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1 Introduction

Increasing charge transfer of SERS by the
combination of amorphous Al,Oz—Al thin film and
ZnO nanorods decorated with Ag nanoparticles for
trace detection of metronidazole

Le Thi Minh Huyen,®*° Nguyen Thanh Phuc,?® Huynh Thuy Doan Khanh?®
and Le Vu Tuan Hung @ *@°

In this work, we study the charge transfer improvement by the combination of two semiconductors of
SERS. The energy levels of the semiconductor, when combined, become intermediate energy levels that
support the charge transfer from the HOMO to the LUMO level, amplifying the Raman signal of the
organic molecules. The SERS substrates of Ag/a-AlLbOz—Al/ZnO nanorods with high sensitivity are
prepared for detecting dye rhodamine 6G (R6G) and metronidazole (MNZ) standard. The highly
ordered vertically grown ZnO nanorods (NRs) are first developed on a glass substrate by a wet
chemical bath deposition method. Then, ZnO NRs are covered with an amorphous oxidized
aluminum thin film by a vacuum thermal evaporation method to produce a platform with a large
surface area and high charge transfer performance. Finally, silver nanoparticles (NPs) are decorated
onto this platform to form an active SERS substrate. The structure, surface morphology, optical
in the sample are
field-emission scanning electron

properties, and elements

diffractometry,

investigated by Raman spectroscopy, X-ray
microscopy (FE-SEM), ultraviolet-visible
spectroscopy (UV-vis), reflectance spectroscopy, and energy dispersion X-ray spectroscopy (EDS).
Rhodamine 6G is used as a reagent to evaluate the SERS substrates with an analytical enhancement
factor (EF) of ~1.85 x 10'° at the limit of detection (LOD) of 10~* M. These SERS substrates are used
to detect metronidazole standard at a LOD of 0.01 ppm and an EF of 2.2 x 10°. The SERS substrate
exhibits high sensitivity and stability for promising wide application in chemical, biomedical, and
pharmaceutical detection.

MNZ in aquaculture." Therefore, the detection of low MNZ
concentrations is meaningful in the timely management and

In recent years, the aquaculture industry has grown signifi-
cantly. Since then, the use of antibiotics to prevent diseases in
seafood is unavoidable. Due to improper use, including
dosage and type of antibiotic used, antibiotic-resistant
bacteria and antibiotic residues accumulate in seafood.
Metronidazole (MNZ) is an antibiotic belonging to the medi-
cation class of nitroimidazole antimicrobials. Its formula is
CeHoN3;03;. MNZ is used in aquaculture to treat a wide variety
of bacterial and parasitic infections. Data on Antibiotic Use
and Administration in Aquaculture in selected countries/
regions during the FAO conference on 20-21 December 2021
in Rome showed that India and Vietnam banned the use of
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prevention of the use of MNZ in aquaculture to protect
consumers' health.

The most popular analytical techniques are titrimetric
techniques, chromatographic techniques (especially high-
performance liquid chromatography - HPLC), and spectro-
scopic techniques.” In the last few years, the study of surface-
enhanced Raman scattering (SERS) has developed rapidly and
attracted researchers’ attention because of its highly sensitive
and fast Raman responses. This SERS method can detect
chemical residues at very low concentrations. The active SERS
substrates fabricated from the combination of metal and
semiconductor nanostructured materials have attracted much
attention due to the highly enhanced Raman signal for medical
and bioanalytical applications. The enhancement mechanisms
of SERS effect are electromagnetic enhancement mechanism
(EM) and chemical enhancement mechanism (CE). While the
EM mechanism mainly contributes to highly enhanced Raman
signal due to noble metal nanostructure, the CE mechanism

© 2023 The Author(s). Published by the Royal Society of Chemistry
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involves charge transfer (CT) between the SERS substrate and
molecules absorbed on it. Various studies indicate that noble
metal nanoparticles (NPs) such as Pt, Au, Ag, Cu, and even Al
exhibit high enhancement of CE which are related to so-called
“hot spots”. That produces by metal NPs with a spacing of
less than 10 nm on sharp gaps, edges, and tip gaps. For this
reason, various morphologies of SERS substrates such as
nanowires, nanosheets, nanoflowers, nanorods, and various
hierarchical roughed surfaces have been reported in recent
years.*”

