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Despite much effort to improve the design of surface-enhanced Raman spectroscopy (SERS) 

substrates, it remains a great challenge to develop a general substrate that can separate, 

enrich, and detect diverse targets in real environments. We demonstrate a novel three-

dimensional (3D) superhydrophobic SERS substrate to detect polycyclic aromatic 

hydrocarbon (PAH) pollutants. The unique 3D superhydrophobic SERS substrate was 

produced by a galvanic replacement reaction between nickel foam and auric chloride acid, 

followed by modification with long-chain alkyl mercaptan molecules. Owing to the 3D 

micro-nanoscale hierarchical structure and long-chain alkyl mercaptan molecules, the as-

prepared 3D Au nanoparticles/nickel foam (Au NP/nickel foam) exhibited superhydrophobic 

properties, which may be used to detect PAHs due to the hydrophobic interactions. In SERS 

spectra with this substrate, pyrene could be detected at concentrations as low as 10-8 M. The 

enhancement factor of the 3D SERS substrate for pyrene detection was calculated to be 

about 1.2×104. This 3D hydrophobic SERS substrate enables the ultrasensitive detection of 

various analytes with poor affinity for adsorption on conventional SERS substrates, making 

SERS to a potential and more widely practical analytical technique. Moreover, such 3D 

hydrophobic SERS substrates could be applied as an oil-water separation system for the 

separation, enrichment and sensitive detection of pollutants in real environments. 

 

 

 

Introduction 

Surface-enhanced Raman spectroscopy (SERS) has attracted 

much attention and has been widely applied in recent years, 

because it is a powerful tool for the detection of various 

analytes, with high sensitivity and excellent selectivity in 

comparison to conventional Raman spectroscopy.1-5 Noble 

metals (Au, Ag, and Cu) have been used to fabricate 

conventional SERS substrates. Colloids, with well-dispersed 

nanoparticles of noble metals, can be produced for SERS 

applications by conducting reduction reactions of appropriate 

solutions with sodium citrate.6,7 Although such colloids are 

easily aggregated or precipitated, their synthesis is an intricate 

process, requiring control of the reaction temperature and the 

amount of reactants. To overcome the difficulties in the 

fabrication of SERS substrates and maintain the enhanced 

effects of noble metals, new synthetic methods are required. In 

the last decade, many research groups have developed a range 

of strategies such as sol-gel,1,8 template,9 electron beam 

lithography,10 oblique angle vapor deposition,11 and 

electrodeposition/electrocorrosion12 methods to fabricate new 

types of SERS substrates. Among those SERS substrates, 

porous metallic structures are highly desirable for the detection 

of diverse analytes in terms of high sensitivity, good 

reproducibility, and preferable stability.13-18 

Generally, strong SERS signals are produced only when 

the analytes have a strong affinity toward a SERS substrate. 

Thus, it is a great challenge to detect molecules that lack this 

strong surface affinity. For example, it is difficult to detect 

polycyclic aromatic hydrocarbons (PAHs) by SERS due to their 

low affinity to metallic surfaces. PAHs are well known to be 

carcinogenic, and are common organic contaminants to which 

the skin, lungs, etc., can be potentially exposed. For sensitive 

detection of PAHs by a SERS technique, it is necessary to 

promote the interaction between PAHs and the surface of the 

substrate. There are some recent reports on the detection of 

PAHs by SERS, based on the functionalization of the metal 

surface to bring PAHs into a closer interaction.19-25 For 

example, viologen functionalized Ag nanoparticles have been 

used as SERS substrate to detect PAHs in interparticle hot spots 

with a high sensitivity.25 As most PAHs are soluble in organic 

solvents, but have low solubility in water, it is important to 
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separate and enrich them before SERS detection in a real 

environments. Therefore, we have attempted to construct a 

three-dimensional (3D) SERS substrate based on gold 

nanoparticles supported on a nickel foam (Au NPs/nickel foam) 

that possess both superhydrophobic and superoleophilic 

properties; this substrate can be used as an oil-water separation 

system for the enrichment and sensitive detection of pollutants 

in a real environment. 

