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1. Introduction

A new and facile preparation of 3D urchin-like
TiO,@graphene core@shell SERS substrates
for photocatalytic degradation of RhB+

Nguyen Thi Huyen,? Tran Ai Suong Suong,® Cao Thi Thanh,® Pham Van Trinh, (2 °
Nguyen Van Tu,” Bui Hung Thang,® Tran Van Hau, (29 Pham Thanh Binh,?
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Phan Ngoc Minh,® Hiroya Abe" and Nguyen Van Chuc (2 **®

Here, we present a new and facile method to grow a graphene (Gr) shell layer on the surface of a 3D
urchin-like TiO, core layer (TiO,@Gr) on a silicon (Si/SiO,) substrate as a surface enhanced Raman
scattering (SERS) substrate for detecting and degrading rhodamine B (RhB) under UV irradiation. The
core layer of 3D urchin-like TiO, (UT) was fabricated by a hydrothermal method and a Gr shell layer was
grown on the surface of the TiO, core layer by a thermal chemical vapor deposition (CVD) method with
sodium deoxycholate (SDC) surfactant as a carbon source. The obtained results indicated that the
minimum detectable concentration of RhB on the TiO,@Gr/SERS substrate-coated graphene (UTG) can
reach 1 x 1072 M with an enhancement factor (EF) of 1.3 x 10° The enhancement of the Raman signals
of the UTG can be generated because the graphene acts as the electron acceptor of TiO, and prevents
charge recombination, and provides indirect charge transfer from TiO, to RhB molecules. The UTG SERS
substrate can almost completely decompose RhB with a degradation rate of 0.069 min~t under UV
irradiation at 254 nm within 80 min. The photocatalytic degradation mechanism of UTGs towards RhB
was also presented in detail. The results show that the UTG SERS substrate can be further employed for
detecting substances and degrading hazardous pollutants.

spectrometry (GC-MS),> and high-performance liquid chroma-
tography (HPLC).®> However, UV-Vis spectrophotometry can

To measure the degree and rate of organic contaminant degra-
dation at low levels, a number of analytical approaches have
been developed to monitor the photo-degradation process,
including UV-Vis spectrophotometry, gas chromatography-mass
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detect only the concentration of molecules without detecting
the chemical structure of the molecules during the degradation
of organic contaminants and the intermediates during the
photocatalytic process. Compared to UV-Vis, GC-MS and
HPLC measurements can be used to identify the intermediates
of molecules. Nevertheless, these measurements are still
restricted due to quite complicated, costly testing equipment,
and are time-consuming.! Therefore, it is necessary to develop
an in situ method to detect the chemical structure of molecules
and identify the intermediates during the photocatalytic degra-
dation process of organic contaminants. Recently, the surface-
enhanced Raman scattering (SERS) technique has emerged as a
powerful tool for detecting and analyzing the structure of
chemical and biological molecules due to its high sensitivity,
short analysis times, non-destructive determination, easy sam-
ple preparation, and lack of requirement for sample extraction
and separation.”®

Among semiconductor materials, titanium dioxide (TiO,)
has been extensively used in the photodegradation of environ-
mental pollutants due to its high photocatalytic activity,
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stability, and nontoxicity.”'" However, TiO, has weak SERS
signals for detecting chemical and biological molecules.®”"*>
To improve the SERS signals and photocatalytic activity of the
TiO, material, it is necessary to develop new methods for
producing TiO, and TiO, composite materials with different
sizes, shapes, and crystal structures. Compared to zero dimen-
sional (0D), one dimensional (1D) and two dimensional (2D)
structures, three dimensional (3D) structures of TiO, have
advantages such as high surface area-to-volume ratio, low
aggregation, and easy separation of particles from solution.
Hence, the 3D TiO, can provide more space for adsorbing
analyte molecules and permit the diffusion of analyte molecules
into the structure, and thus will enhance surface reactions.'?
Moreover, to enhance the SERS signals and the photocatalytic
degradation, TiO, has been combined with nanostructured noble
metals (Ag, Au) and/or carbon nanomaterials (graphene, carbon
nanotubes).®"® With high charge carrier mobility, mechanical
flexibility, large surface area, and high absorption of organic
molecules through n-n interactions, graphene (Gr) is a good
candidate for applications in surface-enhanced Raman scattering
(SERS)'*'*"'® and photocatalytic degradation.”'! Due to its unique
optoelectronic and electronic properties, the TiO,-Gr hybrid mate-
rial has emerged as a star material for providing effective charge
transfer (CT) between analyte molecules and the substrate surface
and electron transport in photocatalysis.”'® The TiO,-Gr hybrid
material has been used to enhance both SERS signals and
photocatalytic degradation of environmental pollutants, such as
rhodamine 6G,’ rhodamine B,"” and tetracycline medicine."”

