expected to develop a recyclable SERS system 
by a facile fabrication approach, which is 
capable of being driven by wideband visible 
light illumination to achieve the target of self-
cleaning property.

The rising star of copper oxide-based 
nanostructures, especially nanowires, is con-
ceived to be an alternative candidate because 
of their prominent superiority as a p-type 
semiconductor with a narrow bandgap.[43,44] 
Stimulated by this excellent property, herein, 
a new type of ternary hetero-nanostructured 
Ag/CuO nanowires (NWs)/Cu2O composite 
is demonstrated as the broadband visible-
light-driven recyclable SERS detection. Via 
employing the nanosecond laser processing 
on Cu sheet and subsequent thermal oxida-
tion, the hedgehog-like and dual-scale binary 
composite of CuO NWs/Cu2O is formed as 
the building block, followed by the deco-
ration of Ag nanoparticles to achieve the 
reusable SERS substrates, which can be self-
cleaned under the visible light illumination. 

This approach represents several advantages. First, different 
from the conventional vertical-aligned CuO NWs’ growth on 
the flat Cu plate/sheet surface, the strategy of nanosecond laser 
processing can produce the microgrooves array on the Cu sheet 
surface, which enables the formation of horizontal and hierar-
chical nanostructured CuO NWs with enhanced adhesion on 
the microtextured Cu sheet through thermal oxidation. Second, 
the improved growth of hierarchical and high-density CuO 
NWs with high aspect ratios decorated with metallic nanopar-
ticles can boost the light–matter interactions with the excitation 
photons, which is able to improve the intensity of SERS signals. 
Third, the CuO NWs/Cu2O hetero-nanostructures can enhance 
and extend the visible light absorption even to the near-infrared 
range primarily due to the narrow bandgap of oxidized Cu com-
posites. Such intriguing feature affords an excellent opportunity 
to develop broadband visible-light-driven photocatalytic SERS 
substrates. The ternary Ag/CuO NWs/Cu2O nanostructures 
endowed with the facile fabrication strategy, enhanced visible-
light response as well as the boosted SERS signals initiate the 
path toward new environment-friendly biosensors.

2. Results and Discussion

To develop a high-performance recyclable SERS sensor, it is of 
great importance to generate high density of hotspots within 
a large detection volume. First, a Cu sheet at a thickness of 
≈150 µm is pretreated by a pulsed nanosecond laser, giving rise 
to the formation of microgrooves array (Figure 1). It should be 
noted that the pattern of microgroove arrays with the period as 
small as possible is selected in order to increase the effective 
surface area. Then, thermal oxidation is applied to grow CuO 
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Figure 1. Schematic diagrams of fabricating the ternary Ag/CuO NWs/Cu2O composite. 
a) Fabrication of microgrooves array on the Cu sheet. b) Preparation of binary CuO NWs/Cu2O 
composite. c) Deposition of Ag nanoparticles onto the binary CuO NWs/Cu2O composite. 
d) Attachment of analytes for SERS detection. The inset in (b) shows the optical image of 
hedgehog’s skin.
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NWs on the microtextured Cu sheet to achieve hedgehog-like 
dual-scale micro/nanostructures. Although tremendous efforts 
have been devoted to exploring various methods to synthesize 
CuO NWs, including the electrochemical approach,[45] solution-
based routes,[46] and template-based techniques,[47] thermal oxi-
dation is a unique and promising one, which not only affords a 
rapid, facile, and effective route but also produces much higher 
quality of CuO NWs with larger aspect ratios.[48,49] Finally, Ag 
nanoparticles are deposited by an electron-beam evaporator to 
make the reusable SERS substrates active.

First of all, it is essential to reveal the surface morphology 
of the hybrid dual-scale micro/nanostructures via the laser 
ablation and subsequent thermal oxidation. Figure 2 shows the 
influence of laser fluence on the surface morphology of micro-
grooves as well as the distribution and density of CuO NWs. 
When the intensity of laser fluence is beyond the vaporization 
threshold of Cu, melting and vaporization occur on the Cu sur-
face, which results in the formation of V-shaped microgrooves 
along the uniaxial laser scanning on the Cu sheet surface. After 
the thermal oxidation, there are high-density, high-aspect-ratio, 
and hierarchical CuO NWs formed on the sidewall skins of 
microgrooves (Figure 2a–c). The high-resolution cross-section 
image exhibits that the CuO NWs are uniformly distributed 
within the microgrooves (Figure S1, Supporting Informa-
tion). For comparison, the CuO NWs’ growth on the Cu sheet 
without pretreatment by laser is also investigated, which shows 
the sparser morphology of CuO NWs (Figures S2 and S3, Sup-
porting Information). Meanwhile, it is found that the laser-
treated Cu sheet coupled with subsequent thermal oxidation 
can enhance the interfacial adhesion between the oxide layer 