Wettability is a significant property of the solid surface26-28 

and a superhydrophobic surface is usually defined that a water 

droplet has a contact angle of greater than 150° and a slide 

angle of less than 10°. Superhydrophobicity of a surface is 

favored by a low surface energy and a micro-nanoscale 

hierarchical structure.29-36 Typically, there are two ways to 

fabricate the superhydrophobic surface; firstly, the construction 

of a micro-nanoscale hierarchical structure,37,38 and secondly, 

the modification of the surface of a solid with low surface 

energy molecules.39,40 Long-chain alkyl mercaptans are a class 

of molecule commonly used to lower surface energy, which are 

usually modified on the surface of the micro-nanoscale 

hierarchical structure to obtain a superhydrophobic surface. Au 

and Ag nanoparticles interact with the sulfhydryl group, 

allowing the alkyl chains to arrange in the hydrophobic 

structure.41 The superhydrophobic surface is an ideal host 

material to detect various types of molecules based on their 

hydrophobic interactions. 

In this study, we demonstrate a simple way to fabricate a 

3D superhydrophobic SERS substrate for the detection of 

PAHs. Taking advantage of the 3D structure of Au NPs/nickel 

foams and the hydrophobic interactions between the 3D 

structure and the PAHs,42,43 the enrichment and high sensitive 

detection of diverse target analytes could be achieved. 

Moreover, the superhydrophobic and superoleophilic properties 

of 3D Au NPs/nickel foams enable the separation of oil/water 

mixtures. Therefore, such a 3D hydrophobic SERS substrate 

can be used as an oil-water separation system for the 

enrichment and sensitive detection of pollutants in a real 

environment. 

 

 

Experimental section 

Materials.  

1-octadecanethiol, pyrene and 1-naphthol were purchased from 

Sigma-Aldrich. Auric chloride acid (HAuCl4) and all the 

solvents used were obtained from Beijing Chemical Reagent 

co. Nickel foam was purchased from Changsha LiRun New 

Materials co. 

Fabrication of 3D Au NPs/nickel foam.  

Nickel foams were soaked by a concentrated ammonia aqueous 

solution for 30 min at ambient temperature. The oxide on the 

surface of nickel foam can be dissolved by the concentrated 

ammonia aqueous solution with rendering metallic luster. To 

remove the redundant concentrated ammonia in the gap of 

nickel foam, rinsing by much more deionized water was 

necessary. Then, nickel foams were soaked in a HAuCl4 

solution with a concentration of 0.001 M to deposit Au 

nanoparticles on the surface of nickel foam by a galvanic 

replacement reaction. After the reaction, the color of nickel 

foam changed from silvery white to golden brown. 

Fabrication of 3D Au NPs/nickel foam modified with 1-

octadecanethiol.  

The as-prepared 3D Au NPs/nickel foam substrates were 

immersed in a 10-3 M ethanol solution of 1-octadecanethiol. 

The 1-octadecanethiol molecules can arrange on the surface of 

as-prepared substrates with chemical absorption to form 

hydrophobic surface. Then, the substrate was washed by a large 

amount of ethanol to remove the surplus 1-octadecanethiol with 

physical absorption, and dried in a flow of nitrogen gas.   

Sample preparation for SERS measurement. 

 The modified substrates were immersed in different 

concentrations of pyrene analytes (from 10-3 to 10-8 M), with 

the solvent of chloroform. After immersion, the substrate can 

be dried at ambient temperature, and then it was used for SERS 

measurement directly. 

Characterization.  

Scanning electron microscope (SEM) was used to characterize 

the morphologies of the as-prepared SERS substrates at 3.0 kV. 

X-ray photoelectron spectroscopy (XPS) data were taken from 

a Thermo ESCALAB 250 photoelectron spectrometer with Al 

Kα X-ray radiation. Raman spectra were measured with by a 

LabRAM ARAMIS SmartRaman Spectrometer with a HeNe 

laser as the excitation line of 633 nm. Data acquisition time was 

30 s accumulation for one substrate. The Raman band of a Si 

wafer at 520.7 cm-1 was used to calibrate the spectrometer. The 

contact angles were obtained from a Dataphysics OCA20 

contact-angle system at ambient temperature. The water (about 

3.0 µL) droplets were dropped carefully onto the modified 

samples. The average contact angle value was taken by 

measuring five different positions of the same sample. 

 

Results and discussion 

Fabrication process and morphologies of the 3D hydrophobic 

SERS substrate 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Schematic illustration for the fabrication process of 

the 3D hydrophobic SERS substrate and its application to the 

detection of PAHs. 

 

Scheme 1 illustrates the fabrication of the 3D hydrophobic 

SERS substrate and detection of PAHs. Au nanoparticles were 

evenly deposited on the surface of nickel foam in a HAuCl4 

solution by galvanic replacement to form a Au NPs/Ni foam. 