The TiO,-Gr hybrid material can be fabricated by some methods,
such as thermal chemical vapor deposition (CVD),"*?" solvo/hydro-
thermal,®*?* sol-gel,”® and mechanical mixing.***” Among
these above methods, only the thermal CVD method can
synthesize TiO,-Gr hybrid materials with a Gr layer covered
TiO, core to form a TiO,@Gr core-shell structure. Some pre-
vious studies have used carbon sources such as methane gas
(CH,),"®*! acetylene gas (C,H,),>° propylene gas (C;Hg), and
methanol (CH;0H)"® for the fabrication of TiO,@Gr core-shell
structure hybrid materials. However, most previous reports
have only focused on synthesizing graphene layers directly
onto the surface of TiO, nanoparticles**?° or flat TiO, sub-
strates."®*" To the best of our knowledge, a 3D urchin-like
TiO,@Gr core-shell structure hybrid material synthesized by
thermal CVD and used as a SERS substrate to enhance the
Raman signal and photocatalytic degradation of rhodamine B
has not been reported yet.

In the present study, 3D urchin-like TiO, (UT) on a silicon
(Si/Si0,) substrate was fabricated by a hydrothermal method
and a Gr shell layer was grown on the surface of the TiO, core
by the thermal CVD method with sodium deoxycholate (SDC)
surfactant as a carbon source. The fabricated 3D urchin-like
TiO,@Gr core-shell (UTG) samples were used as SERS sub-
strates to detect and decompose rhodamine B (RhB) under
UV irradiation. Furthermore, a possible charge transfer mecha-
nism for the SERS enhancement effect and photocatalytic
degradation mechanism for UTG towards RhB were also presented
in detail.
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2. Experimental
2.1.

Titan tetrachloride (TiCl,, 99%), hydrochloric acid (HCI, 37%),
absolute ethanol (C,HsOH, 99.7%), rhodamine B (RhB, 99%),
ethylenediaminetetraacetic acid disodium (EDTA, 99%), iso-
propyl alcohol (IPA, > 99%), and benzoquinone (BQ, 99%)
were purchased from Macklin Co. Ltd (China). Gases such as
hydrogen (H,, >99%), argon (Ar, >99%) were purchased from
Messer Co. Ltd (Hai Phong, Vietnam). Sodium deoxycholate
(SDC, 96%) was purchased from Fujifilm Co. Ltd (Japan).

Materials

2.2. Fabrication of 3D urchin-like TiO,

The 3D urchin-like TiO, (UT) was grown on a silicon substrate
(Si/Si0,) by a hydrothermal method. Firstly, 10 mL HCI was
added into 10 mL deionized water, and then 0.3 mL TiCl, was
added under stirring for 20 min at 7-10 °C. The obtained
solution was put into a stainless-steel autoclave of 50 mL
volume, followed by placing the Si/SiO, substrates (0.5 cm x
0.5 cm) horizontally on the floor of the autoclave. Then, the
autoclave was kept at 160 °C for 6 h and then naturally cooled to
room temperature. After that, the as-prepared samples were
washed with deionized water and ethanol, dried at 50 °C for
30 min and annealed at 400 °C for 1 h in air, and UT samples
were obtained.

2.3. Fabrication of a 3D urchin-like TiO,@Gr core-shell

The 3D urchin-like TiO,@Gr (UTG) core-shell was fabricated by
the thermal chemical vapor deposition (CVD) method with SDC
surfactant as a carbon source for the growth of a graphene (Gr)
shell layer. Briefly, a mixed solution of 25 pL SDC solution and
ethanol with a ratio of 3:1 was dropped onto the surface of the
TiO, samples. Afterwards, the samples were dried for 24 h at
room temperature. Before the CVD process for growing a
graphene layer, the reactor quartz tube and all gas lines were
purged in Ar gas flow of 300 standard cubic centimeter (sccm)
for 30 min. Then, the TiO, samples covered with SDC were
inserted into a quartz tube and heated at 800 °C with a heating
rate of 10 °C min~' in a mixture of Ar (50 sccm) and H,
(30 sccm) gases for 30 min. After the CVD process, the H, gas
was shut off and the samples were cooled down naturally to
room temperature in Ar gas flow.