and beneath Cu sheet (Figure S4, Supporting 
Information). The introduction of micro-
grooves array in advance enables the thermal 
stress induced by thermal oxidation to be 
released into the free space, which is capable 
of inhibiting the oxide layers from cracking 
or exfoliation.[44,45] It should be noted that if 
the laser fluence is too high, higher compres-
sive forces are produced by the vapor and 
plasma plume, which leads to the expulsion 
of molten pool materials from the laser irra-
diation area. The higher intensity of laser flu-
ence can extend the heat affected zone, where 
more molten materials are generated. These 
molten materials are pressed out of the abla-
tion zone and then solidified, which gives 
rise to the deeper microgrooves and larger 
size of microparticles re-deposited onto the 
surface (Figure 2d). Such regenerated micro-
particles inhibit the growth of CuO NWs 
on them. This phenomenon is due to that 
as the growth of CuO NWs during thermal 
oxidation is widely considered to follow the 
mechanism of stress-induced grain-boundary 
diffusion, the formation of porous Cu2O and 
CuO grain layers served as the precursors 
plays a critical role, where Cu cations can be 
driven outward.[44,50] However, the micropar-
ticles induced by higher laser fluence enable 

the formation of complex dense oxidized Cu composites, 
which inhibit the continuous diffusion of Cu ions, resulting 
in the production of spare CuO NWs after thermal oxidation 
(Figure S6, Supporting Information).

The crystallographic structures of the as-prepared products 
are investigated by X-ray diffraction (XRD) analyses (Figure 3a). 
In all patterns, there is a relatively weak diffraction peak at 43.3° 
and a strong diffraction peak at 50.4°, which comes from the 
Cu sheet substrate (JCPDS 04-0836). After the laser treatment, 
the Cu2O is first formed at smaller laser fluence, where the dif-
fraction peaks at 36.5° and 42.4° indexed to cubic Cu2O (JCPDS 
65-3288) can be clearly distinguished. As the laser fluence is 
increased, the relative intensity of the peak corresponding to 
Cu2O becomes stronger. Meanwhile, new diffraction peaks at 
35.6°, 38.8°, and 48.7° representing the monoclinic CuO pat-
tern (JCPDS 1-1117) can be observed. After the thermal oxi-
dation, the peaks representing CuO phases can be seen in all 
the samples, including the product without laser processing. 
To further confirm the chemical states of Cu in the oxidized 
composites, X-ray photo electron spectroscopy (XPS) measure-
ments are performed (Figure 3b). Four peaks are observed from 
Cu 2p3/2 signals. The peak at 932.7 eV corresponds to Cu1+, 
indicating the generation of Cu2O. The other peak at 934.7 eV 
and two more satellite peaks at 941.3 and 943.5 eV represent 
the oxidation states of Cu2+, confirming the existence of CuO. 
Meanwhile, the optical features of the CuO NWs/Cu2O com-
posites are studied by a UV–vis spectrometer (Figure 3c). It is 
found that the CuO NWs/Cu2O hetero-nanostructures demon-
strate a good performance on visible light absorption due to 
the narrow bandgap of oxidized Cu composites. Particularly, 
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Figure 2. SEM images of hedgehog-like CuO NWs/Cu2O composite on Cu sheets fabricated by 
pulsed nanosecond laser processing at different laser fluences and subsequent thermal oxida-
tion. The laser fluence is a) 15, b) 20, c) 25, and d) 30 J cm−2, respectively. The scale bars of 
the insets are 1 µm. The temperature of thermal oxidation is 450 °C for 2 h. (Laser parameters: 
pulse duration τ = 5 ns, pulse repetition rate PRR = 90 kHz, laser spot size ≈20 µm, and laser 
beam scanning speed v = 5 mm s−1).
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the CuO NWs grown from the laser-treated Cu sheet at the 
laser fluence of 15 J cm−2 exhibit a superior antireflection 
property, which extends the light absorption edge even to the 
near-infrared range (≈900 nm). Such high-absorption feature 
further indicates that high-density and hierarchical CuO NWs 
are formed after the laser treatment and subsequent thermal 
oxidation of the Cu sheets, which implies that CuO NWs are 
expected to be excellent backbones for broadband visible-light-
driven photocatalysts to achieve recyclable SERS detection. For 
the products textured at much higher laser fluence (30 J cm−2), 
the reflective intensity becomes higher because of less density 
of CuO NWs formed. Furthermore, the adhesion between CuO 
NWs/Cu2O composites and Cu sheet is of paramount impor-
tance, especially in the reusable SERS detection. It is observed 
from Figure 3d that the oxidized Cu sheet with laser pretreat-
ment demonstrates high stability of reflectance intensity at the 
wavelength of 950 nm after ten cycles’ tape test, indicating the 
hybrid CuO NWs/Cu2O nanostructures can be well stabilized 
on the Cu sheet without exfoliation, which is the prerequisite 
for recyclable SERS applications. However, the reflectance 
intensity at 950 nm for the flat Cu sheet after sole thermal oxi-
dation increases dramatically due to the exfoliation of oxidized 
Cu composites.