The surface of the as-prepared Au NPs/nickel foam was then 

decorated with long-chain alkyl mercaptan molecules to obtain 

the 3D superhydrophobic SERS substrate. 
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Photographs before and after the galvanic replacement 

reaction (Insets, Fig. 1a and b, respectively) confirm the 

deposition of the Au nanoparticles on the surface of the nickel 

foam, the color of the nickel foam changed from silvery white 

to golden brown after the galvanic reaction. SEM images show 

the detailed microstructure of the as-prepared Au NPs/nickel 

foam. Compared with the smooth surface of the naked nickel 

foam (Fig. 1a), the surface obtained following the galvanic 

reaction showed greater roughness owing to the deposition of 

the Au nanoparticles (Fig. 1b). 

 

 

 

 

 

 

 

 

 

 

Figure 1. SEM images of (a) the nickel foam and (b) the as-

prepared Au NPs/nickel foam. The insets in each panel are the 

photos of the samples, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. High-magnification SEM images of nickel foam with 

the deposited gold nanoparticles with 10 min (a, b), 30 min (c, 

d), and 60 min (e, f). The insets in each panel are the 

enlargement, respectively.  

 

We have also studied the influence of the reaction time on 

the morphologies of the as-prepared Au NPs/nickel foam. Fig. 

2 displays the SEM images of the Au nanoparticles deposited 

on the surface of nickel foam with reaction times of 10, 30, and 

60 min, respectively. It is evident that the Au nanoparticles 

increased in size and abundance with increasing reaction time. 

For a reaction time of 10 min, the branches of nickel foam 

appear smooth in the low-magnification SEM image (Fig. 2a). 

However, at higher magnification a small number of Au 

nanoparticle aggregations are evident on the branches of the 

nickel foam (Fig. 2b). With a reaction time of 30 min, a mass of 

Au nanoparticles aggregated on the edges of the branches of the 

nickel foam (Fig. 2c); the highest density of aggregations was 

in the middle of the branches (Fig. 2d). Some Au nanoparticles 

continued to grow and form clubbed and sheet structures (Inset, 

Fig. 2d). Interestingly, the Au nanoparticles grew gradually 

larger to produce leafy profiles when the replacement reaction 

time was increased to 60 min (Fig. 2e). At higher magnification 

(Fig. 2f), these leafy profiles can be seen clearly, and are 

observed to overlap together on the raised part of the nickel 

foam. 

 

Structure characterization and wetting properties of the 3D 

hydrophobic SERS substrate 

 

The chemical composition of the as-prepared Au 

NPs/nickel foam was characterized by XPS measurements (Fig. 

3). The Au 4f7/2 and Au 4f5/2 peaks are observed at about 84.0 

and 87.7 eV, respectively (Fig. 3b), clearly demonstrating the 

presence of Au on the surface of substrate after the galvanic 

replacement reaction. Peaks at about 855.5 and 873.1 eV are 

observed in the Ni 2p region (Fig. 3c). Compared with Ni (0) 

(852.6 eV), these Ni 2p peaks possess higher binding energy, 

indicating the possible presence of Ni2+. The satellite peaks and 

poor intensity in the spectra (Fig. 3c) observed in the high 

binding energy region are also indicative of Ni2+.44,45 The O 1s 

peak is evident at 531.1 eV (Fig. 3d), confirming the existence 

of O2-. It can be concluded that a certain amount of oxide was 

present on the surface of the nickel foam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a) Wide scan XPS spectra of 3D Au NPs/nickel 

foam. (b) The Au 4f region of 3D Au NPs/nickel foam. (c) The 

Ni 2p region of 3D Au NPs/nickel foam. (d) The O 1s region of 

3D Au NPs/nickel foam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The as-prepared 3D SERS substrate modified by 

long-chain alkyl mercaptan molecules to show 

superhydrophobic and superoleophilic properties. (a) Shape of a 

water droplet (about 3µL) on the modified nickel foam; with 

the contact angle of about 152.9°. (b) The dynamic behavior of 

a water droplet on the modified nickel foam, the sliding angle, 
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about 10°. (c) The chloroform droplet can spread quickly and 

permeate over the substrate freely.  