2.4. Characterizations

The surface morphologies of the samples were measured by
field emission scanning electron microscopy (FESEM, Hitachi
S-4800, Japan) at an accelerating voltage of 5 kV, and transmis-
sion electron microscopy (TEM, JEM 2100, Joel, Japan) at an
accelerating voltage of 200 kV. The crystal structures of samples
were determined by X-ray diffraction (XRD, D8 Advance, Bruker,
Germany) with Cu-Ko radiation (1 = 1.5406 A) at 40 kv and
20 mA over the 2-theta range of 10°-80°. The energy dispersive
X-ray spectrum (EDS) mapping of the samples was determined
by SEM (JSM-IT800, Joel, Japan). Photoluminescence (PL) spec-
tra were done by using a spectrofluorometer (FL3-22 JobinYvon
Spex, USA).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.5. SERS and photodegradation measurements

SERS and photodegradation properties of UT and UTG core-shell
samples were investigated through detecting the Raman vibra-
tional signals of the RhB molecule. 20 uL of RhB solutions with
various concentrations (10 '~10~° M) were uniformly drop coated
onto the surface of the samples. The photodegradation perfor-
mances of the RhB molecules on the samples under ultraviolet
light (UV) radiation (UV lamp source with parameters: power (66 W),
wavelength (254 nm), length (45 cm), and diameter (2.5 cm)),
manufactured by Medicor, Budapest, Hungary, type (BLF-12) were
measured at room temperature by a Raman spectrophotometer
(LabRAM HR Evolution, Horiba, Japan) using an objective lens of
100x with a 532 nm excitation source. In UV light irradiation, the UT
and UTG core-shell samples on the Si/SiO, substrates were placed
below a UV lamp source with a distance of 5 cm. Procedures of
preparation and RhB degradation of 3D urchin-like TiO,@graphene
SERS substrates under irradiation of UV light are displayed in
Scheme 1. The adsorption and photocatalytic activities of the
samples were also measured via UV-visible absorption spectrophot-
ometer (UV-2450, UV/Vis spectrophotometer, Shimadzu, Japan).

3. Results and discussion

3.1. The morphology, structure and composition
characterization of 3D urchin-like TiO,@Gr core-shell

The morphology, size and microstructure of 3D urchin-like
TiO, (UT) and 3D urchin-like TiO,@graphene (UTG) core-shell
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were observed by SEM and TEM images, as shown in Fig. 1a-d.
It is observed that UTs are covered by numerous nanoneedles,
which grow radially from the core of the microspheres and grow
uniformly on the surface of the Si/SiO, substrate. The diameter
range of the UTs is from 10 pm to 12 pm, as shown in Fig. 1a.
The thickness of the UT layer covered on the surface of the Si/
SiO, substrate is about 65 pm (Fig. 1b). Fig. 1c and d are high-
magnification SEM images of UTs and UTGs, respectively.
Fig. 1c and d indicate that the surface of the UT and UTG
microspheres is very smooth and clean. The HRTEM image
in the inset of Fig. 1c shows that the distance between the
adjacent lattice fringes of the UT crystals is about 0.32 nm. This
distance is attributed to the interplanar distance of rutile TiO,
(110)."®?*3° The nanoneedles are grown along the rutile (110)
crystal plane, and with a preferred orientation in the [001]
direction.>*3°

The hydrothermal reactions of the growth of the rutile TiO,
nanoneedles were as follows:*"*>

TiCl, + H,O — HCI + Tiy) complex (1)
Tiqy) complex <240 Ti0, @)

The presence of abundant amounts of Ti** precursor, H",
and Cl™ ions contributes to the formation of rutile TiO,. The
presence of highly acidic conditions may reduce the hydrolysis
of the Ti source, and the selective adsorption of Cl™ on rutile

TiO,

X

10=0.32 nm

[001]

N\

uopnjos
oas doaq

TiO,@graphene

Scheme 1 Fabrication procedure and RhB degradation of TiO,@graphene SERS substrates under the irradiation of UV light.
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Fig. 1 Surface and cross sectional SEM images (a) and (b) of UTs on the
SiO, substrate, high-magnification SEM images and the insets are HRTEM
images of (c) UTs and (d) UTGs. Schematic illustration of the formation
process of the UTs: (e) nucleation, (f) dissolution and recrystallization, and
(g) self-assembly.