The fabricated hedgehog-like, high-density, and dual-scale 
CuO NWs/Cu2O hetero-nanostructures with large surface 

areas can be employed as an effective platform for a variety 
of applications. For instance, after decorating the Ag nano-
particles, the CuO NWs/Ag composites are able to offer high 
density of plasmonic hotspots, which can be employed as the 
active SERS substrates. First, it is essential to reveal the SERS 
performance of Cu-based substrates without laser pretreat-
ment. Figure 4a demonstrates the SERS spectra of 4-methylb-
enzenethiol (4-MBT) molecules adsorbed on Ag deposited CuO 
NWs and flat Cu sheet surface in comparison to those without 
Ag decoration. As can be seen, there are no peaks observed 
for the platforms of both flat Cu sheet as well as the Cu sheet 
with NWs. After depositing a layer of Ag film at a thickness of  
15 nm, a significant enhancement at the 1580 cm−1 Raman 
band can be seen. Particularly, compared with the Ag film 
deposited on flat Cu sheet surface, the CuO NWs decorated 
with Ag film exhibit around five times higher enhancement 
due to the higher density of CuO NWs providing the larger 
surface area to be attached with Ag nanoparticles, which can 
serve as hotspots for enhancing Raman signals. It should be 
noted that 15 nm Ag film can form nanoparticles on CuO NWs, 
while the thicker Ag film (45 nm) can only result in continuous 
film structures, which are not beneficial for improving SERS 
signals (Figure 4b). In order to demonstrate the superiority 
of pulsed laser processed Cu sheet for growing CuO NWs on 
SERS activity, Figure 4c compares the SERS performance of 
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Figure 3. a) XRD patterns of (1) Cu sheet, (2) Cu sheet treated at a laser fluence of 15 J cm−2, (3) Cu sheet treated at laser fluence of 30 J cm−2, 
(4) and (5) Cu sheet with laser treatment (15 and 30 J cm−2) and subsequent thermal oxidation, and (6) Cu sheet after thermal oxidation. b) XPS spectra 
of Cu 2p3/2 for the product with the laser pretreatment and subsequent thermal oxidation. c) Reflectance spectra of the Cu sheets treated at different 
laser fluences and subsequent thermal oxidation. d) Reflectance intensity at the wavelength of 950 nm for oxidized Cu sheet with and without laser 
pretreatment after ten cycles’ tape test. The period is 30 µm for the sample with laser pretreatment. The temperature of thermal oxidation is 450 °C 
for 2 h. (Laser parameters: τ = 5 ns, PRR = 90 kHz, laser spot size ≈20 µm, and v = 5 mm s−1).
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the hybrid Ag and oxide Cu-based composites at different laser 
fluences, while Figure 4d depicts the corresponding change 
of average SERS intensity at the 1580 cm−1 Raman band. It 
is found that when the laser fluence reaches 15 J cm−2, the 
SERS signals demonstrate the maximum enhancement, 
which is around 300% higher than that of Ag nanoparticles 
deposited onto the thermal-oxidized Cu sheet surface without 
laser pretreatment. However, the SERS signals become lower 
by increasing the laser fluence. When the laser fluence is up 
to 30 J cm−2, the SERS signals are very weak (only ≈70 counts) 
for 1580 cm−1 peak. This phenomenon is because the higher 
laser fluence results in the deeper depth (tens of µm) of micro-
grooves, which enables the SERS signals being confined inside 
the higher microgrooves and can hardly be collected. Further-
more, the microgrooves induced by the higher laser fluence 
can only grow very lower-density CuO NWs, providing limited 
surface areas to be attached with Ag nanoparticles and then the 
fewer hotspots to enhance SERS signals.