Many studies also show that the SERS platforms from
semiconductor substrates are attributed to the CE mechanism.
This is because these platforms not only support CT between
the SERS substrate and the absorbed molecules but also direct
nanostructure morphologies on which the noble metal is
located. Consequently, it is very effective to achieve a highly
sensitive SERS substrate made from the combination of noble
metals and semiconductor nanostructures, such as the combi-
nation of Ag NPs, or Au NPs with ZnO,*** AZO,"” TiO,,>**
Al 03, Cu,ZnSnS, " Si,"® Cu,0," Fe;0,4,*° ZnO-CuO*... and
recently, the 2D materials such as MoS,,* graphene.>*>* The
morphology of ZnO nanomaterials could be easily controlled for
nanorods, nanowires, nanoneedles, and nanotubes. The
vertical ZnO nanorods belong to one-dimensional structures, so
it possesses some beneficial characteristics for the enhance-
ment of the SERS signal. The vertical ZnO nanorod conducts
electrons in one dimension, so it greatly increases the charge
transfer. In addition, the effective surface area of ZnO NRs is
much larger than that of the 2D structure, from which many
noble metal nanoparticles can be attached to create a “hot-spot”
density that increases the electric field in SERS. Another
advantage of ZnO NRs is that the edges of their hexagonal
structure increase the electric field. Therefore, the ZnO NRs
structure has great potential in enhancing the Raman signal by
the electromagnetic enhancement mechanism of SERS. The
ZnO NRs structure is usually synthesized by wet chemical bath
deposition or electrochemical method.%>%*

The characteristic vibration spectrum of organic in the SERS
method is recorded when the electrons move from the highest
occupied molecular orbital (HOMO) level to the lowest unoc-
cupied molecular orbital (LUMO) level. These of MNZ are
—6.96 eV and —2.35 eV, respectively.”® The laser wavelengths for
excitation in SERS to detect molecules are usually in near-
infrared and visible regions (785 nm, 532 nm, and 488 nm),
these wavelengths are not energetic enough to excite electrons
to the LUMO level. Therefore, a suitable SERS substrate makes it
easier for the electrons to transfer from the HOMO level to the
LUMO level. In which the bandgap of the semiconductor in the
SERS substrate plays an important role in supporting this
charge transfer. ZnO is a semiconductor material with a wide
direct bandgap of 3.37 eV, a large exciton binding energy of 60
meV, and a high carrier concentration of 6 x 10'® em™>. Its
major carriers that become hot electrons under the effect of
a high electric field transfer easily in ZnO semiconductor.*
Al,O; nanostructures also have a wide bandgap ranging from
3.0 eV to 9.5 eV depending on their phase and fabrication
methods. The combined structure of ZnO and Al,O; not only
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increases the effective surface area of the substrate but also
plays an important role in supporting CT between organic
molecules and the SERS substrate. Al is one of several localized
surface plasmon resonance active metals that increase the SERS
signal by the EM.** Studies on this combination structure are
still rare, most researchers only focus on studying SERS with the
separate semiconductor with nanoparticles (NPs) such as ZnO/
NPs or Al,O3/NPs to enhance the Raman signal by
EM‘6,15,16,27,30,31

For the reasons mentioned above, this study proposes
a SERS substrate structure of Ag/Al,0;-Al/ZnO NRs with
a high-enhancement Raman signal. ZnO nanorods (NRs) are
grown on the glass slide by wet chemical bath method, then
an oxidized aluminum thin film is deposited onto the ZnO
NRs by vacuum thermal evaporation, and finally, Ag NPs are
decorated on the substrate by DC magnetron sputtering. The
size and distribution of Ag NPs are controlled by the sput-
tering time and the distance between the target and
substrate. The combination structure of Ag NPs, Al,0;-Al
thin film, and ZnO NRs possesses a large effective surface
area and high CT between organic molecules and substrate.
R6G reagent is used to evaluate the sensitivity of these SERS
substrates, and the best SERS substrate is selected for MNZ
detection.

2 Experimental
2.1 Materials and methods

Fig. 1 presents the schematic illustration of fabricating Ag/
Al,03-Al/ZnO NRs SERS substrate. The ZnO NRs are developed
on glass, then covered with Al,0;-Al thin film and decorated
with Ag NPs.

2.1.1 Preparation of ZnO NRs. Firstly, ZnO seed layer is
synthesized by the sol-gel method. ZnO solution is prepared by
mixing ethylene glycol ethyl ether (2-methoxylethanol) and
monoethanolamine (MEA). The solution is stirred for 30
minutes at room temperature. Then zinc nitrate dehydrates (Zn
(NO;),-2H,0) are added to the above mixture and kept stirred
for 15 minutes. This solution is continuously stirred at 60 °C for
30 minutes. Then ZnO seed layers are covered on the glass
slides by the dip coating method. The dip-coating is carried out
at the rate of 4 cm min " after embedding the glass slide in ZnO
solution for 10 minutes. After each dip process, films are dried
at 250 °C in the air for 30 minutes. Secondly, ZnO NRs are grown
on the seed layer by chemical bath process with the solutions of
0.1 M hexamethylenetetramine (Zn (NOs),-6H,0) and 0.1 M
zinc nitrate hexahydrate (C¢Hq,N,). After mixing the two solu-
tions in a volume ratio of 1:1, the mixed solution is magneti-
cally stirred for 30 min. The ZnO seed sample is immersed in
this solution mixture, slowly heated to 90 °C, and then kept at
a constant temperature. After 4 hours, stop heating and let the
system return to room temperature. The ZnO NRs sample is
washed twice with distilled water and dried in the air
environment.

