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This study has successfully prepared three kinds of surface enhanced raman scattering (SERS)
substrates, namely AgNP/CuNPs/Bragg-PSi (porous silicon, PSi), AgNPs/CuNPs/PSi and AuNPs/
CuNPs/Bragg-PSi by use of an anode electrochemical etching method and a dip plating method.
Results show that: the AgNPs/CuNPs/Bragg-PSi substrate has optimal SERS performance and is
capable of detecting the Raman spectrum (R?> = 0.9315) of a 107> M-10"* M crystal violet (CV)
solution. By virtue of optimizing the concentration of copper nitrate for soaking the AgNPs/CuNPs/
Bragg-PSi substrate and the annealing temperature for the AgNPs/CuNPs/Bragg-PSi substrate, this
study has explored the influence of different preparation conditions on the performances of the
substrate. Results show that: the optimal soaking concentration of the copper nitrate solution is
0.75 M, and the AgNPs/CuNPs/Bragg-PSi substrate annealed at 180 °C shows a more uniform
microscopic structure and a stronger surface-enhanced effect. Finally, the annealed AgNPs/CuNPs/
Bragg-PSi substrate is capable of realizing the high-sensitivity detection (R*> = 0.9898) on diphenyl
phthalate within a concentration range of 107* M to 10~° M. The AgNPs/CuNPs/Bragg-PSi substrate
has the advantages of easiness and convenience in preparation, low cost, high sensitivity and the like,
thus providing a broad prospect for application of SERS technology in the fields of chemical analysis
and biological analysis and laying a foundation for developing more sensitive and reliable detection

Received 29th June 2024
Accepted 22nd November 2024

DOI: 10.1039/d4ra04726e

rsc.li/rsc-advances methods.

Open Access Article. Published on 03 January 2025. Downloaded on 4/9/2026 3:55:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

1 Introduction

As one of phthalic acid ester (PAEs) plasticizers, diphenyl
phthalate (DPHP) is a white crystalline solid insoluble in water
and has wide application value in teh plastics industry™* and
synthesis of polymer materials.>* However, studies show that
DPHP may has adverse effects on the human reproductive
system,” endocrine system® and nervous system,”® therefore
rapid and accurate detection on DPHP is quite important.>*® At
present, common detection methods include high performance
liquid chromatography (HPLC),""**> gas chromatography-mass
spectrography (GC-MS),** enzyme-linked immunosorbent
assay'*" and the like, however these methods have the prob-
lems of complex sample pretreatment, long detection time,
relatively expensive detection equipment and the like. There-
fore, seeking a more efficient, rapider and low-cost method has
important significance in guaranteeing the product quality and
the human health.
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In recent years, the Surface Enhanced Raman Scattering
(SERS) technology has attracted wide attention due to a series of
advantages such as high detection sensitivity, high resolution
and strong stability.*® The SERS technology can realize the rapid
detection on trace analytes by enhancing the Raman vibration
signal of molecules,” and it shows great application potential in
biomedicine, environmental monitoring, food safety and other
fields."®>

In preparation of the SERS substrate, the Bragg-PSi substrate
has excellent optical properties and structure stability.”* Bragg-
PSi was modified with metal nanoparticles,” thus the SERS
signal was significantly enhanced by use of the localized surface
plasmon resonance (LSPR) effect of metal nanoparticles.>
Meanwhile, thermal annealing is a common post-processing
method.” By controlling the annealing temperature and time,
the morphology and distribution of nanoparticles can be
effectively regulated, thus significantly improving the strength
and stability of SERS signals.