 

Long-chain alkyl mercaptan molecules were used to 

modify the as-prepared 3D Au NP/nickel foam substrates in 

order to obtain the unique wettability and afford the surface of 

the substrate with both superhydrophobic and superoleophilic 

characteristics.46-48 Fig. 4a illustrates the shape of a water 

droplet (about 3 µL) on the modified Au NP/nickel foam. The 

water contact angle was about 152.9° ± 1.1°, demonstrating that 

the surface of the substrate exhibited superhydrophobicity. The 

slide angle of about 10° (Fig. 4b) is also indicative of 

superhydrophobicity. On the surface of the modified Au 

NP/nickel foam, the water droplets were unstable and could roll 

off freely. This specific superhydrophobic property results from 

the micro-nanoscale hierarchical structure and the modification 

with long-chain alkyl mercaptan molecules. Fig. 4c depicts the 

spreading and permeating behavior of chloroform droplets on 

the modified substrates, with a chloroform contact angle of 

nearly 0°. The chloroform droplets can spread quickly and 

permeate freely within 1 s. When more chloroform droplets 

were dropped onto the surface of the modified Au NP/nickel 

foam, they can spread out and drop off the substrate. This 

special phenomenon shows that the modified 3D Au NP/nickel 

foam exhibits superoleophilic characteristics in addition to 

superhydrophobicity, which is very important for the detection 

of hydrophobic molecules.29,49 

The superhydrophobic and superoleophilic properties of 

the as-prepared 3D Au NPs/nickel foam enable it to be used for 

the separation of oil/water mixtures. As shown in Fig. S1, 

chloroform-water and benzene-water separation experiments 

were performed. The 3D Au NPs/nickel foam was put in the tip 

of a syringe, and the chloroform/water or benzene/water 

mixture was placed in it. Because of the superhydrophobic and 

superoleophilic properties of the 3D Au NPs/nickel foam, 

chloroform or benzene could pass through the 3D Au 

NPs/nickel foam and was collected in a vial below, while water 

remained above the 3D Au NPs/nickel foam. No external 

pressure was applied during the separation process. From Fig. 

S1a, it is evident that chloroform could quickly pass through 

the 3D Au NPs/nickel foam because it is greater than that of 

water. When the benzene/water mixture was separated, a pipe 

was employed to facilitate the passage of benzene through the 

3D Au NPs/nickel foam, although benzene is lighter than that 

of water (Fig. S1b). 

SERS spectra of PAHs on the modified 3D Au NP/nickel foam 

substrate 

To observe the signals of pyrene from the 3D Au 

NP/nickel foam substrate modified with 1-octadecanethiol, the 

SERS spectra of the substrate with chloroform and the substrate 

with a 10-3 M solution of pyrene in chloroform have been 

studied. It can be clearly seen from Fig. S2 that pyrene 

molecules could be obviously detected on the surface of the 

substrate of 1-octadecanethiol-modified 3D Au NP/nickel 

foam. The density and thickness of Au nanoparticles on the 

surface of the nickel foam could influence the SERS 

enhancement effect of the substrates. In this work, the chosen 

concentration of the HAuCl4 solution for Au nanoparticle 

deposition was 10-3 M. The Au nanoparticles grew uniformly 

on the surface of nickel foam under such conditions and their 

density could be controlled by the reaction time. Fig. 5 showed 

the SERS spectra of pyrene (10-3 M) on the 1-octadecanethiol-

modified 3D Au NPs/nickel foam substrates with different 

densities of Au nanoparticles. It was found that the SERS 

intensity increases with the increased density of Au 

nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. SERS spectra of 10-3 M pyrene on the 1-

octadecanethiol modified 3D Au NP/nickel foam substrate with 

the different replacement time (10, 30 and 60 min). The 

concentration of HAuCl4: 0.001 M. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. The SERS intensity of the pyrene marker band at 

1405 cm-1 versus the time of soaking in the 1-octadecanethiol 

solution. Each error bar means the standard deviation at five 

different detected positions randomly. 

 

It is well known that the arrangement mode and density of 

1-octadecanethiol molecules are changed by controlling the 

immersion time of the metallic substrate in the 1-

octadecanethiol solution. The number of 1-octadecanethiol 

molecules on the surface of metallic substrates can influence 

the interaction between the 1-octadecanethiol molecules and 

PAH molecules, and thus influence the detection of PAHs. As 

shown in Fig. 6, with increasing immersion time, the Raman 

intensity at 1405 cm-1 (CC stretching/ring stretching) due to 

pyrene first increases, and then decreases. The Raman intensity 

reached a peak for an immersion time of 6 h. With a shorter 

immersion time, the 1-octadecanethiol molecules are arranged 

sparsely on the surface of the Au NPs/nickel foam. On the 

Page 4 of 9Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

incomplete layer of 1-octadecanethiol, the adsorption of PAH 

molecules is not maximized, and the corresponding SERS 

signals are less than maximum intensity. However, when the 

immersion time is greater than 6 h, the 1-octadecanethiol 

molecules can arrange to form a denser monolayer. The 

increased separation of the PAH molecules from the metal 

surface reduces the surface-enhancement effect, and the 

resultant SERS signal is weaker. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. (a) A Raman spectrum of pyrene solid powder, (b)-(g) 

SERS spectra of pyrene with different concentrations by using 

the modified substrates: 10-3, 10-4, 10-5, 10-6, 10-7 and 10-8 M , 

(h) A Raman specturm of the modified substrate without pyrene. 