2.1.2 Fabrication of Al,0;-Al layer by the vacuum thermal
evaporation process. Al thin film is deposited on the ZnO NRs
substrate by the vacuum thermal evaporation method. 99.9%
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Fig.1 Schematic illustration of fabricating Ag/AlL,Oz—Al/ZnO NRs SERS substrate — ZnO NRs is developed on glass, then covered with Al,Oz—Al

thin film and decorated with Ag NPs.
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Fig. 2 Schematic illustration of SERS analysis for using Ag/Al,Oz—Al/ZnO NRs substrate to detect R6G and MNZ.

purity aluminum foil after surface treatment is cut into wires
and put in the tungsten boat. The distance between the
substrate holder and the tungsten boat is 5 cm. The base
pressure of the vacuum chamber is 2 x 10> Torr. The current
supply is 30 A. And then, the Al thin film is annealed at 300 °C
for 2 hours in the air environment to modify the Al,0;-Al/ZnO
NRs substrate. The amount of Al wire is changed at 0.3 mg,
1.0 mg, and 1.7 mg to find the optimal thermal evaporation
conditions for testing the SERS signals with the R6G reagent.

2.1.3 Synthesis of SERS substrate by Ag sputtering. The Ag
NPs are decorated on the Al,03;-Al/ZnO NRs by the DC magne-
tron sputtering method. The purity of the Ag target is 99.99%.
The base pressure is 2.87 x 10~° Torr and the working gas (Ar)
is 6.19 x 10° Torr. During all the sputtering processes, the
power and distance between the target and substrates are kept
at 9 W and 7 cm, respectively. The sputtering time is changed to
5, 10, 15, and 20 seconds, respectively, and annealed at 200 °C
for 15 min to control the size of Ag NPs and the distance
between them.

9734 | RSC Adv, 2023, 13, 9732-9748

2.2 Characterization

The structure, surface morphology, optical properties, and
elements in the SERS substrates are characterized by XRD
(Brucker D2 Phaser), Raman spectroscopy (Horiba XploRa
PLUS), FE-SEM (Hitachi S4800), UV-vis (PB-10, power 200 W),
reflectance spectroscopy (Shimadzu UV probe 2550), and energy
dispersion X-ray spectroscopy (EDS) mapping (Horiba H-7593).

2.3 Raman measurements

SERS substrates 1 x 1 cm? are prepared for Raman measure-
ments. Raman signals are recorded by the Horiba XploRa PLUS
Raman system with a 532 nm laser at the power of 1.5 mW. The
laser spot area focused on the sample is 1 um in diameter. The
acquisition time is 1 s, the accumulation is 2, and the filtered
laser is 1%. The signal is recorded and proceeded. R6G reagent
solutions with different concentrations (10> to 10~ "' M) are
used as the probe molecules. The best sensitive SERS substrates
are used to detect MNZ as shown in Fig. 2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3 Results and discussion

3.1 Crystal structure, surface morphology, and optical
property of a-Al,0;-Al/ZnO nanorods

3.1.1 Crystal structure. To investigate the properties of a-
Al,0;-Al/ZnO nanorods, an aluminum layer is fabricated by the
vacuum thermal evaporation method from the pure aluminum
foil of 1.0 mg and after annealing in the air environment at 300 °
C for 2 hours. Fig. 3(a) reveals the XRD pattern of the ZnO NRs
structure before and after being covered with an aluminum thin
layer. Both structures present a similarity in appearance with
the sharp and highest intensity peak in the (002) plane at the 26
of 34.4°. Fig. 3(b) shows the appearance of weak intensities of
(102), (103), and (004) planes at the 26 of 47.5°, 62.9°, and 72.3°
of ZnO NRs (JCPDS File No. 36-1451_ZnO). These samples
possess hexagonal wurtzite structures orientating highly along
the c-axis direction with good crystal quality. In addition, the
XRD pattern in Fig. 3(b) displays the presence of the amorphous
alumina phase after Al thin film is deposited on a glass
substrate post-anneals in the air environment at 300 °C for 2
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hours. This result consists of that of Gangwar et al.** It can be
explained that even at room temperature, the aluminum surface
always appears as an amorphous alumina (a-Al,0;) layer due to
its interface energy being lower than that of crystalline states.*
Annealing aluminum at 300 °C for 2 hours in the air environ-
ment accelerates the formation of amorphous alumina (a-
AL O3).