In this study, the AgNPs/CuNPs/Bragg-PSi substrate opti-
mized by thermal annealing was used to achieve high-sensitivity
detection on CV and DPHP,*® thus providing a new idea and
method for the application of the SERS technology in environ-
mental analysis and biological detection, and exploring its
practical application potential in high-sensitivity analysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra04726e&domain=pdf&date_stamp=2024-12-30
http://orcid.org/0009-0005-3798-5338
https://doi.org/10.1039/d4ra04726e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04726e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015001

Open Access Article. Published on 03 January 2025. Downloaded on 4/9/2026 3:55:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2 Experimentation part
2.1 Materials

AgNO; (99.8%), Cu(NOs),-3H,0, chloroauric acid, acetone,
hydrofluoric acid and alcohol were purchased from Sinopharm
Chemical Reagent Co., Ltd. The CV and DPHP were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd, and
monocrystalline silicon was purchased from Tianjin Institute of
Conductor Technology (Tianjin, China). All chemicals were of
analytical grade and used without further purification.

2.2 Preparation of SERS substrate

2.2.1 Preparation of monolayer and multilayer porous
silicon. In the experiment, p-type boron-doped monocrystalline
silicon (crystal orientation <100>, resistivity 0.03-0.06 Q-cm,
thickness 400 + 10 um) was adopted, and the experiment steps
were as follows: cutting silicon wafers into squares of 2 cm x
2 cm, putting the silicon wafers into beakers, adding acetone
and ethanol respectively, and cleaning the silicon wafers in an
ultrasonic cleaning machine for 15 min so as to ensure the
surface cleanliness and smoothness of the silicon wafers;
preparing an etching solution (HF: C,H;OH = 1:1), shaking
the etching solution evenly and then standing the etching
solution; fixing the cleaned silicon wafers into a single-tank
anode electrochemical etching device, pouring the etching
solution into the etching tank in which the silicon wafer was
fixed, and preparing a single-layer porous silicon structure by
setting the current density to 80 mA em ™ and the etching time
to 16 s through the Labview procedure (National Instruments,
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Fig. 1 The preparation and detection process of the SERS substrate.
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Ltd, USA); setting the current density of a layer with high
refractive index and a layer with low refractive index to 65 mA
em > and 115 mA ¢cm ™ respectively and the etching time to
1.2 s and 1 s respectively, and repeating 12 cycles so as to
prepare a Bragg-PSi structure; taking out the prepared porous
silicon substrate from the etching tank; and cleaning the
porous silicon substrate with ethanol and deionized water
respectively for later use.

2.2.2 Binding of metal nanoparticles onto porous silicon
substrate. In the experiment, a dip plating method was adopted
for fixing metal nanoparticles to the surface of porous silicon,
and the specific operations were as follows: respectively
preparing Cu(NO;), solutions with concentrations of 0.1 M,
0.25 M, 0.5 M, 0.75 M and 1 M, a 0.01 M AgNO; solution and
a 0.01 M HAuCl, solution; soaking the prepared PSi substrate
with the 0.1 M Cu(NOj3), solution for 1 min, rinsing the PSi
substrate with deionized water, then drying the PSi substrate,
soaking the PSi substrate in the 0.01 M AgNOj; solution for 50 s,
then taking out the PSi substrate, rinsing and drying the PSi
substrate, thus preparing a CuNPs/AgNPs/PSi substrate; based
on the same method, sequentially soaking a Bragg-PSi substrate
with the 0.1 M Cu(NOs), solution for 1 min and with the 0.01 M
HAuCl, solution for 50 s, thus preparing a CuNPs/AuNPs/Bragg-
PSi substrate; and then sequentially soaking a Bragg-PSi
substrate with the 0.1 M Cu(NOj3), solution for 1 min and
with the 0.01 M AgNO; solution for 50 s, thus preparing
a CuNPs/AgNPs/Bragg-PSi substrate. Single crystal silicon
undergoes etching with HF and ethanol, resulting in the
formation of porous silicon and the production of a significant
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number of silicon-hydrogen bonds on the surface. These
silicon-hydrogen bonds possess reducing properties, which are
harnessed to reduce CuNPs from a Cu(NOj3), solution onto the
surface of the porous silicon. The preparation method for
AgNPs involves a displacement reaction, and it also utilizes the
remaining silicon-hydrogen bonds on the surface of the porous
silicon to reduce AgNPs.

