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A novel approach for the fabrication of SERS
substrates based on 3D urchin-like TiO,@Gr—
AuNPs architecture
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3D urchin-like titanium dioxide@graphene—gold nanoparticles (UT@Gr—AuNPs) architectures with
a core@shell structure of UT@Gr were successfully synthesized on silicon substrates via thermal
chemical vapor deposition (CVD) technique using sodium deoxycholate surfactant (SDC) as a carbon
source, followed by depositing AuNPs onto the surface of UT@Gr via a cold plasma (CP) process. The
as-prepared samples were characterized by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Raman, X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy (EDS), and
ultraviolet-visible (UV-vis) spectroscopy. Thanks to the hot spots created by the AuNPs onto the surface
of UT@Gr, the UT@Gr—-AuNPs SERS substrates show significantly enhanced SERS sensitivity to detect
hazardous pollutants and pesticide residue substances, e.g., rhodamine 6G (R6G) and malathion with
a low detection limit (LOD) of about 5.86 x 107 M and 2.87 x 1078 M, respectively. Moreover, these
SERS substrates prepared in this study effectively enable in situ SERS monitoring of the R6G and
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1. Introduction

Surface-enhanced Raman scattering (SERS) is an ultrasensitive
tool used for quickly detecting traces of toxic substrates and
pesticide residues in environments, agricultural products, and
foods.'® The SERS signal enhancement is known as electro-
magnetic enhancement (EM) and chemical enhancement (CM).
The EM comes from hot spots in plasmonic metallic nano-
structures with the intensity of the electromagnetic field on
corrugated surfaces of noble metals, such as gold (Au),” silver
(Ag),"** copper (Cu),® palladium (Pd),’ platinum (Pt)," and
rhodium (Rh).** The CM is due to the charge transfer (CT)
between analyte molecules and the SERS substrate surface.’
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Various SERS substrate types with high sensitive based on
nanostructured noble metals have been fabricated by methods
such as vapor deposition,”** chemical reduction,**** electron
beam lithography,"” nanoimprint lithography,'**® and ion-irra-
diation.*® However, these SERS substrate types have limitations
in terms of their reusability due to difficulty in removing the
analyte molecules from the SERS substrate surface. Therefore, it
is essential to develop the SERS substrate types that ensure both
sensitivity and reusability.

In recent years, the titanium dioxide (TiO,) semiconductor
material combined with noble metals has been widely used as
SERS substrates and photocatalysts on the degradation of
various organic molecules. The combination of TiO, material
with noble metals can efficiently separate photogenerated
electrons from holes and decrease the electron-hole recombi-
nation rate, improve the CT efficiency and therefore enhance
the SERS signals. Besides, the combination of TiO, with noble
metals can also improve the self-cleaning and recycling ability
of SERS substrates through photocatalytic degradation in the
presence of visible or ultraviolet (UV) light irradiation.** With
a large surface area, high carrier mobility, outstanding CM
enhancement, and good fluorescence quenching ability, gra-
phene material has also been used as a good SERS substrate.>>**
Therefore, the combination of TiO, and graphene with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Steps for fabrication of UT@Gr-AuNPs SERS substrates: (a) silicon substrates were placed in a steel autoclave containing a mixture
solution of TiCly and HCL (37%), (b) steel autoclave was kept at 160 °C for 6 h and annealed at 400 °C for 1 h in a muffle furnace, (c) thermal CVD
process was performed at 800 °C for 30 min after the UT samples were coated by SDC/C,HsOH solution, (d) plasma process was performed after
the UT@Gr samples were coated by HAuCl, solution, and (e) UT@Gr-AuNPs samples were obtained after annealing at 300 °C for 30 min in Ar gas.

nanostructured noble metals such as Au and Ag can be
considered as one of the promising materials for fabricating
SERS substrates with good sensitivity and self-cleaning ability
for photocatalytic decomposition of analyte molecules."*"*”