In practical applications, it is highly crucial to realize renew-
able SERS substrates, which can be self-cleaned for reproduc-
ible SERS detection. To achieve such a promising goal, it is first 
essential to evaluate the photocatalytic performance of the as-
fabricated ternary Ag/CuO NWs/Cu2O composites. Figure 5a 
demonstrates the absorption spectra of malachite green (MG) 
analytes degraded by the ternary Cu oxide-based composites at 
different time intervals driven by visible light irradiation. Due 
to its potential risks on human health including carcinogenic 

probabilities and organ damages, MG has been restricted in 
use among aquaculture and industries. It is observed that the 
absorption intensity of MG decreases apparently, indicating 
the decomposition of MG by the ternary Ag/CuO NWs/Cu2O 
hetero junctions. The time-dependent concentration of MG 
relative to its initial concentration (C/C0) catalyzed by different 
composites is plotted in Figure 5b. Obviously, the degradation 
efficiency of Ag/CuO NWs/Cu2O composite is much faster 
than others. Such prominent photocatalytic performance of the 
ternary catalyst can be primarily attributed to the narrow band-
gaps of Cu2O (2.2 eV) and CuO (1.7 eV) composites, both of 
which are capable of enhancing the absorption of broadband 
visible light, leading to the production of electron–hole pairs 
(Figure 5c). The photogenerated electrons are then transferred 
from Cu2O to the conduction band (CB) of CuO. Simultane-
ously, the holes’ transfer occurs in the reverse direction.[37,43] 
Meanwhile, a portion of photoexcited electrons is moved from 
CB of CuO to Ag, improving the separation efficiency of charge 
carriers.[37] The photoinduced electrons and holes allow the 
formation of superoxide radical anions (O2

•−) and hydroxyl 
radicals (OH•), respectively, which can principally decompose 
organic species into CO2 and H2O.[37] Furthermore, the large 
surface areas of CuO NWs as well as the hedgehog-like and 
dual-scale micro/nanostructures boost light–matter interac-
tions. The synergistic effect of these factors contributes to the 
improved decomposition efficiency of MG molecules by the 
ternary Ag/CuO NWs/Cu2O composite under the irradiation 
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Figure 4. a) SERS spectra of 4-MBT molecules adsorbed on different substrates (without laser processing). b) SEM images of Ag films at the thickness 
of 15 and 45 nm deposited onto the CuO NWs. The scale bars are 100 nm. c) Influence of laser fluence on SERS performance. d) Average SERS intensity 
at 1580 cm−1 Raman band at different laser fluences. The error bar lines denote the standard deviation from five measurements. The temperature of 
thermal oxidation is 450 °C for 2 h. All the SERS spectra are obtained at the laser excitation wavelength of 514 nm, power 0.15 mW, acquisition time 
10 s, and accumulation time 1. (Laser parameters: τ = 5 ns, PRR = 90 kHz, laser spot size ≈20 µm, and v = 5 mm s−1).
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Figure 5. a) UV–vis absorption spectra of MG solution degraded by the ternary Ag/CuO NWs/Cu2O composites. b) Time-dependent photodegradation 
efficiency of MG without photocatalysts and in the presence of Cu sheet, Cu sheet after laser ablation, Cu sheet with laser ablation, and subsequent 
thermal oxidation and Cu sheet with laser ablation and subsequent thermal oxidation decorated with Ag nanoparticles. c) Schematic illustration of 
broadband visible-light-driven recyclable SERS and mechanisms of the photodegradation. d) Optical images of oxidized Cu sheet with (I) and without 
(II) laser pretreatment in the photodegradation after 10 min. The dashed circle line denotes the debris exfoliated from the oxidized Cu sheet. e) SERS 
spectra of MG before and after self-cleaning measurement and f) corresponding average Raman intensities at 1621 cm−1 after seven times’ recycling 
test.
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of visible light. Notably, the Cu sheet after the laser ablation 
demonstrates good photodegradation performance because 
of the formed Cu oxide-based compounds, which can be veri-
fied by the aforementioned XRD patterns. It should be noted 
that Cu sheet also exhibits slight photocatalytic activity due to 
a thin oxide layer on the pristine Cu sheet.[51] Significantly, the 
black debris is observed in the reaction container degraded by 
the ternary composite after 10 min without laser pretreatment 
due to the exfoliation of oxide composites, while the other 
one exhibits purer solution with laser pretreated composites 
because of the enhanced interfacial adhesion (Figure 5d). Such 
phenomenon implies that the Cu sheet pretreated by the laser 
and subsequent thermal oxidation can endure multiple cycles 
of photodegradation and the SERS performance is expected 
to be preserved. Therefore, the as-fabricated ternary Ag/CuO 
NWs/Cu2O composite not only demonstrates superior SERS 
detection capability but also exhibits excellent photocatalytic 
activity as well as intensive interfacial adhesion. These three 
features are expected to be coupled to construct the recyclable 
and durable SERS systems.