Single crystal silicon undergoes etching with hydrofluoric
acid and ethanol, resulting in the formation of porous silicon
and the production of a significant number of silicon-hydrogen
bonds on the surface. These silicon-hydrogen bonds possess
reducing properties, which are harnessed to reduce CuNPs from
a Cu(NOs), solution onto the surface of the porous silicon. The
preparation method for AgNPs involves a displacement reac-
tion, and it also utilizes the remaining silicon-hydrogen bonds
on the surface of the porous silicon to reduce AgNPs.

2.2.3 Raman spectrum detection. A confocal Raman spec-
trometer (BWS465-532S, BWTEK) was used to test the to-be-
tested substance. The operations were as follows: under the
conditions of a 532 nm laser, 30% laser power, 10 s integration
time, 3 average times and a 20x objective lens, measuring each
sample of same concentration at different sites for at least 5
times, and then averaging, thus obtaining spectral data; and
before detection, soaking the substrate with a to-be-tested
solution for 3 h, then taking out the substrate, and naturally
drying the substrate at a room temperature for test, wherein the
whole experiment process is as shown in Fig. 1. In the process of
Raman detection, the metal nanoparticles have greatly inhibi-
ted the fluorescence phenomenon of the to-be-tested substance,
but the intensity shift may still occurred due to some environ-
mental influences, resulting in baseline fluctuation. Therefore,
the baseline calibration in BWSpec was uniformly used to
adjust the baseline of the measured spectral information to the
same level, thereby correcting the vertical deviation error
caused by other factors without affecting the relative relation-
ship between Raman peaks.

3 Results and discussion
3.1 Morphological characteristics analysis of SERS substrate

Fig. 2(a) is a surface scanning electron microscope image of the
AgNPs/CuNPs/PSi substrate. The pore size of PSi is about 25 nm,
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and the size of AgNPs is about 50-100 nm. Although the etching
time for preparing the single-layer porous silicon in the three
substrates is the shortest, there are still enough Si-H bonds for
reducing metal nanoparticles. Fig. 2(b) shows the AgNPs/
CuNPs/Bragg-PSi substrate, an AgNPs agglomeration phenom-
enon occurs, thus its uniformity is worse than that of the
AgNPs/CuNPs/PSi substrate; the reason is that this substrate is
of a multi-layer porous silicon structure arranged in 12 cycles,
the etching time is longer, more Si-H bonds are generated on
the surface, and more Cu nanoparticles are reduced, so that an
agglomeration phenomenon occurs during secondary reduc-
tion of Ag nanoparticles, therefore the uniformity is lower than
that of the first structure. Fig. 2(c) shows the AuNPs/CuNPs/
Bragg-PSi substrate, the size of a single Au nanoparticle is
about 50 nm, but it has a relatively uniform morphology size
and arrangement structure. The contrast aims to show that by
virtue of SEM images, it can be clearly observed that the porous
silicon substrate prepared by the anode electrochemical etching
method is successfully compounded with metal nanoparticles.

3.2 Characterization and analysis of SERS substrate

The sensitivity of the prepared AgNPs/CuNPs/PSi substrate, the
prepared AuNPs/CuNPs/Bragg-PSi substrate and the prepared
AgNPs/CuNPs/Bragg-PSi substrate is detected by using CV as
probe molecules. The Raman spectrum of CV usually covers the
wave number range from 400 cm™ " to 1800 cm ™!, wherein the
Raman peak of CV at 1617 cm™ " is the most significant char-
acteristic peak, which represents the Raman scattering of
benzene rings in CV molecules. Therefore, we choose the peak
value at 1617 cm™' as comparative analysis. The following
information can be obtained by comparing the spectra: by
comparing Fig. 3(a) with Fig. 3(c), the results show that the
detection limit of detecting CV by use of the single-layer porous
silicon substrate is 10~® M, while the detection limit under
a Bragg-PSi structure can reach 10" M. It can be found that the
combination of AgNPs and CuNPs on the porous silicon
substrate has a good performance in amplifying the Raman
signal of a substance,*” which is due to the large specific surface
area of the porous silicon structure, thus more SERS active sites
can be provided. However, on the single-layer porous silicon
substrate and the Bragg-PSi substrate, the attenuation degree of
the peak intensity of the Raman signal strength of the single-