In previous publications on graphene@TiO,@noble metals
nanocomposite for SERS and photocatalysis, graphene oxide
(GO) nanosheets synthesized by the modified Hummers'
method were usually combined with TiO, and noble metals
nanoparticles.>*" TiO, and gold nanoparticles (AuNPs) were
decorated onto the surface of reduced graphene oxide (rGO) via
a two-step hydrothermal approach.* Recently, highly sensitive
and good reusability SERS substrates based on silver nano-
particles (AgNPs) decorated TiO, with rGO nanosheets were also
reported.>'>*® Apart from the rGO nanosheets, the graphene
(Gr) films fabricated via the thermal chemical vapor deposition
(CVD) method were combined with TiO, and noble metal
nanoparticles.® Gr films fabricated after the CVD process were
etched and transferred from the copper substrate to the AgNPs/
TiO,NPs SERS substrate. However, TiO, materials used in
previous graphene@TiO,@noble metals composite SERS
substrates have structures of zero-dimensional,’ one-dimen-
sional,? or two-dimensional,*® which may limit the SERS signals

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

and photocatalytic activity. Therefore, the development of novel
methods for the fabrication of SERS substrates based on three-
dimensional (3D) structure material of TiO,@graphene with
noble metals is still demanding and highly necessary.

In this work, 3D urchin-like titanium dioxide@graphene-
gold nanoparticles (UT@Gr-AuNPs) architectures on silicon
substrates were fabricated by growing of Gr shell layer on the UT
core layer via thermal CVD technique using SDC as carbon
source, followed by depositing AuNPs onto the UT@Gr via cold
plasma (CP) process. The fabrication process of UT@Gr-AuNPs
SERS substrates was depicted in Scheme 1. The SERS substrates
based on UT@Gr-AuNPs architectures were used to detect and
decompose rhodamine 6G (R6G) and rhodamine B (RhB)
molecules at room temperature under ultraviolet light (UV, 254
nm) irradiation. These SERS substrates were also used to detect
a pesticide, e.g., malathion.

2. Experimental
2.1. Chemicals

Titanium tetrachloride (TiCl,, 99%), gold(u1) chloride trihydrate
(HAuCl,3H,0, 99.99%), hydrochloric acid (HCI, 37%), absolute

RSC Adv, 2025, 15, 15806-15818 | 15807
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ethanol (C,HsOH, 99.7%), rhodamine 6G (R6G, =99%), and
rhodamine B (RhB, 99%) were obtained from Macklin Co., Ltd
(China). Sodium deoxycholate (SDC, 96%) was obtained from
Fujifilm Co., Ltd (Japan). Malathion was purchased from LGC
(UK, 95%). Gases such as argon (Ar, >99%) and hydrogen (H,,
>99%) were obtained from Messer Co. Ltd. (Hai Phong, Viet-
nam). Silicon wafer (thick: 500 um; Res.: =0.005 Q) was
purchased from Silicon Technology Corp. (Japan). Deionized
(DI) water with a resistivity of 18.2 MQ cm was utilized.