(110) can promote the anisotropic growth along the [001]
direction of rutile TiO,.>*?

As reported previously, the mechanism that is respon-
sible for the formation of the 3D urchin-like TiO, (UT) structure
may follow a process of nucleation, dissolution and recrystalli-
zation, and self-assembly, as shown in Fig. le-g. At the first
stage, amorphous or rutile nuclei of TiO, were formed, and

29,30

EDS Layered Image 2

Fig. 2
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then they coalesced into crinkly spherical units as shown in
Fig. 1le. These TiO, spherical units dissolved and recrystallized
to gradually form TiO, nanoneedles on the surface of the
microspheres (Fig. 1f). Finally, the 3D urchin-like TiO, struc-
tures were formed due to the directional self-assembly of the
TiO, nanoneedles (Fig. 1g).

The thickness of graphitic layer covered TiO, was provided
from the HRTEM image. As shown in the HRTEM image in
the inset of Fig. 1d, a very thin layer graphitic structure
was observed on the surface of the UT. The thickness of the
graphitic layer was about several nm. Furthermore, the presence
of graphitic layer covered TiO, was confirmed by the energy
dispersive X-ray spectroscopy (EDS) elemental mapping (Fig. 2).
The EDS results (Fig. 2a) show that the UTG was composed of Ti,
O and C elements without other elements, and the corresponding
contents are 49.6 wt%, 46.2 wt% and 4.1 wt%, respectively. Fig. 2b
and c suggests that the Ti (orange), O (green), and C (red)
elements were uniformly distributed in the UTGs.

Fig. 3a and b show XRD patterns and Raman spectra of the
UT and UTG samples, respectively. As shown in Fig. 3a, the
prepared UT exhibits main diffraction peaks at 20 = 27.5°, 36.1°,
39.2° 41.3°% 44.1°, 54.4°, 56.7°, 62.8°, and 64.1° corresponding
to the (1 1 0), (1 0 1), (200), (111), (2 1 0), (2 1 1), (2 2 0), (002),
and (310) planes of TiO, rutile (JCPDS no. 01-087-0710).>® The
peaks are sharp and intense, indicating good crystallinity of
TiO,. For UTG, the XRD pattern also shows the main diffraction
peaks of TiO, crystals with rutile phase. However, the diffrac-
tion peaks of graphitic carbon cannot be detected in the XRD
patterns (Fig. 3a). This is possibly due to the small amount of
graphitic carbon grown onto the surface of UT and/or due to
the strong diffraction of rutile TiO,.

Fig. 3b presents the Raman spectra of the UT and UTG
samples. As shown in Fig. 3b, the prepared UT shows the
presence of three peaks at 607 cm ™', 442 cm™ ', and 235 cm ™"
corresponding to the rutile phase.*> The Raman spectrum
of the UTG sample after growth of graphitic carbon also
shows three rutile peaks of TiO, and three important graphitic
bands at ~1330 em™!, ~1600 cm™!, and ~2630-2640 cm ™"

Ti Kal

Sz

1 2.5um

2.5um

(a) SEM image, (b) EDS spectrum, and (c)—(e) elemental mapping images of (c) Ti, (d) O and (e) C elements of UTG.

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

corresponding to the D band, G band, and 2D band, respectively.
The D band and G band are characteristics of structure defects
and sp>-hybridization of carbon atoms, respectively. The 2D band,
the second-order Raman of the D band, is the characteristic band
corresponding to the number of graphitic sheets that form the
multi-layer graphene structure.'®***® These important character-
istic peaks of graphitic confirmed the presence of graphene (Gr)
structures in the crystalline structure of TiO, rutile. Moreover,
compared to the Raman spectrum of the UT sample, there is a
red-shift of about 2 cm ™" for the 605 cm ™" band and about 3 cm ™"
for the 439 cm™"' band. These shifts can be assigned to inter-
actions of TiO, with Gr during the thermal CVD process.'®