Thomas et al. reported in their research that the surface of
the oxidized aluminum film contains AI’* cation in the tetra-
hedral and octahedral interstices of disordered cubic packing
networks of y-Al,O;. The tetrahedral AlO, and octahedral AlOg
groups exist in two common isolated and condensed states. The
vibrational frequency of the Al-O bond which provides the
structural information of the oxidized aluminum film depends
on the coordination number of the AI** cation.®* In this study,
the structural Raman spectrum of annealing aluminum thin
film in Fig. 4(a) shows that the 790 cm ™" peak is related to AlO,
tetrahedra (condensed and isolated), the strong peak at
567 cm~ ' corresponds to condensed AlOg octahedra, the weak
band of 418-488 cm ™" according to isolated AlO4 octahedra.

b) a-ALO -Al (a)
ZnO (b)
©02) a-ALO -AVZnO (c)

g (004)
=
£
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— 0 —

T T
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(a) The XRD pattern of the ZnO NRs structure before and after being covered with aluminum supper thin film. (b) Comparison between the

ZnO NRs structure before and after being covered with aluminum supper thin film and the aluminum on the glass substrate.
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Fig. 4 The Raman structure spectra of (a) the annealing aluminum thin film at 300 °C for 2 hours in the air environment and (b) the ZnO NRs

before and after being covered with annealing aluminum thin film.
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The band at 246, 303, and 331 cm ™" are assigned to the bending
vibration of AlO, and AlO,. The appearance of AlO, vibration in
the Raman spectrum illustrates the amorphous property of the
oxidized aluminum surface. Annealing the aluminum at 300 °C
for 2 hours enhances the oxidation surface and structure due to
the higher intensity of condensed AlO, octahedra at the
567 cm™ ' peak.**

Fig. 4(b) presents the Raman structure spectra of the ZnO
NRs before and after being covered with an annealing
aluminum thin film. In both cases, the characteristic Raman
peaks of the ZnO structure appear. The low peaks at 371 cm ™"
and 567 cm ™! correspond to A, (Transversal Optical - TO) mode
and A, (Longitudinal Optical - LO) mode which are the lattice
vibrations when atoms move parallel to the c-axis. The very high
peaks at 94 cm™ ' and 432 cm ! assign to E,;, and E,; modes.
Where the low-frequency mode (E,;) is associated with the
heavy Zn sublattice and the high-frequency mode (E,;) involves
only oxygen atoms. The result shows the ZnO NRs sample
crystalizing well in a hexagonal wurtzite structure and almost
remains unchanged after being coated with the annealing
aluminum film. In the spectrum of a-Al,0;-Al/ZnO, the
476 cm ™' peak relates to the isolated AlOg octahedra of a-Al,05-
Al The other peaks cannot be seen due to overlap with those of
ZnO and the low concentration of oxidized aluminum thin film.

3.1.2 Surface morphology. The surface morphology of the
substrate plays an important role in scattering the incident
light. The higher the effective surface area, the better the

View Article Online
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performance of the SERS substrate’* The FE-SEM image in
Fig. 5(a) illustrates the hexagonal morphology of ZnO NRs with
a diameter in the range of 100-150 nm. Fig. 5(b) shows the
cross-section image of the aluminum thin film deposited on
glass by the vacuum thermal evaporation method. After
annealing at 300 °C for 2 hours in the air environment, the
amorphous aluminum layer with a thickness of 120 nm is
formed on the Al thin film. The FE-SEM image of the a-Al,0;-Al/
ZnO sample in Fig. 5(c) exhibits almost the high effective
surface area as ZnO. Fig. 5(d) presents the cross-section image
of a-Al,0;-Al/ZnO nanorods. The ZnO seeds layer coated on
glass by simple technique (dip-coating) plays an important role
in growing ZnO NRs. It assists ZnO NRs in growing perpen-
dicular to the substrate in chemical bath immersion. Fig. 5(d)
shows that ZnO NRs on the seeds layer are well aligned and
uniform, growing on the c-axis [0 0 2] perpendicular to the
substrate. The effective surface area of ZnO nanorods after
being coated by the a-Al,0;-Al layer will not decrease much
because this aluminum film is thin. There is still a good gap
between the ZnO NRs which creates a highly effective surface
area and increases the scattering of incident light. Thus, a-
Al,03;-Al/ZnO NRs structure can be a good candidate for SERS
substrate.