2.2. Preparation of UT@Gr-AuNPs

The synthesis process of UT@Gr-AuNPs SERS substrates was
depicted in Scheme 1. Firstly, 0.3 mL TiCl, was added to a mixture
of 8 mL HCl and 4 mL deionized (DI) water, stirred at 7-10 °C for
20 min. The mixture was then transformed into a Teflon-lined
stainless steel autoclave, followed by placing the silicon
substrates horizontally at the bottom of the autoclave (Scheme
1a). After that, the Teflon-lined stainless steel autoclave was kept
at 160 °C for 6 h and then naturally cooled to room temperature
(Scheme 1b). To obtain UT samples, the as-prepared samples
were washed several times with ethanol and DI water to remove
the other impurities and unreacted chemicals, then the samples
were annealed at 400 °C for 1 h in a muffle furnace in air. For
preparation of UT@Gr samples, an amount of 30 puL SDC/
C,Hs0H mixture solution with a ratio of 3/1 was coated onto the
surface of UT samples. The UT samples coated by SDC were then
placed into the quartz tube for the thermal CVD process. The
thermal CVD process was performed at 800 °C for 30 min in a gas
mixture of Ar/H, (50/30 sccm) (Scheme 1c). After the thermal CVD
process, the samples were cooled down to room temperature in
Ar gas (50 sccm). For preparation of UT@Gr-AuNPs samples, 5 uL
of 0.05 mM HAuCl, - 3H,0 solution was dropped onto the surface
of UT@Gr substrates following by CP process for 3 min in a gas
atmosphere of Ar (0.5 L min™"), a current (3.5 mA), a DC voltage
generator (11 V), and plasma power (0.2 W). The samples were
placed under the CP source with a distance of 0.5 cm (Scheme
1d). After the CP process, the as-prepared samples were annealed
at 300 °C for 30 min in Ar gas, and UT@Gr-AuNPs samples were
obtained (Scheme 1e). The configuration of the CP system was
presented by Xuan et al.*

2.3. Characterization

The surface morphology of the samples was examined by field
emission scanning electron microscopy (FESEM, Hitachi S-
4800) and transmission electron microscopy (TEM, JEM 2100,
Jeol). The crystalline structure of the samples was analyzed by X-
ray diffraction (XRD) recorded on a D8 Advance, Bruker. The
presence of elements was confirmed by an energy dispersive X-
ray spectroscopy (EDS) recorded on a SEM, JSM-IT800, Jeol. The
adsorption of the samples was examined by UV-visible absorp-
tion spectrophotometer (UV-2450, UV/vis spectrophotometer,
Shimadzu).

2.4. SERS activity measurements

SERS activity experiments of UT@Gr-AuNPs were evaluated by
detecting the Raman signals of R6G and malathion molecules.
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20 puL R6G solution (107> M to 10~ '° M) as well as 20 uL
malathion solution with concentration ranging from 10™* M to
1077 M were directly deposited onto the surface of UT@Gr-
AuNPs samples and dried at room temperature in an air
atmosphere. The SERS performance for R6G and malathion on
the UT@Gr-AuNPs samples was estimated via a Raman spec-
trophotometer recorded on a LabRAM HR Evolution, Horiba,
with measurement parameters of excitation wavelength (532
nm), objective microscope (100x), laser power (100 mW), and
laser spot (~1.0 pm). For analyzing the photocatalytic degra-
dation activity of R6G molecules on UT@Gr-AuNPs SERS
substrates, 20 uL R6G solution with 10™° M concentration was
directly deposited onto the surface of UT@Gr-AuNPs SERS
substrates and dried in an air atmosphere. Then, these SERS
samples were placed under an ultraviolet light (UV) lamp (A =
254 nm, 66 W) with a distance of 5 cm. The photocatalytic
degradation activities were also estimated by a Raman spec-
trophotometer. The samples were withdrawn for analysis every
20 min under UV light illumination. All the measurements were
repeated three times to evaluate the repeatability of the fabri-
cated SERS substrates.

3. Results and discussions

3.1. Morphological and crystalline structure
characterizations

The morphological characteristics of the UT, UT@Gr and
UT@Gr-AuNPs samples were determined by SEM, as shown in
Fig. 1. It is observed that UT has a 3D urchin structure with the
length of UT rods of ~5 pum (Fig. 1a). The UT structure remains
after the CVD process for the synthesis of the Gr shell layer
(Fig. 1b). Fig. 1c and d are the SEM images of the UT@Gr-AuNPs
sample with low magnification and high magnification,
respectively. It can be observed that after the CP process, AuNPs
with a diameter of ~10-50 nm are uniformly deposited on the
side and top of the UT nanoneedles. Fig. 1e and f show the
typical TEM images of the UT@Gr-AuNPs nanoneedles with low
magnification and high magnification, respectively. Fig. 1f
indicates that the distance between the lattice of the UT crystal
is 0.32 nm and the thickness of the Gr shell is about 10 nm.