 

Fig. 7 exhibits the SERS spectra of different 

concentrations of pyrene on the surface of the 3D Au NP/nickel 

foam, and demonstrates that the substrates are suitable for the 

detection of PAH molecules. Even for pyrene concentrations as 

low as 10-8 M, the peaks at 407 (skeletal stretching), 1066 (CH 

in-plane bending), 1241 (CC stretching/CH in-plane bending), 

1594 cm-1 (CC stretching) can still be seen clearly,24 although, 

their relative intensities are much weaker than those obtained at 

higher concentrations. 

The dependence of the SERS intensity at 407, 1240, and 

1405 cm-1 on the concentration of pyrene on the surface of 3D 

Au NP/nickel foam substrate is shown in Fig. 8. The SERS 

intensity of each discriminant peak decreases with pyrene 

concentration, showing a similar trend. The 3D Au NP/nickel 

foam can also be used as the SERS substrate to detect other 

types of PAH derivatives, in addition to pyrene. Fig. S3 and S4 

show the SERS spectra of 1-naphthol on the surface of the 1-

octadecanethiol-modified 3D Au NP/nickel foam, with peaks at 

576, 712, 1385, and 1457 cm-1 clearly attributable to 1-

naphthol. As in the case of 1-naphthol detection, the SERS 

intensity of the bands at 712 and 1385 cm-1 decreases with the 

decreasing 1-naphthol concentration (Fig. S5). Concentrations 

of 1-naphthol as low as 10-6 M can be detected using the 3D Au 

NP/nickel foam as the SERS substrate. 

 

Enhancement factor of the modified substrate  

The enhancement factor (EF) can be defined as49,50: 

�� � �����	/����	�/��
���/�
���� 

where Isurf and Ibulk represent the integrated intensities of the 

equivalent bands of the detected molecule in SERS and 

conventional Raman spectra, respectively, and Nsurf and Nbulk 

represent the corresponding number of molecules effectively 

located in the region of laser beam in the SER and conventional 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. SERS intensity at 1405, 1240 and 407 cm-1 versus the 

concentration of pyrene on the 1-octadecanethiol modified 3D 

Au NP/nickel foam substrate. The enlargement shows the 

concentration range of 5-8 of pyrene on the 1-octadecanethiol 

modified 3D Au NP/nickel foam substrate. Each error bar 

means the standard deviation at five different detected positions 

randomly.  

 

Raman spectroscopy experiments, respectively. Nsurf can be 

obtained from the equation: 

����	 �
�����	���

��
 

where A is the area of laser spot, csurf is the concentration of the 

analyte (here, csurf is 10-5 M), V is the volume dropped on the 

surface of the modified substrate (here, V is 20 µL), NA is the 

Avogadro constant, and A´ is the area of the modified substrate 

(here, A´ is 1 cm2).  

Nbulk can be obtained by the equation: 

�
��� � ���
����� 
The cbulk value can be gained from the molar mass and density 

of the solid analyte ( �
��� �
���/����

���/����
). The effective layer 

depth of laser penetration, h, can be calculated according to the 

confocal feature of the microscope. Within the effective depth, 

each molecule makes a contribution to the Raman signal that is 

the same as the ideal focal plane.50,51 We assume that all 

molecules within the effective depth contribute to the whole 

Raman signal, and therefore, ignore the Raman signal from 

outside of the effective depth. The effective depth can be 

estimated to be 17 µm (1.7×10-3 cm). The molecular weight and 

solid density of pyrene are 202.26 g/mol and 1.271 g/cm3, 

respectively. The intensity of 591 cm-1 band was used to 

calculate the value of the enhancement factor. The normal 

Raman and SERS spectra were measured under the same 

acquisition time, excitation wavenumber, and laser power. In 

conclusion, a value of about 1.2×104 was obtained for the EF 

using the 1-octadecanethiol-modified Au NP/nickel foam 

substrate. 