3.1.3 Optical property. The UV-vis absorption spectra of
ZnO NRs and a-Al,0;-Al/ZnO NRs in Fig. 6(a) show that ZnO
NRs is a direct optical band gap semiconductor with an
absorption edge of 385 nm and it remains unchanged after

Fig. 5

(a) The FE-SEM image of ZnO nanorods, (b) the cross-section image of oxidized aluminum thin film (a-Al,Oz—Al) annealed at 300 °C for 2

hours on glass, (c) the FE-SEM image of a-Al,O3—-Al/ZnO nanorods, and (d) the cross-section image of a-AlL,O3—Al/ZnO nanorods.
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(a) The UV-vis absorption spectra of ZnO NRs and a-Al,Oz—-Al/ZnO NRs, and (b) the reflectance spectra of ZnO NRs and a-Al,Oz—Al/ZnO
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Fig.7 The Raman spectrum of (a) R6G powder, (b) MNZ powder, the SERS spectra of (c) R6G solution at 10> M, and (d) MNZ solution at 10* ppm
that absorbed onto the bare glass, ZnO NRs, a-AlL,O3z—Al thin film, and a-AlbO3—Al/ZnO NRs substrates.

being coated with an oxidized aluminum thin film. The optical
band gap (Eg) of these semiconductor materials is equal to
3.25 eV which is determined by linear extrapolation in the inset
of Fig. 6(a) based on the Tauc relation, (ahv)’ = B(hv — Ey),
where B, Eg, hv, and « are constant, the optical band gap energy,
the photon energy, and the absorption coefficient, respectively.
In addition, Fig. 6(a) indicates the absorbance of a-Al,0;-Al/
ZnO NRs substrates is higher than that of pure ZnO NRs
substrate due to the thicker layer after being coated with an
oxidized aluminum thin film.

The reflectance spectra of ZnO NRs and a-Al,03;-Al/ZnO NRs
substrates are compared to evaluate their optical performance.
Fig. 6(b) shows the reflectance of ZnO NRs substrate is about
10.5% at the wavelength of 500 nm and only 5% at 800 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry

However, that of a-Al,03;-Al/ZnO NRs substrates decreases to
9.5% and 4% at 500 nm and 800 nm, respectively. This may be
explained that the surface of ZnO NRs becomes rougher due to
the shrinkage of the a-Al,03-Al layer on ZnO NRs. The result
indicates that the a-Al,03;-Al/ZnO NRs substrates can trap the
incident light more effectively than the ZnO NRs substrate for
larger scattering and absorbance.

3.1.4 The role of ZnO nanorods and a-Al,0;-Al thin film in
enhancing the Raman signal of reagent molecules. Firstly, we
consider the behavior of semiconductor substrates without Ag
NPs on the SERS signal. The R6G reagent is used to investigate
the role of the semiconductor in enhancing the SERS signal
because it is a low-cost dye and easy detection of the Raman
signal. And then, the best substrate is used to detect MNZ. The

RSC Adv, 2023, 13, 9732-9748 | 9737
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Raman spectrum of the R6G and MNZ powders recorded is
shown in Fig. 7(a and b) which is used to compare to that of
their solution. Fig. 7(c and d) presents the Raman signal of R6G
(0.1 M) and MNZ (10000 ppm) solutions which are dropped
individually on the various substrates of bare glass, ZnO NRs, a-
Al,03-Al thin film, and a-Al,03;-Al/ZnO NRs with the same
amount of 50 puL. The result in Fig. 7 illustrates that bare glass
substrate cannot detect both R6G and MNZ, but the other
semiconductor substrates can recognize these organic mole-
cules. The 432 cm ™" peak of the ZnO structure appears in both
Raman spectra of R6G and MNZ absorbed on the ZnO NRs and
a-Al,0;-Al/ZnO NRs substrates.