The homogeneous distribution of Ti, O, C, and Au elements
on the surface of UT@Gr-AuNPs sample was determined via
SEM-EDS mapping, as shown in Fig. 2. The EDS results show
the distribution of Ti (cyan), O (green), C (red) and Au (yellow)
elements, and the corresponding contents are 49.3, 39.2, 3.4,
and 8.1 wt%, respectively. The SEM-EDS mapping results show
that the UT nanoneedles core is fully surrounded by the carbon
(C) shell; in addition, AuNPs are also anchored onto the surface
of the UT@Gr nanoneedles.

The crystal structure of the UT@Gr and UT@Gr-AuNPs
samples was determined by XRD, as shown in Fig. 3. As pre-
sented in Fig. 3a, all the main diffraction peaks of rutile TiO, for
all the three samples are observed at 26 = 27.5°, 36.1°, 39.2°,
41.3°, 44.1°, 54.4°, 56.7°, 62.8°, and 64.1° corresponding to the
crystal facets (110), (101), (200), (111), (210), (211), (220), (002),
and (310), respectively.* These diffraction peaks are shaped and
intense with the standard TiO, (PDF no. 01-087-0710). These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of (a) UT, (b) UT@Gr, (c and d) UT@Gr—AuNPs. Typical TEM images (e and f) of UT@Gr—AuNPs.

results show that the crystallinity of UT nanoneedles of UT@Gr
and UT@Gr-AuNPs samples is the same. After the modification
process, the diffraction peaks of Au nanocrystalline in the XRD
pattern of UT@Gr-AuNPs (Fig. 3b) can be seen at 26 = 38.1°,
44.3°, and 64.1°, and they are indexed to the (111), (200), and
(220) planes (PDF no. 01-073-9564), respectively. The above
characterization results confirm that the UT core is completely
covered by the Gr shell via thermal CVD process with SDC as
carbon source. The AuNPs were directly synthesized onto the
surface of UT@Gr samples via the CP method. The mechanism
for the formation of the Gr shell on the surface of UT nano-
needles can be explained as that: at a high temperature of 800 °©
C, SDC decomposed into carbon atoms, and these carbon atoms
precipitated onto the surface of UT nanoneedles to form a Gr

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

shell. The mechanism for the formation of UT structure may
follow a process of nucleation, dissolution, recrystallization,
and self-assembly of the UT nanoneedles.** The mechanism for
the formation of the AuNPs onto the surface of UT@Gr samples
via the reduction of gold ions by pure argon plasma jet is
described below. The reduction of gold ion (Au*") from HAuCl,
solution to form zero-valent gold (Au’) nanoparticles can be
described in three pathways ((a), (b), and (c)):*>*

(a) Electrons generated from plasma can be solvated in H,O
and directly used for the reduction of Au** ions to form Au seeds
that grow into AuNPs.

AUV + 3¢ — A’ @)

RSC Adv, 2025, 15, 15806-15818 | 15809
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(b) Plasma electrons can react with H,O molecules on the
surface of UT@Gr to form hydroxyl radicals (OH"). These OH"
radicals can quickly react to form H,O,. This H,0, can reduce
Au®* ions to form Au seeds that grow into AuNPs, as illustrated
by the following:

eplasma_ + HZO — OH" + H™ (2)
20H" — H202 (3)
3H,0, + 30H™ + Au’" — Au’ + 3HO, + H,O (4)

(c) Electron-hole pairs generated from plasma under UV
light can be used to directly reduce Au** ions on the surface of

15810 | RSC Adv, 2025, 15, 15806-15818
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(a) SEM image, (b) EDS spectrum, (c—f) mapping images of elements for (c) Ti; (d) O; (e) C; (f) Au of UT@Gr—-AuNPs.

UT@Gr nanoneedles or to generate radicals that can subse-
quently be used to reduce Au®** ions.