Figure 5e depicts the SERS spectra of MG adsorbed onto 
the ternary Cu oxide-based composite before and after visible 
light irradiation. It can be observed that the Raman peaks of 
MG molecules can be clearly distinguished before the visible 
light irradiation. When the SERS substrate is illuminated 
under the visible light, the SERS signals of MG almost dis-
appear because of the photodegradation of adsorbed ana-
lytes. Furthermore, the reattachment of molecules is able to 
recover the similar SERS spectrum. Finally, after seven cycles’ 
measurement, the as-fabricated SERS substrates can still pre-
serve high SERS activity (more than 85%), which is accept-
able to satisfy the requirement of recyclable SERS detection 
(Figure 5f). The slight degradation of SERS performance is 
probably due to the dissolution of partial Ag nanoparticles 
in the solution, leading to the reduction of hotspots. These 
results indicate that our as-fabricated reusable SERS sub-
strates driven by the broadband visible light are expected to 
serve as environment-friendly biosensors to be applied in 
remote and resource-limited settings.

Although multiple reusable SERS substrates have attracted 
great research attentions in recent years due to their self-
cleanable characteristics based on strategies of thermal 
annealing,[52,53] UV-light cleaning,[11,29,30,36] or ethanol-assisted 
desorption,[54] the broadband visible-light-driven recyclable 
SERS detection still remains a virgin land. Our work employs 
the hedgehog-inspired and narrow bandgap of Cu oxide-based 
nanostructures as the backbone. Different from traditional 
CuO NWs grown from flat Cu substrates, this work applies 
nanosecond pulsed laser processing for texturing Cu sheet, 
allowing the formation of microgrooves array. The oxidized 
Cu composites not only demonstrate enhanced and extended 
visible light absorption but also show intensive interfacial adhe-
sion. These superior and distinct features afford remarkable 
opportunities to achieve reusable SERS substrates driven by 
the broadband visible light. Furthermore, the designed perfor-
mance-enhanced thermal-oxidized Cu sheet can be extended 
toward a variety of promising applications, such as field emis-
sion,[55] gas sensing,[56] energy storage,[57] as well as pyroelec-
tricity generation.[58]

3. Conclusions

In conclusion, we have successfully realized broadband vis-
ible-light-driven recyclable SERS substrates through CuO 
NWs/Cu2O hetero-nanostructures as the building block. Via 
employing the nanosecond laser ablation and subsequent 
thermal oxidation on the Cu sheet, the hedgehog-like and 
higher density of CuO NWs are created on the skin of laser-
induced microgrooves array. The as-fabricated CuO NWs not 
only exhibit the enhanced adhesion on the in situ substrate but 
also demonstrate the boosted absorption of visible light even 
extended to the near-infrared range, which affords an excel-
lent backbone for self-cleanable SERS substrates. After the 
decoration of Ag nanoparticles, the hedgehog-like SERS sub-
strates demonstrate more than 15 times higher enhancement 
in comparison with that of Ag nanoparticles deposited onto 
the flat Cu sheet, which is primarily attributed to the higher 
density of CuO NWs with larger aspect ratios. Furthermore, 
the as-prepared SERS substrates composed of ternary Ag/CuO 
NWs/Cu2O can be self-cleaned through the photodegradation 
process to decompose analytes under the visible light illumina-
tion, leading to the realization of recyclable SERS substrates. 
Our multiple reusable SERS substrates with distinct features 
of broadband visible-light-driven capability as well as the facile 
fabrication strategy are conceivable to be applied in the remote 
and resource-limited environments for next-generation POC 
diagnostics.