3.2. Optical characterizations of 3D urchin-like TiO,@Gr

The optical characteristics of UT and UTG samples were
measured by UV-vis absorption and photoluminescence (PL)
spectra. Fig. Sla and b (ESIt) illustrate the absorption spectra
and optical band gap of the UT and UTG samples, respectively.
As shown in Fig. S1a (ESIt), the absorption edges of the UTG
display a red-shift compared with UT. These shifts can be
assigned to restoration of the n-m conjugation network of the
Gr in the hybrid.** Moreover, the incorporation of Gr into the
TiO, system also reduced the energy band gap of the photo-
catalyst. According to the Tauc equation, the energy band
gaps of UT and UTG were calculated to be around 2.84 eV
and 2.77 eV, respectively. In order to study the recombination
of photo-induced electron-hole pairs, photoluminescence (PL)
measurements were conducted. As shown in Fig. Sic (ESIT), the
PL intensity of UTG was lower than that of UT. This attenuation
is attributed to Gr’s exceptional electron transport properties,
which effectively suppress recombination of electron-hole
pairs, hence enhancing the photocatalytic degradation effi-
ciency of the organic contaminants.*

3.3. SERS characterizations of 3D urchin-like TiO,@Gr

For comparison, the SERS performance of the UT and UTG
samples were studied under the same conditions. The Raman
spectra of the RhB molecule with a concentration of 107> M on
the UT and UTG samples are shown in Fig. 4. For the SERS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SERS spectra of RhB adsorbed on: (a) a Si/SiO, sample with the
concentration of 1071 M, and (b) UT, and (c) UTG samples with an RhB
concentration of 107> M.

substrate of the UT sample, no Raman scattering signals of RhB
molecules are detected. For the SERS substrate of the UTG
sample, the SERS spectrum shows strong signals of RhB
molecules at 1645 cm™ ', 1559 cm ™', 1502 cm™ ', 1354 cm ™%,
1276 cm™ ', and 1194 cm™'. The RhB bands at 1645 cm™?,
1559 cm ™', 1502 cm™ ', and 1354 cm ™! are assigned to aromatic
C-C stretching modes;*® the band at 1276 cm ™" is assigned to
C-H bending vibration, and the band at 1194 cm™ " is attributed
to aromatic C-C stretching.”' ™ The SERS properties show the
remarkably improved SERS activity of the RhB molecules over
the UTG compared to UT. The SERS sensitivity of the UTG
substrate can be evaluated by calculating the enhancement
factor (EF), using the following equation:****°
EF = (Isgrs/Iret) X (Cref/Csgrs) 3)
where Ispps and Irer are the Raman intensities at 1645 cm™* of
RhB molecules adsorbed on the TiO,@Gr/SERS substrates-coated
graphene (UTG) and non-SERS substrate (SiO,). Csgrs and Cger are

Mater. Adv., 2025, 6, 2691-2700 | 2695
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Fig. 5 SERS spectra of RhB adsorbed on UTG samples with the concen-
tration from 107> M to 10° M of RhB.

the corresponding concentration of the RhB molecule dropped
on the SERS substrate (10> M) and non-SERS substrate (10" M).
The EF of the UTG SERS substrate calculated for the strongest
peak at 1645 cm™ ' was 1.3 x 10> of RhB molecules with a
concentration of 107> M.

Fig. 5 shows the SERS spectra of RhB molecules with
concentrations ranging from 10> M to 10~ ° M. It can be found
that the Raman signal intensities of RhB molecules decrease
with decreasing probe molecule concentration and the mini-
mum detection concentration of 10”° M can be detected. The
possible charge transfer mechanism for the enhancement
effect in the SERS spectra of UTG for the RhB molecules is
demonstrated in Fig. 6. The presence of graphene (Gr) in the
UTG hybrid structure acts as the electron acceptor and trans-
porter. The excited electrons of TiO, can be transferred into Gr
from the surface stage energy levels (Ess) of TiO,. The Gr acts as
the electron acceptor of TiO, and prevents the charge recombi-
nation, and provides an indirect charge transfer from TiO, to
RhB molecules. With excellent conductivity, Gr can promote
the transport of charge carriers and the charge transfer effi-
ciency from TiO, to RhB molecules. A strong interfacial charge
transfer between TiO, and Gr would enhance the SERS signals
of the RhB molecules.