 

Application of the 3D hydrophobic Au NPs/nickel foam SERS 

substrate  
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As the 3D hydrophobic SERS substrate with unique 

superhydrophobic and superoleophilic properties can be 

obtained on the surface of nickel foam, we can fabricate an oil-

water separation and pollution detection apparatus using this 

special phenomenon. Scheme 2 illustrates such a system. As 

shown in Fig. S6, a mixture of organic solvents with the PAH 

analytes and aqueous solution of salt or a contaminant can be 

separated by the oil-water separation system. The aqueous 

solution containing the salt and contaminant cannot flow 

through the Au NP/nickel foam due to its superhydrophobicity. 

However, the organic solvent with the PAH analytes does flow 

through. The hydrophobic interaction between PAHs and 1-

octadecanethiol results in the adsorption of PAH molecules on 

the surface of the modified 3D Au NP/nickel foam. After the 

completion of the separation step, the 3D hydrophobic substrate 

can be extracted for SERS measurements. Thus, we have 

created a simple measurement system to detect pollutants in 

real environment by the SERS technique. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Schematic illustration for the oil-water separation 

and pollution detection system with the 3D hydrophobic SERS 

substrate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Histograms of the integrated relative intensities at 

1405 cm-1of the pyrene solution with metal ions (Na+, K+, Cu2+ 

and Ca2+) and the pyrene solution without metal ions. The data 

of intensities are the average values at five different positions. 

 

Compared with other SERS substrates such as silver and 

gold sol, the 3D Au NP/nickel foam substrate has a lower 

propensity toward aggregation of small nanoparticles, showing 

an enhanced chemical and structural stability. In addition, the 

3D Au NP/nickel foam is superhydrophobic and acts as an oil-

water separation system to detect pollutants in a real 

environment; it can simultaneously separate, enrich, and detect 

the pollutants in the real environment quickly and efficiently. In 

order to investigate the possibility of interference by metal ions 

in real environments, we tested the simple device for the 

detection of pyrene molecules in solutions with different 

concentrations of metal ions (Na+, K+, Cu2+, and Ca2+). Pyrene 

(1 mM) and metal ion solution with different concentrations 

(0.01, 0.1, and 1 mM) were mixed in an equal volume ratio, and 

passed through the 3D hydrophobic SERS substrate to allow 

the adsorption of pyrene molecules. As shown in Fig. S7 and 

Fig. 9, there is little change to the integrated relative intensities 

of the pyrene bands with changing metal ion (Na+, K+, Cu2+, 

and Ca2+) concentration, indicating that the metal ions have 

little influence on the detection of PAHs. Therefore, the simple 

device can be used to quickly detect the hydrophobic molecules 

in the organic solvent with no need to remove the interference 

from metal ions. In order to verify the detection of PAHs and 

their derivatives through the SERS technique in real 

environment, we have tested the SERS spectra of pyrene and 1-

naphthol molecules on the surface of modified 3D Au 

NP/nickel foam in the tap water, which have been shown in Fig. 

S8 and S9. Moreover, the recovery percent was also calculated 

and summarized in Table S1 and S2. These results indicated 

that the superhydrophobic 3D Au NP/nickel foam could act as 

SERS substrate to detect pollutants in a real environment. 

Conclusions 

In summary, we have proposed a 3D SERS substrate with 

superhydrophobic and superoleophilic properties. The substrate 

could be used as an oil-water separation system for the 

enrichment and sensitive detection of pollutants in real 

environments, with measurements over the concentration range 

of 10-3–10-8 M. The 3D SERS substrate can be simply and 

rapidly synthesized without a complicated preparation process. 

The surface of nickel foam with a micro-nanoscale hierarchical 

structure, on which Au nanoparticles had been deposited, was 

modified with 1-octadecanethiol molecules to produce a 

superhydrophobic and superoleophilic substrate. The 

hydrophobic interaction between 1-octadecanethiol and PAHs 

molecules allowed adsorption and detection of PAHs at 

concentrations as low as 10-8 M. The modified 3D Au 

NP/nickel foam can detect various kinds of PAHs and their 

derivatives, including pyrene and 1-naphthol. It is expected that 

this type of substrate can also be applied to the detection of a 

wide variety of hydrophobic molecules. 
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Graphical Abstract 

A unique three-dimensional superhydrophobic Surface-enhanced Raman spectroscopy substrate 

has been developed, which could be fabricated as a novel oil-water separation system for the 

enrichment and sensitive detection of pollutants in a real environment. 
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