For the R6G reagent, the experimental Raman peaks which
are assigned to the characteristic vibration bands of the R6G
molecule shown in Table 1 coincide with the DFT and powder
Raman spectrum. The Raman signal intensity and the number
of peaks of organic molecules increase from ZnO NRs to a-
Al,O5-Al thin film. The a-Al,0;-Al/ZnO NRs substrate has the
highest intensity of Raman signal and appears most of the
peaks of R6G at solution 0.1 M. The 610 cm™ " peak of the
solution possesses the highest intensity in all spectra and is
used to investigate the sensitivity of the SERS substrates. The
result in Table 1 shows that compare to the bare glass, the

Table 1 The DFT and experimental Raman signal of R6G
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intensity of 610 cm ™' peak on ZnO NRs, a-Al,0;-Al thin film,
and a-Al,0;-Al/ZnO NRs substrates is higher than 2, 10.2, and
23.6 times, respectively. In the case of MNZ, a similar result in
Table 2 shows that a-Al,0;-Al/ZnO NRs substrate can enhance
the Raman signal of MNZ better than the other substrates and
detect most Raman peaks of MNZ powder. The intensity of the
chosen peak at 1184 cm ™' on ZnO NRs, a-Al,0;-Al thin film,
and a-Al,O3;-Al/ZnO NRs substrates is 1.2, 2.2, and 9.9 times
compared to bare glass, corresponding.

These results are explained by the contribution of the vertical
ZnO NRs surface morphology and the localized surface plasmon
resonance (LSPR) of Al in the EM and the support of charge
transfer between the semiconductor and organic molecules in
the CE. The Raman signal of both R6G and MNZ solution
absorbed on ZnO NRs substrate is higher than on glass due to
(1) the high effective surface area of one-dimensional structures
of vertical ZnO nanorods increases the scattering of the incident
light, and (2) the edges of the ZnO NRs hexagonal structure
increase the electric field. The LSPR of Al nanostructure in a-
Al,03-Al thin film is the main reason for the enhanced Raman
signal of these organics compared to ZnO NRs and glass
substrates. Indeed, some metals (Au, Ag, and Al) can be
considered free-electron systems because the electronic and

Experimental (R6G 0.1 M)

DFT*  R6G powder Glass ZnO NRS a-AL05-Al a-Al,05~Al/ZnO NRs
v Raman Vibrational

v(em™) v(em™* (em™) int. v (em™") Raman int. v (cm~') Raman int. » (cm~') Raman int. assignment
610 609 610 43.8 610 87.3 610 446.8 610 1031.7 C-C-C ring in-plane
771 771 772 41.6 772 98.0 772 268.2 772 643.8 C-H out-plane bending
1192 1184 1185 69.9 1185 74.34 1185 475.0 C-H in-plane bending
1307 1307 1309 71.1 1306 514.4 C-O-C stretching
1360 1360 1363 164.7 1360 136.7 1363 766.0 C-O-C stretching
1505 1504 1508 94 1508 101.7 1508 587.0 C-O-C stretching
1577 1572 1575 82.9 1575 475.5 C-C stretching of the aromatic ring
1652 1650 1646 84.4 1650 535.7 C-O-C stretching
Table 2 The DFT and experimental Raman signal of MNZ

Experimental (MNZ 10 000 ppm)
MNZ powder  Glass ZnO NRS a-Al,05-Al a-Al,03-Al/ZnO NRs
v (em™) v(em™) Ramanint. »(cm™!) Ramanint. »(cm™') Ramanint. »(cm™') Ramanint. Vibrational assignment®®?’
730 CH, rocking
822 Ring breathing
869 CHj; rocking
905 CH, out of plane bending
983 O-H bending
1183 1184 71.7 1186 100.2 1185 158.6 1184 710.5 C-H out of a plane
1264 1263 82.4 1267 53.2 1267 62.2 1270 389.0 C-N stretching
1350 1349 72.0 1353 80.6 1349 602.5 C-C or CH, stretching
1372 1379 102.9 1375 71.8 1379 599.9 C-N stretching (aromatic)
1481 1475 100.8 1482 44.3 1481 42.9 1475 520.6 CH, scissoring
1530 1534 59.5 1530 41.1 1532 61.9 1534 478.7 C=C vibration
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optical properties of these metals are determined by the
conduction electrons. Due to the electric field of the incident
light, the free surface electrons of the metals oscillate collec-
tively. When the frequency of the collective oscillation is equal
to that of the incident photon, resonance occurs resulting in the
metal strongly absorbing and scattering incident light. This
property of metal namely localized surface plasmon resonance
(LSPR).>* In addition to the Raman signal of organics
enhanced by the EM, it is also enhanced by the CM when these
substances are absorbed on the ZnO NRs and a-Al,O;-Al
structure. The role of ZnO NRs and a-Al,0;-Al thin film in the
charge transfer is illustrated in Fig. 8. The energy levels of the
conduction band edge (Ecg) and valence band edge (Eyg) of ZnO
and Al,O; are calculated by Ecg = —x + 0.5 X Egand Eyg = Ecp —
E,, respectively. Where x is the absolute electronegativity of the
semiconductor material in the theoretical calculator, and x
(ZnO) = 5.79 eV,* x (Al,03) = 5.35 eV.* The optical band gap of
ZnO in our experimental measurement is 3.25 eV. Zhendong
Guo et al. calculated the band gap of a-Al,O; to be 6.67 eV based
on the use of an atomistic model structure through ab initio
molecular dynamics and the HSE function which matches the
published experimental values.*® In addition, the surface state
energy level (Eg) of semiconductors contributed to the CT of
SERS which is indicated in the published papers.”*' The
surface defects such as surface oxygen vacancy defects in
ZnO"**2 and Al,Oj; (ref. 39) produce this Eg;. Furthermore, the
vertical ZnO nanorod conducts electrons in one dimension
significantly increasing the charge transfer in the CT
mechanism.