Fig. 2
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(a) AQNPs/CuNPs/PSi; (b) AgNPs/CuNPs/Bragg-PSi; (c) AuNPs/CuNPs/Bragg-PSi.
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(a)-(c) respectively show the detection on different concentrations of CV solutions by use of the AgNPs/CuNPs/PSi substrate, the AUNPs/

CuNPs/Bragg-PSi substrate and the AgNPs/CuNPs/Bragg-PSi substrate. (d) Shows the linear fitting between the negative logarithm of the

AgNPs/CuNPs/Bragg-PSi substrate for the CV solution concentration and the linear fitting degree of its Raman peak intensity at 1617 cm™.

layer porous silicon substrate is much greater than that of the
Bragg structure along with the decrease of substance concen-
tration. This is because the Bragg-PSi substrate has excellent
optical properties. Compared with the single-layer porous
silicon substrate, the Bragg-PSi substrate has more pores and
surface areas in the same volume, and the Bragg-PSi substrate
has the characteristics of Bragg diffraction and is capable of
realizing high reflection of lights with specific wavelengths,
which means that the SERS active sites excited on this substrate
can better use the energy of the incident light, thereby
increasing the strength of the SERS signals. However, due to the
low stability of Ag nanoparticles, Au nanoparticles are intro-
duced to prepare the above AuNPs/CuNPs/Bragg-PSi substrate
detection CV solution as shown in Fig. 3(b). Since the obtained
Raman signal is weak, we increase the power of the laser to 80%,
thus obtaining that the detection limit of the AuNPs/CuNPs/
Bragg-PSi substrate for CV is 10™® M. It can be found that
when AuNPs/CuNPs/Bragg-PSi is used as the SERS substrate,
the cost is high and the performance is poor. The reason for this

© 2025 The Author(s). Published by the Royal Society of Chemistry

1

phenomenon is that the generation of SERS effect is related to
the enhancement of the local electromagnetic field on the
surface of the substrate. Raman scattering does not require the
change of dipole moment, but requires the change of polariz-
ability. The laser wavelength used in the experiment is 532 nm,
and due to high polarizability and relatively small impedance
matching in the visible light range, Ag nanoparticles can
enhance the local electromagnetic field of incident lights more
effectively, thereby enhancing the SERS signals; and Ag nano-
particles are more prone to charge transfer than Au nano-
particles, this is due to the better conductivity of Ag, and charge
transfer is also one of the important mechanisms of SERS signal
enhancement. It can enhance the interaction between mole-
cules and nanoparticles. Therefore, the charge transfer effect of
the Ag nanoparticles on the porous silicon Bragg mirror
substrate is stronger, thus the SERS performance is higher.
Therefore, it can be obtained that the AgNPs/CuNPs/Bragg-
PSi SERS substrate has the most excellent SERS performance.
The linear fitting between the negative logarithm of CV solution

RSC Adv, 2025, 15, 388-397 | 391
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concentration and the linear fitting degree of Raman peak
intensity at 1617 cm ™" is as shown in Fig. 3(d). It can be seen
that the intensity of the characteristic peak at 1617 cm™ " also
decreases continuously during the process that the CV solution
concentration decreases from 107° M to 10~ ** M, which is in
a linear relationship (R* = 0.9315), thus indicating that the
substrate has certain accuracy for the detection on the CV
solution concentration. However, due to the agglomeration of
Ag nanoparticles on the surface of the substrate, the
morphology and distribution are not very uniform, therefore
there is still room for improvement in detection accuracy.