Raman spectra were recorded to estimate the structure of
UT@Gr and UT@Gr-AuNPs samples. As shown in Fig. 4, Raman
spectra of all the samples show three characteristic peaks of
TiO, at 231, 443, and 608 cm ', and three characteristic peaks
of Gr at 1343, 1578, and 2700 cm . The peaks at 231, 443, and
608 cm ™" are assigned to the TiO, rutile phase.*® The peak at
1343 cm™ ' (D band) is assigned to the presence of structural
disorder and defects in the Gr structure.**** The peak at
1578 cm™ " (G band) is ascribed to the stretching of the carbon-
carbon bonds in the sp” system of Gr structure.®*® The peak at
2700 cm ™" (2D band) is related to the second harmonic of the D

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD spectra of (a) UT@Gr and (b) UT@Gr—AuNPs samples.

band.*® After UT@Gr was modified, all the Raman peak posi-
tions of TiO, and Gr are no change as compared with those of
the UT@Gr sample. However, the Ip/lg intensity ratio for
UT®@Gr was found to be 0.79, and this ratio was lower than for
UT®@Gr-AuNPs (0.91). The increase of the I,/I ratio signals for
UT@Gr-AuNPs is ascribed to the increase in some lattice
defects due to the chemical interaction between AuNPs and
Gr.>

3.2. Optical characterizations

Fig. 5a-c present UV-vis absorption spectra of UT, UT@Gr and
UT@Gr-AuNPs samples, respectively. The absorption edge of
UT was found to be ~380 nm. Compared to UT, the absorption
edge of UT@Gr shifts toward visible region due to strong
interaction between Gr and UT.*® Compared to UT and UT@Gr,

443 gog (@) uT@Gr
(b) —— UT@Gr-AuNPs

2D band

Intensity (a.u.)

T T T T
1500 2000 2500 3000

Raman shift (cm™)

T T
500 1000 3500

Fig. 4 Raman spectra of (a) UT@Gr and (b) UT@Gr—AuNPs samples.
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Fig. 5 UV-vis spectra of (a) UT, (b) UT@Gr and (c) UT@Gr—AuNPs
samples.

UT@Gr-AuNPs shows a broad absorption band (~500-600 nm)
in the visible region. This can be ascribed to the localized
surface plasmon resonance (LSPR) absorption of AuNPs.**** It is
clearly that after addition of Gr and Au, the visible light
absorption is increased.

3.3. SERS characteristics

Fig. 6 presents Raman spectra of R6G with a concentration of
107> M on Si/SiO, substrate (Fig. 6a) and of R6G with
a concentration of 10> M on UT (Fig. 6b), UT@Gr (Fig. 6¢), and
UT@Gr-AuNPs (Fig. 6d) samples. As presented in Fig. 6a and b,
when Si/SiO, substrate and UT are used as SERS substrates,
Raman scattering signals of R6G molecules are not detected. As
presented in Fig. 6c, the Raman spectrum of UT@Gr shows
strong signals of R6G molecules at 611, 771, 1187, 1360, 1506,
1538, 1569, and 1649 cm™ '.** The peaks at 611, 771, and
1187 cm ™! are assigned to the vibration modes of the C-C-C in-
plane bend, C-H out-of-plane bend, and C-H in-plane bend,
respectively.” The peaks at 1360, 1506, 1538, and 1649 cm™ ' can
be attributed to the vibration modes of the aromatic C-C
stretching.**> The peak at 1569 cm ™" is assigned to the N-H in-
plane bend modes.** Compared to the UT substrate without the
Gr shell, the intensity enhancement of R6G Raman signals on
UT@Gr substrate (Fig. 6d) can be explained as follows: the
excited electrons of UT can be transferred into Gr from the
surface stage energy levels of UT. The Gr shell acts as the elec-
tron acceptor of UT and prevents the recombination of charge,
and provides an indirect charge transfer from UT to R6G
molecules. On the other hand, with good conductivity, the Gr
can promote the transport of charge carriers from UT to R6G
molecules. Therefore, a rapid interfacial charge transfer
between UT and Gr would enhance the SERS signals of the R6G
molecules.** More interestingly, when UT@Gr-AuNPs are used
as SERS substrates, the intensity of these Raman signals of R6G
molecules is significantly enhanced by about 6.3 times