3.4. Photocatalytic activity of a 3D urchin-like TiO,@Gr
core-shell

The photo-catalytic activity of UTGs was studied by detecting
the SERS spectra of RhB molecules. The SERS spectra of the
RhB molecules with concentration of 10> M after the decom-
position by UTGs under different UV irradiation times of
0-80 min are shown in Fig. 7a. It can be found that the
characteristic Raman peaks of the RhB molecules were gradu-
ally decreased with increase of the UV irradiation time. During
the degradation process, besides the appearance of the main
characteristic Raman peaks of RhB molecules, some strange
peaks were also observed at different times, such as 593.8 cm™"
(20 min, and 30 min), 732.6 cm ™" (5 min, 10 min, and 20 min),

2696 | Mater. Adv., 2025, 6, 2691-2700
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Fig. 6 Possible charge transfer mechanism of TiO,@graphene/RhB structure.

and 1028.5 cm™' (20 min). These strange peaks could be
contributed from the intermediates formed at the interface of
the UTGs and air. After the UV irradiation time of 80 min,
almost all the peaks of RhB molecules and intermediates had
disappeared completely.

The photo-catalytic efficiency of UTs and UTGs was studied
through the RhB Raman peak intensity located at 1645 cm .
This is a peak which has the strongest intensity of RhB in
the SERS spectra. The photocatalytic rate (k) was evaluated via
In(P/P,) versus the irradiation time (Fig. 7b), where P, and P are
the intensity of the Raman peaks of RhB initially and after
different UV irradiation times, respectively. From the slope
of the fitting curve (Fig. 7b), the photocatalytic rate of UTGs
is about 0.069 min . The photo-catalytic activity of the UTG
SERS substrate for RhB degradation under UV irradiation
was also compared with previously reported SERS substrates
for organic pollutant degradation under different irradiation
sources (Table 1).

The photo-catalytic activity of the UTs and UTGs was also
studied by UV-visible absorption spectrophotometry (Fig. S2,
ESIt). Compared to UV-visible absorption spectrophotometry,
the SERS technique can detect the k values of the chemical
bonds in the RhB structural changes during the course of RhB
degradation at the molecular level, while UV-visible absorption
spectrophotometry can detect only the k value of the RhB in
the bulk solution. To identify the radical scavengers generated
during the photocatalysis reaction, three different capturing
agents were introduced into the reaction mixture, namely

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of photocatalytic activity from different SERS substrates for organic pollutant degradation

SERS substrate for Probe Complete degradation Concentration Degradation
photocatalytic degradation =~ molecule Irradiation source time (min) (mol L) rate (k) min " Ref.
Ag-G-TiO,/ R6G UV (4 > 410 nm) 60 107° 0.0371/ 11
G-Ag-TiO,/ 0.0301/
Ag-TiO,-G 0.0111
Ag/TiO, NTs R6G UV (254 nm) 140 107° 0.02479 47
TiO,/AgNP R6G UV (385 nm) 120 107° 0.029 48
Ag-TiO, nanorods R6G UV (254 nm) 90 107° 0.043 49
2-C5N4/AuNPs R6G Xenon lamp 20 107° 0.1102 50
Ag-TiO, nanotube arrays R6G UV (365 nm) 150 1077 NA 51
ZnO/Ag RhB Xenon lamp, 420 nm 150 107° NA 43
Ag/PDA/ZnO@GMF RhB UV (254 nm) 40 1073 0.0391 52
Ag/TiO, RhB LED light (370 nm) 120 1072 NA 53
TiO,/Ag RhB LED light (370 nm) 90 107° NA 54
Ag,CO3 RhB Mercury-xenon lamp light 30 107° NA 55
CNs/AgNSs@CNQDs-GLs RhB Xenon lamp (400 nm) 80 1077 NA 56
membrane
Ag/Cu,0 RhB Xenon lamp 120 1077 NA 57
Ag@Si0,/CNNDs/EGLs RhB Xenon lamp (400 nm) 20 107° NA 58
TiO,@Gr core-shell RhB UV (254 nm) 80 107° 0.069 This
work

PDA, polydopamine; glass microfibre filters, GMF; CNs, graphitic-carbon-nitride nanosheets; CNQDs, graphitic-carbon-nitride quantum-dots
(CNQDs-GLs); AgNSs, Ag nanospheres; CNNDs, g-C;N, nanodots; EGLs, exfoliated graphene layers.