3.3 Optimization on soaking concentration of AgNPs/
CuNPs/Bragg-PSi in Cu(NO;), solution

The performance of the SERS substrate is affected by many
conditions. Ag nanoparticles have excellent SERS performance.
The combination of Cu and Ag nanoparticles is selected because
Cu nanoparticles have good electronic conductivity and rich
surface active sites, which can provide more local electric field
enhancement effects, thus increasing the strength of SERS
signals. This is especially beneficial to SERS applications of
detecting low-concentration molecules or enhancing weak
signals, therefore, it is very important to study the influence of
copper nitrate concentration on the performance of the SERS
substrate by changing the immersion concentration of the copper
nitrate solution. As shown in Fig. 4, in preparation of the AgNPs/
CuNPs/Bragg-PSi substrate, the concentrations of copper nitrate
are 0.1 M, 0.25 M, 0.5 M, 0.75 M and 1 M respectively, and the
soaking time is 1 min; by comparing the SERS spectrum of
10~° M CV solution (532 nm laser, 5% laser power, 3 s integration
time, 3 integration times), because less Cu atoms are generated
when the concentration is too low, the influence on the substrate
is less; when the concentration is too high, agglomeration of
CuNPs would be caused, and further the SERS performance of the
substrate is influenced, so that the 0.75 M Cu(NO3), solution is
the best choice; and due to the introduction of Cu nanoparticles

(@)
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and by virtue of adjusting the morphology and structure of the
substrate and optimizing the distribution and arrangement of
nanoparticles, the SERS effect is further enhanced.

3.4 Optimization of AgNPs/CuNPs/Bragg-PSi substrate by
thermal annealing

The prepared AgNPs/CuNPs/Bragg-PSi SERS substrate was
annealed respectively at 80 °C, 160 °C and 240 °C. As shown in
Fig. 5(a), when the annealing temperature was 80 °C, arrange-
ment of Ag nanoparticles began to get more homogenized,
which was due to the fact that annealing made the Ag nano-
particles gradually begin to rearrange on the surface of the
porous silicon Bragg substrate;*® when the annealing tempera-
ture was 160 °C, as shown in Fig. 5(b), the agglomerated Ag
nanoparticles began to break apart, high temperature made the
Ag nanoparticles more active, as a result, the Ag nanoparticles
were rearranged to form a more uniform spherical structure;*
when the annealing temperature was 240 °C, as shown in
Fig. 5(c), the fractured silver nanospheres clustered again, the
spacing became larger, and high temperature made part of Ag
nanoparticles break apart and reaggregate, which was due to
the reason that surface diffusion and surface energy change
caused by high temperature made the interaction of Ag nano-
particles change, the spacing among such reaggregated Ag
nanoparticles became larger, and the SERS performance was
reduced. SERS spectral characterizations were conducted on the
AgNPs/CuNPs/Bragg-PSi substrates after annealing treatments
at 80 °C, 160 °C, and 240 °C in a 10> M CV solution, as shown
in Fig. 5(d). The results indicate that the AgNPs/CuNPs/Bragg-
PSi substrate exhibits the most superior SERS performance at
an annealing temperature of 160 °C. Fig. 5(e and f) respectively
show the mapping image and EDS spectrum of the AgNPs/
CuNPs/Bragg-PSi substrate at an annealing temperature of
160 °C. These images and spectrum reflect the distribution and
proportion of Si, O, Cu, and Ag elements after the annealing
treatment. Wherein the ratio of Cu elements to Ag elements was
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Fig.4 (a) shows SERS spectra of 107> M CV solution soaked in different concentrations of Cu(NOs), solution; (b) shows the relationship between

the concentration of Cu(NOs), solution and its Raman peak intensity at 1617 cm
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Fig.5 (a—c) show SEM images of AgNPs/CuNPs/Bragg-PSi substrates annealed at 80 °C, 160 °C and 240 °C; (d) SERS spectra of AgQNPs/CuNPs/
Bragg-PSi substrates after annealing treatments at 80 °C, 160 °C, and 240 °C for 10> M CV solution; (€) mapping image of AgNPs/CuNPs/Bragg-
PSi substrate after annealing at 160 °C; (f) shows EDS energy spectra of annealed AgNPs/CuNPs/Bragg-PSi substrates.