RSC Adv, 2025, 15, 15806-15818 | 15811
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Fig. 6 SERS spectra of R6G adsorbed on: (a) a Si/SiO, sample with the
concentration of 1072 M, (b) UT, (c) UT@Gr, and (d)UT@Gr-AuNPs
samples with the concentration of 107> M.

compared with the UT@Gr substrate without AuNPs. This
enhancement can be explained due to the EM enhancement
caused by the surface plasmon resonance (SPR) of the AuNPs.
Fig. 7a shows the Raman spectra of R6G with concentrations of
107° M to 10~ '° M adsorbed on UT@Gr-AuNPs SERS substrate.
Raman signals were collected from the baseline and averaged
from three repetitions. The concentration dependence was
determined by measurement from seven randomly distributed
locations for each concentration of R6G in an area of 10 x 10
pum? on the surface of UT@Gr-AuNPs SERS substrates. It can be
seen that the Raman intensities of R6G increase with the
successive increase in concentration of the probe molecule, as
shown in Fig. 7b.

The enhancement factor (EF) of the SERS substrates can be
estimated via the equation:**¢

EF = (Isgrs/Irer) X (Cref/ CsErs) (5)

where Isgrs and Iger are the Raman intensities of R6G adsorbed
on SERS substrate and Si/SiO, non-SERS substrate, respectively.
Csgrs and Cger are the corresponding concentrations of R6G
dropped on SERS substrate (10> M) and Si/SiO, substrate (10>
M), respectively.

The limit of detection (LOD) of the SERS substrates can be
estimated via the equation:*’

LOD =3 x S,/b (6)

where S,, denotes the standard deviation of the blank sample
(water), b shows the slope of the calibration curve. At the peak of
771 ecm ', the EF using eqn (5) obtained as 1.3 x 10° (UT@Gr)
and 8.6 x 10° (UT@Gr-AuNPs), and the LOD using eqn (6)
obtained as 6.38 x 107'® M (UT@Gr) and 5.86 x 107" M

15812 | RSC Adv,, 2025, 15, 15806-15818
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Fig. 7 (a) SERS spectra of R6G molecules with the concentrations of

107> M to 107 M adsorbed on UT@Gr-AuNPs samples and (b) the
change of peak intensity at 771 cm ! as a function of concentration.

(UT@Gr-AuNPs). Furthermore, the repeatability of SERS
substrates was also investigated. Fig. 8a and b present the
Raman spectra of 10™> M R6G adsorbed on the surface of
UT@Gr-AuNPs for two different batches with five random
measurement points. The relative standard deviations (RSD) of
the SERS intensity at 771 cm ™~ and 1649 cm ™' were found to be
14.8% (Fig. 8c), and 13.1% (Fig. 8e) for batch 1 and 13.9%
(Fig. 8d), and 12.8% (Fig. 8f) for batch 2, respectively. The
proposed UT@Gr-AuNPs SERS substrate could be used for
quantitative detection because the RSD values of this material
were lower than 20%.>%***° In addition to evaluating the SERS
ability to detect the R6G molecules, the UT@Gr-AuNPs SERS
substrates were also used for detecting the concentration of
malathion pesticide residue.

3.4. The photocatalytic activity of R6G molecules on
UT@Gr-AuNPs SERS substrate

Fig. 9a shows the Raman spectra of 10> M R6G on UT@Gr-
AuNPs SERS substrate with UV irradiation times ranging from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SERS spectra of 107> M R6G molecules adsorbed on the surface of UT@Gr—AuNPs for two different batches: (a) batch 1, and (b) batch 2.
The RSD values at peaks: 771 cm™ for (c) batch 1 and (d) batch 2; 1649 cm™ for (e) batch 1 and (f) batch 2.