Fig. 8(a) shows that the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
levels of R6G are —5.7 eV and —3.4 eV, respectively.*® The
exciting energy of laser 532 nm (2.33 eV) is approximately the
LUMO-HOMO bandgap, so electrons from HOMO may get
excited to the LUMO level. These hot electrons move to HOMO
and emit characteristic vibrations of the R6G molecules.
However, the results in Table 1 and Fig. 7(c) show the signal
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almost is not recorded. The energy of the excited laser may not
be strong enough to excite the electrons to the LUMO level. The
Raman intensity of R6G increases slightly when the R6G solu-
tion is absorbed by the ZnO NRs. It is because the hot electrons
are easily transferred to the LUMO level through the Es; and CB
levels of ZnO and following the solid arrow lines. In the case of
R6G absorption on an a-Al,0;-Al thin film, the hot electrons can
move to the LUMO lever in more ways than ZnO, resulting in
a better signal. Therefore, the combination of ZnO and a-Al,O;-
Al enhances the Raman signal base on the CT. Fig. 8(b) shows
a similar scheme of CT for MNZ. Because MNZ molecules’
HOMO and LUMO levels are —6.96 eV and —2.35 €V, respec-
tively,*® it takes at least 4.61 eV for electrons to move from the
HOMO level to the LUMO level of MNZ. However, with the
assistance of structure a-Al,O3;—Al/ZnO NRs, hot electrons move
easily from HOMO to the LUMO level of MNZ. In addition, the
gap between LUMO and HOMO of MNZ is large than that of
R6G, the electron cannot transfer to CB of ZnO to move to
LUMO. So the a-Al,0;-Al thin film has an important role in the
charge transfer of MNZ through the E¢ of a-Al,O; and Er level of
Al

Thus, the a-Al,03;-Al/ZnO NRs substrate possesses the
outstanding advantages of the vertical ZnO NRs and a-Al,0;-Al
thin film in enhancing the Raman signal by EM and CE. It
concludes (1) the high effective surface area of one-dimensional
structures of vertical ZnO nanorods increases the scattering of
the incident light, (2) the edges of the ZnO NRs hexagonal
structure increase the electric field, (3) the vertical ZnO nanorod
conducts electrons in one dimension significantly increasing
the charge transfer in the CT mechanism, (4) the LSPR of Al
nanostructure supports the strongly absorbing and scattering
incident light. In CE, the contribution of the E¢ levels due to the
defects in ZnO and Al,O; is very important for supporting
charge transfer between the semiconductor substrate and
organic molecules.

Finally, we consider the efficiency of these semiconductor
structures in combination with Ag nanoparticles. The SERS
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Fig. 8 Charge transfer diagram of a-Al,Oz—Al/ZnO NRs with (a) R6G reagent and (b) MNZ.
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Fig. 9 SERS spectra of (a) R6G solution (107> M), and (b) MNZ solution (100 ppm) absorbed on the Ag/glass, Ag/ZnO NRs, Ag/a-Al,Os—Al thin

film, and Ag/a-Al,Oz—-Al/ZnO NRs substrates.

substrates of Ag/glass, Ag/ZnO NRs, Ag/a-Al,0;-Al thin film, and
Ag/a-Al,03;-Al/ZnO NRs are coated with Ag NPs for the same 10 s
sputtering time. The recorded SERS signals of R6G (10> M) and
MNZ (100 ppm) absorbed on these SERS substrates are shown
in Fig. 9. The four SERS substrates detect the R6G and MNZ
solution at low concentrations with the well-characterized
peaks and high intensity in the Raman spectrum. This result
shows the huge role of the LSPR peak of Ag NPs in the
enhancement of the SERS signal.® Table 3 presents the Raman
intensity of R6G (0.1 M), MNZ (10* ppm) absorbed on the glass,
ZnO NRs, a-Al,05-Al thin film, a-Al,03;-Al/ZnO NRs, and that of
R6G (107> M), MNZ (100 ppm) absorbed on the SERS substrates
of Ag/glass, Ag/ZnO NRs, Ag/a-Al,0;-Al thin film, Ag/a-Al,05-Al/