17.07 : 24.98, and the reason why Cu element content was less To further determine the elemental composition and valence
than Ag element content was that some CuNPs was used to states of the AgNPs/CuNPs/Bragg-PSi substrate, XPS testing was
replace AgNPs. conducted, and the results are as follows. The high-resolution
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Fig. 6 XPS spectra of the AgNPs/CuNPs/Bragg-PSi substrate: (a) O element spectrum; (b) Si element spectrum; (c) Ag element spectrum; (d) Cu
element spectrum.
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spectrum of the O element (O 1s) is shown in Fig. 6(a), with
peaks at binding energies of 532.78 eV and 531.08 eV corre-
sponding to Si-O and metal oxide, respectively. Fig. 6(b) shows
the high-resolution spectrum of Si 2p, with peaks at 103.98 eV
and 102.98 eV corresponding to Si 2py,, and Si 2pj;),, respec-
tively. Fig. 6(c) presents the high-resolution spectrum of Ag 3d,
with peaks at binding energies of 373.68 eV and 367.68 eV
corresponding to Ag® 3d;, and Ag® 3ds,,, respectively. Fig. 6(d)
is the high-resolution spectrum of Cu 2p, with peaks at binding
energies of 952.88 eV and 951.78 eV corresponding to Cu 2py,
for Cu®>" and Cu°, and peaks at 933.28 eV and 932.08 eV corre-
sponding to Cu 2ps, for Cu®>" and Cu®, respectively. These
results provide further evidence that AgNPs and CuNPs have
been effectively loaded onto the Bragg-PSi substrate.

3.5 Measurement of substrate reproducibility and long-term
stability

Reproducibility measurements and time-dynamics studies were
conducted on the AgNPs/CuNPs/Bragg-PSi substrate, as shown

(a)
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in Fig. 7(a) and (b). Fifteen random control groups were selected
for testing, and the average intensity of the 15 measurements
was 35124 (RSD = 2.7%). These experimental results indicate
that the substrate has high reproducibility. The time-dynamics
study results are presented in Fig. 7(c), showing that the SERS
performance gradually decreases with increasing storage time.
The decrease was not significant within the first week, but after
one month, the SERS intensity was reduced by nearly half. This
also demonstrates that the AgNPs/CuNPs/Bragg-PSi substrate
has a certain degree of long-term stability, with good stability
within one week. In summary, the prepared AgNPs/CuNPs/
Bragg-PSi substrate exhibits high sensitivity, good reproduc-
ibility, and stability.

3.6 SERS detection of DPHP

The high-sensitivity AgNPs/CuNPs/Bragg-PSi SERS substrate was
adopted to perform SERS spectrum detection on different
concentrations of DPHP. In this experiment, acetone was used as
a solvent, and the steps were as follows: soaking for 3 hours,
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Fig. 7 (a) Randomly record the SERS spectra of 15 points of the CV solution; (b) the distribution of peak intensity at 1617 cm™ for the SERS
spectra of 15 randomly selected CV solutions, with the green line representing the average intensity; (c) the relationship between the SERS signal
intensity of AgNPs/CuNPs/Bragg-PSi substrates and their storage time.
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Fig. 8 (a) shows SERS spectrum of 107°~10~° M diphenyl phthalate (DPHP); (b) shows linear fitting of the negative logarithm of the AgNPs/

CuNPs/Bragg-PSi substrate to the DPHP solution concentration and its Raman peak intensity at 1388 cm ™.

taking out and naturally drying the substrate for test; at 532 nm
laser wavelength, setting the laser power as 50%, the integration
time as 10 s and the integration times as 3 times; performing
detailed analysis on the measured SERS spectrum; and deter-
mining the Raman frequency corresponding to the DPHP char-
acteristic peak.