0 to 80 min. As shown in Fig. 9a, the Raman signals of R6G
gradually disappear with increasing UV irradiation time. The
photocatalytic efficiency of UT@Gr-AuNPs SERS substrate can
be characterized via the R6G Raman peak intensity at 771 cm ™.
The photocatalytic rate (k) of R6G is estimated by In(/1,) versus
the irradiation time (Fig. 9b), where I and I, are related to the
Raman peaks intensity of R6G molecules after different UV
irradiation times and after initial adsorption-desorption

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

equilibrium. Based on the slope of the fitting curve in Fig. 9b,
was estimated to be 0.035 min'. Compared with previously
presented SERS substrates, the UT@Gr-AuNPs SERS substrate
demonstrated efficient R6G degradation under UV irradiation
(254 nm) (Table 1).

The charge transfer and photocatalytic mechanism of the
UT@Gr-AuNPs material towards R6G are shown in Fig. 10.
Under the adsorption light photons of UV lamp source, the
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irradiation time and the logarithm of SERS intensities at 771 cm™* for
the degradation of R6G molecules.

electrons from the surface of UT are excited to produce
electron-hole pairs (e~ and h'), and the AuNPs deposited on
the surface of the UT@Gr could be excited to produce hote™ -
h* pairs. Under the surface plasmon resonance of AuNPs, the
separation of photogenerated e -h" pairs could be
enhanced.”” The photo-generated e in the conductive band
of UT can quickly transfer to Gr as well as AuNPs and react
with dissolved oxygen (O,) molecules of R6G solution to form
radical anions *O, . On the other hand, the photo-generated
holes can be accepted by AuNPs to obtain the separation e/
h* pairs and react with H,O to produce reactive hydroxyl
radicals *OH. These produced radical anions *O,~ combine
with H,O to form *OH radicals, which degrade R6G mole-
cules to CO, and H,0.?>*® The reaction equations involved in
the photocatalytic mechanism are shown by eqn (7)—(15).>*%*

UT+hv —> UT (h" +¢7) (7)
UT (h" +e7) + Gr - Gr(e") + UT (h") (8)
Gr(e)+Au — Au(e) + Gr 9)
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Ref.
50
40
21
51
52
12
22
53
23
54
55
56

Degradation rate (k) min™"
0.0371/0.0301/0.0111

0.029
NA
NA

0.03785

NA
0.02479

0.1102
NA
0.043
NA
0.035

NA

Concentration

(mol L™1)

Complete degradation
time (min)

20
120
80
15
120
60
120
150
180
90
140
60
80

A =365 nm)
A =365 nm)
A =254 nm)
UV (A = 254 nm)

Xenon lamp

(
(
(
(

Xenon lamp (A < 420 nm)
Xenon lamp (2 < 420 nm)
Xenon lamp (A > 400 nm)

Mercury lamp
Xenon lamp

U
UV (A2 = 385 nm)

Irradiation source
UV (A = 254 nm)

\4
uv

uv
uv

Table 1 Comparison of photocatalytic activity towards R6G molecules degradation from different SERS substrates®

“ NWFs, nano forests; NF, nickel foam; TNR, TiO, nanorod array.

SERS substrate for photocatalytic degradation

Ag-G-TiO,/G-Ag-TiO,/Ag-TiO,-G

TiO,-AgNPs
Ag-TiO, nanotube arrays

TiO,/Au nanowire arrays
TiO,/Ag/NF

TiO,-Au-rGO
Au/graphene/Ag@ZnO

Ag-TiO, nanorods

Ag/TiO, NTs

Au-ZnO@NWFs
Ag/GO/TNR

g-C3N,/AuNPs
UT@Gr-AuNPs
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Fig. 10 Ilustration of charge transfer in UT@Gr—AuNPs and the
proposed photocatalytic degradation mechanism of R6G molecules.