4. Experimental Section
Preparation of Ag/CuO NWs/Cu2O Composite: The copper sheet with 

a thickness of ≈150 µm was cut into pieces of around 2 cm × 2 cm and 
cleaned with distilled water, followed by nitrogen drying. A nanosecond 
pulsed laser ablation system was applied to create microgrooves array 
on the Cu sheet in ambient air. The laser wavelength is 1064 nm with 
the pulse duration (τ) of 5 ns, pulse repetition rate (PRR) of 90 kHz, 
laser spot size of ≈20 µm, and laser scanning speed of 5 mm s−1. A 
hotplate was then employed to heat the corresponding copper sheets 
in ambience. The temperature of the hotplate can be tuned to 
arbitrary temperatures. An IR camera was used to monitor the surface 
temperature of the hotplate. The Cu sheet after the laser processing 
was then heated on the hotplate to allow the growth of CuO NWs/Cu2O 
composite. For comparison, Cu sheet without laser irradiation was also 
heated to fabricate oxide Cu composites. Finally, Ag nanoparticles were 
deposited by a BOC Edwards AUTO 306 electron-beam evaporator 
on the as-fabricated binary CuO NWs/Cu2O for SERS detection. The 
vacuum was pumped down to 4.0–5.0 × 10−6 Pa with the deposition rate 
at 0.06 nm s−1. A quartz crystal oscillator was applied to monitor the film 
thickness.

Characterization: Field emission scanning electron microscope 
(FESEM, JEOL FEG JSM 7001F) was applied to untangle the 
morphologies of Cu sheet surface irradiated by the laser, as well as the 
distribution of Cu NWs. The hybrid nanostructures were investigated 
by XRD (X’ Pert PRO MRD) with CuKα radiation at a voltage of 40 kV 
and current of 40 mA. The scan range is from 10° to 30° at a step size 
of 0.02° and time per step of 10 s. A CRAIC UV–vis–NIR micro-
spectrometer QDI 2010 was employed to obtain absorbance spectra of 
the hybrid nanostructures from 300 to 950 nm. To evaluate the adhesion 
of laser-assisted growth of CuO NWs on the Cu sheet, a scotch adhesive 
tape was attached onto the sample surface and then peeled off slowly.

SERS Capability Characterization: To evaluate the SERS performance 
of the heterostructured Ag/CuO NWs/Cu2O composites, the 
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nanostructures were functionalized with a self-assembled monolayer 
of 4-MBT. The SERS-active substrates were submerged inside a 
10 × 10−3 m 4-MBT solution made with ethanol for 8 h to allow the 
formation of self-assembled monolayer and then rinsed in an ethanol 
solution for 30 s, followed by nitrogen drying.[59] A Renishaw 2000 
Raman imaging microscope equipped with a 514 nm continuous wave 
(CW) laser was used for all experimental characterization. The Raman 
signals were collected through a 50× (NA = 0.8) microscope lens and 
detected by a thermoelectrically cooled CCD array. The intensity of laser 
power is ≈0.15 mW with acquisition time of 10 s and accumulation time 
of 1. The spectral resolution is 1 cm−1.

Photocatalytic Activity Measurements: The photocatalytic performance 
of the as-prepared Ag/CuO NWs/Cu2O composites (effective surface 
area: 2 cm × 2 cm) was evaluated by degradation of MG, a hazardous 
dye widely applied in aquaculture. The sample was immersed in 
MG solution (10−5 m, 10 mL) and retained in dark for 30 min to reach the 
adsorption equilibrium. The above solution with the sample was then 
irradiated under a xenon lamp equipped with a 400 nm cut-off filter. The 
UV–vis spectrophotometer was applied to monitor the concentration of 
MG every 20 min. To make a comparison, the photocatalytic efficiency 
of the pure Cu sheet, laser-processed Cu sheet, pure Cu sheet after 
only thermal oxidation, and laser pretreated Cu sheet after subsequent 
thermal oxidation was also characterized.

Recyclable SERS Characterization Driven by Broadband Visible 
Light: For recyclability demonstration, the fresh Ag/CuO NWs/Cu2O 
composites were first adsorbed with MG molecules (10−5 m) for SERS 
measurements. Then, the above samples were immersed into deionized 
water on a stir plate and illuminated by the xenon lamp for 1 h. To 
remove the residual ions and small molecules, the composites were 
rinsed with deionized water for several rounds and dried by nitrogen. 
Finally, the substrates were applied to detect MG under the same 
experimental conditions. Such cycle was repeated for seven rounds for 
recyclable SERS detection. For the recyclable SERS characterization, the 
intensity of laser power is ≈1.5 mW with acquisition time of 10 s and 
accumulation time of 1.
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