ethylenediaminetetraacetic acid disodium (EDTA),>°"®! iso-

propyl alcohol (IPA),>*~®* and benzoquinone (BQ).”? %> EDTA,
IPA, and BQ scavengers were used to trap holes (h"), hydroxyl
radicals (*OH), and superoxide radicals (*O,”), respectively.
As depicted in Fig. S3 (ESIT), the photocatalytic degradation
of RhB by UTGs was found to decrease from 98.5% to 40.2%,
57.3%, and 64.6% in the presence of EDTA, BQ, and IPA,
respectively. The k value for the photocatalytic degradation of
RhB by UTGs was found to decrease from 0.046 min~" to
(0.006-0.014 min ') in the presence of scavengers under UV
light irradiation. The order of inhibition of the photodegra-
dation efficiency was EDTA (h*) > BQ (*0,”) > IPA (*OH).
These results suggest that h" and *0,~ radicals play the main
role for the decomposition of RhB, and *OH plays a relatively
minor role in RhB photodecomposition.

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

The photocatalytic degradation mechanism for UTGs towards
RhB is shown in Fig. 8. Under UV light irradiation, the excited
electrons from the surface of TiO, are transferred from the
valence band (VB) of TiO, to the conduction band (CB), to thus
generate electron-hole (e -h") pairs (eqn (4)). The photogener-
ated e~ in the CB of TiO, can be transferred to Gr through
the intimate interfacial contact between TiO, and Gr (eqn(5)).
With good conductivity, Gr will enhance the separation and
lifetime of the e -h" pairs and thus will improve the photo-
catalytic activity of the UTGs. The electrons on the surface of Gr
react with dissolved oxygen (O,) to form radical anions *O,~
(eqn (6)). The photogenerated e on the TiO, surface could also
be trapped directly by the O, to form radical anions *O, . These
radical anions °O,” combine with H,O molecules to form
*OH radicals (eqn (7)-(9)). Meanwhile, the separated holes are

Mater. Adv,, 2025, 6, 2691-2700 | 2697
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Fig. 8 Degradation mechanism for UTG towards RhB.

consumed to oxidize the dye molecules directly. On the other
hand, holes from the VB of TiO, can react with either H,O
or OH™ ions adsorbed on the catalyst surface to generate
highly reactive *OH radicals (eqn (10)). The holes, *O,” and
*OH activated radicals degrade RhB molecules into CO,, H,O
and other intermediates (eqn (11)).°* The major reaction equa-
tions that are involved in the photocatalytic degradation
mechanism for UTG towards RhB are described by eqn (4)—-(11).

TiO, + hv — h' + e~ 4)
TiO, (h" + €7) + graphene — graphene (e”) + TiO, (h")
(5)
Graphene (e”) + O, — graphene + *O,~ (6)
*0,” + H,0 - HO,* + OH™ 7)
HO,® + H,0 — H,0, + *OH (8)
H,0, — 2 *OH (9)
h* + OH™ — °*OH (10)
RhB + h'/°0,7/°OH — CO, + H,0 + intermediates (11)

4. Conclusions

In this work, 3D urchin-like core-shell TiO,@Gr (UTG) was
successfully fabricated on Si/SiO, substrates by a simple hydro-
thermal combined with thermal CVD method using sodium
deoxycholate (SDC) surfactant as a carbon source. The fabri-
cated UTG samples were used as SERS substrates to detect and
decompose rhodamine B (RhB) under UV irradiation. It was
found that the Gr shell played an important role in the proper-
ties of the UTG substrate. The minimum detectable concen-
tration of RhB on the UTG SERS substrate can reach 1 x 10" ° M
with an enhancement factor of 1.3 x 10°. The graphene acts as
the electron acceptor of TiO, and prevents charge recombina-
tion, and provides indirect charge transfer from TiO, to RhB
molecules. Moreover, the UTG SERS substrate can almost com-
pletely decompose RhB with a degradation rate of 0.069 min "

2698 | Mater. Adv,, 2025, 6, 2691-2700
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RhB

under UV 254 nm irradiation within 80 min. The photocatalytic
degradation mechanism for the UTGs towards RhB was also
presented in detail. The results show that the UTG SERS
substrates can be further employed for detecting substances
and degrading hazardous pollutants.
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