AU/Gr (e7) + 05 — Au/Gr + *O,~ (10)
*0,” + H,O—>HO, + OH~ (11)

HO, + H,0— H,0, + *OH (12)
H202 — 2*OH (13)

h* + OH™ — *OH (14)

R6G + *O,” + *OH — CO, + H,O + intermediates  (15)

3.5. The recyclability of UT@Gr-AuNPs SERS substrates

The recyclability of UT@Gr-AuNPs SERS substrates was evalu-
ated through three cycles for the detection of R6G and RhB
molecules under UV (254 nm) light irradiation for 80 min.
Fig. 11a and b show the SERS spectra of 10> M R6G and 10> M
RhB molecules on the UT@Gr-AuNPs SERS substrates before
and after self-cleaning for three cycles, respectively. It can be
seen that the SERS peak intensities of both R6G and RhB
molecules almost decay completely under UV light irradiation
time of 80 min and can be restored after each cleaning and
adsorption of R6G and RhB molecules. This indicated that the
SERS substrates based on UT@Gr-AuNPs exhibit good self-
cleaning under UV light irradiation and highly recyclable
SERS activity for the detection of R6G and RhB molecules.

3.6. Detection of malathion pesticide

Fig. 12a shows the SERS spectra of malathion with the
concentration from 10~* M to 10”7 M. The SERS spectra of these

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 SERS spectra of: (a) R6G (107> M) and (b) RhB (107> M) on the
UT@Gr-AuNPs before and after self-cleaning for three cycles.

samples exhibit some strong vibrational signatures at 724, 1024,
1318, and 1528 cm ™" corresponding to characteristic peaks of
malathion molecules.®*** The Raman signal at these peaks
gradually increases with increasing malathion concentration.
The signal intensity increases with increasing malathion
concentration can be explained due to the fact that at high
concentrations, the malathion molecules are “crowded” and
adsorbed on the substrate surface. The researchers observed
that sulfur atoms of the malathion molecule with a P=S bond
have a strong affinity for Au atoms. This makes the sulfur atoms
of the malathion molecule to significantly participate in the
adsorption process with the SERS substrate surface.®*®* The
characteristic peak at 724 cm ™" corresponded to the stretchings
of y(P=S); »(P-O) was selected to prove the presence of mala-
thion.* Fig. 12b shows the plot of log(Raman intensity) of the
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(b) the change of peak intensity at 724 cm™ as a function of

concentration.

characteristic peak at 724 cm™' versus log(concentration) of

malathion. Using eqn (6), the LOD for detection of malathion
was determined to be about 2.87 x 10~ M in a nearly linear
relationship with R* = 0.988. This LOD value is lower than the
maximum contaminant level of malathion in drinking water set
by the United States Environmental Protection Agency (100 pg
L' (3.027 x 1077 M) for children and 200 pg L™ " (6.054 x 107~
M) for adults)®® and the European Union (20 pg L™" (6.054 x
1078 M)).5¢

4. Conclusions

In this work, 3D urchin-like TiO,@Gr-AuNPs (UT@Gr-AuNPs)
architectures with a core@shell structure of UT@Gr decorated
by AuNPs were successfully synthesized on silicon substrates.
The Gr shell layer formed on the UT core layer was synthesized
via thermal CVD technique using SDC as carbon source. The

15816 | RSC Adv, 2025, 15, 15806-15818
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AuNPs were decorated onto the surface of UT@Gr via the cold
plasma (CP) process. The UT@Gr-AuNPs were used as SERS
substrates for the detection of R6G and malathion. The LODs of
R6G and malathion were determined as 5.86 x 10~ M and
2.87 x 10~ % M, respectively. Moreover, these SERS substrates
prepared in this study effectively enable in situ SERS monitoring
of the R6G and RhB photodegradation reaction and self-
cleaning performance under ultraviolet light (UV, 254 nm)
irradiation.
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