In the comparative analysis, several Raman peaks related to
DPHP characteristic peaks were analyzed.** As shown in
Fig. 8(a): 1009 cm " (y(C=C) vibration), 1133 cm "' (y(0-C)
vibration), 1240 em™ " (y(CHj3) vibration), 1279 em ™" (¢(C-0-C)
vibration), 1388 cm ™" (6(CH)/d sym(CHj3)/6(CCC) ring vibration),
1456 cm™' (6 sym(CHj3) vibration) and 1563 cm™' (y(C=C)/y
(ring)/p (ring) vibration). It is particularly noteworthy that the
Raman peak at 1388 cm ™' showed obvious height and sharp-
ness. In order to evaluate the relationship between the DPHP
concentration state and the SERS spectrum, this peak was
selected as the characteristic peak of DPHP for further analysis.
As shown in Fig. 8(b), linear fitting was performed between the
negative logarithm of DPHP solution concentration and its
Raman peak intensity at 1388 cm ™", and the results showed that
there was a good linear relationship (R*> = 0.9898) between the
two, which further verified that the SERS substrate has the
characteristics of high sensitivity and strong accuracy and is
capable of detecting the presence of DPHP.

Comparing the detection ranges of PAEs currently reported,
as shown in Table 1, for the SERS detection of DEHP and DBP,
the AuNP@PDA-MIP/rMo0S,/SPE and ZIFs-67@Ag NWs
substrates exhibit lower detection limits. However, the AgNPs/
CuNPs/Bragg-PSi substrate prepared in this study offers a more
convenient, rapid, and cost-effective preparation method. The
detection limit for DPHP in this study is 1 x 10~° M, which can
be converted to 0.31 ng mL ™" based on the molecular weight of
DPHP (318.32). Compared to other detection methods, SERS
spectroscopy can save more time and also has a broader detec-
tion range and extremely low detection limit.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of the currently reported PAEs detection ranges

Substance Method Detection range
DEHP* SERS =23 x10 "M
DNPP?? MSPE & HPLC 0.1-600 pg L™"
Phthalates* UPLC-ESI-MS/MS 0.5-50 ng mL~*
BBP" ELISA 2.5-2566.3 ng mL "
DBP*? SERS 107%-10 " mol L™*
PHP* SERS =10 mol L™
DIBP*® CL-ELISA 5.0-170.8 ng mL ™"

In summary, this study has successfully realized SERS
detection on DPHP with different concentrations based on the
high-sensitivity AgNPs/CuNPs/Bragg-PSi SERS substrate. The
characteristic peak of the substrate at 1388 cm ' provided
accurate and sensitive analysis results with detectable concen-
trations ranging from 10° M to 10°° M, which further
demonstrated the excellent performance of the SERS substrate
in detecting DPHP molecules, indicating that the technology
can be used for qualitative and quantitative detection at ultra-
low concentrations.

4 Conclusions

This study has successfully prepared the AgNPs/CuNPs/Bragg-
PSi substrate and estimated its performance in detecting the
CV solution and DPHP. Experimental results show that the
porous silicon substrate prepared by use of the electro-
chemical etching method is capable of effectively providing
more SERS active sites, thus realizing high-sensitivity detec-
tion on specific molecules. By virtue of introducing Ag and Cu
nanoparticles onto the porous silicon substrate, the SERS
performance of the substrate is obviously enhanced; espe-
cially in the AgNPs/CuNPs/Bragg-PSi substrate, combination

RSC Adv, 2025, 15, 388-397 | 395
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of the Ag nanoparticles and Cu nanoparticles can provide
more local electric field enhancement effects, and the SERS
signal strength is furthermore increased. In comparison with
other substrates, the AgNPs/CuNPs/Bragg-PSi substrate has
better SERS performance and detection sensitivity. In addi-
tion, the proper annealing temperature can improve the
arrangement of Ag nanoparticles on the substrate and
enhance the stability and consistency of signals. This study
has successfully developed the AgNPs/CuNPs/Bragg-PSi
substrate with excellent SERS performance and made
preliminary verification on its application potential in
molecular detection. These results provide a new possibility
for the application of the SERS technology in biomedicine,
environmental monitoring and other fields, and lay a foun-
dation for further research and development of high-
performance SERS substrates.
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