ZnO NRs. The ratio of signal/noise (S/N) increases in order from
the substrates of glass, ZnO NRs, a-Al,05-Al thin film, and a-
Al,03;-Al/ZnO NRs both in combination with Ag and without Ag.
The ZnO NRs structure has a highly effective surface area with
the vertical nanorods to which many noble metal nanoparticles
can be attached to create a “hot-spot” density that increases the
electric field. And, the Es level of ZnO support in charge
transfer. These advantages of ZnO NRs make the Ag/ZnO NRs
sample sensitive in enhancing the Raman signal, especially in
the case of R6G. In addition to possessing the good character-
istics of ZnO NRs structure, the Ag/a-Al,05-Al/ZnO NRs
substrate also contains many beneficial properties of Ag/a-
Al,03;-Al layer such as the support of the LSPR of Al

Table 3 The Raman intensity of rhodamine 6G at 609 cm ™ peak with the concentration of 0.1 M on the glass, ZnO NRs, a-AlL,Oz—Al thin film, a-
AlLOs—Al/ZnO NRs, and 10~7 M on Ag/glass, Ag/ZnO NRs, Ag/a-Al,Oz—Al thin film, Ag/a-Al,Os—Al/ZnO NRs substrates. The Raman intensity of
metronidazole at 1183 cm™ peak with the concentration of 10* ppm on the glass, ZnO NRs, a-Al,O3—Al thin film, a-ALOz—Al/ZnO NRs, and
100 ppm on Ag/glass, Ag/ZnO NRs, Ag/a-Al,Oz—Al thin film, Ag/a-AlLO3z—Al/ZnO NRs substrates

Rhodamine 6G (R6G)

Metronidazole (MNZ)

Substrate Raman intensity at 609 cm ™" peak S/N Raman intensity at 1183 cm™ " peak S/N
Glass 43.8 1 71.7 1
ZnO NRs 87.3 2 100.2 1.4
a-Al,0,-Al thin film 446.8 10.2 158.6 2.2
a-Al,03-Al/ZnO NRs 1031.7 23.6 710.5 9.9
Ag/glass 1199.3 27.4 285.5 4
Ag/ZnO NRs 1772.6 40.5 573.4 8
Ag/a-Al,03-Al thin film 2029.1 46.3 750.6 10.5
Ag/a-Al,03;-Al/ZnO NRs 2975.9 67.9 3308.2 46.1

9740 | RSC Adv, 2023, 13, 9732-9748

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01134h

Open Access Article. Published on 29 March 2023. Downloaded on 4/5/2026 6:34:04 AM.

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

(cc)

Paper

nanostructure in EM and the Ey level of a-Al,O; in the CM.
Since then, the SERS substrate of Ag/a-Al,0;-Al/ZnO NRs is
more effective than Ag/glass, Ag/ZnO NRs, and Ag/a-Al,0;-Al
thin film in enhancing the SERS signal, especially in case of
MNZ. Therefore, the Ag/a-Al,0;-Al/ZnO NRs substrate could
potentially be used as a SERS substrate to detect MNZ at a low
concentration.

3.2 Characteristics of Ag/a-Al,0;-Al/ZnO NRs substrates

3.2.1 Role of Ag nanoparticles at various sputtering times
on the SERS signal. In this section, we investigate the influence
of the “hot spots” distribution of Ag nanoparticles on the
performance of the SERS substrate. The size and distribution of
Ag NPs which are deposited on a-Al,0;-Al/ZnO NRs by sput-
tering magnetron DC method at various sputtering times of 5,
10, 15, and 20 s are shown by the FE-SEM image in Fig. 10. The
thickness of the Ag thin film greatly affects the size and distri-
bution of Ag NPs formed under the same annealing condition at
200 °C for 15 min. The Ag NPs at 5 s are about 5 nm in size and
sparsely distribute on the sample surface (Fig. 10(a)). At 10 s, the
Ag NPs are very similar in average diameter of about 20 nm and
uniformly distribute throughout the a-Al,0;-Al/ZnO NRs
surface with a distance between them of about 20 nm. The FE-
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SEM image in Fig. 10(b) reveals a high density of “hot spots” Ag
NPs which plays an important role in enhancing the SERS signal
intensity. When the sputtering time increases to 15 s, Fig. 10(c)
shows a significant difference in the size of Ag NPs ranging from
5-20 nm and densely distributed on the nanorods. The nano-
gap of Ag NPs decreases clearly to about 1-2 nm. This gap
significantly reduces at the sputtering time of 20 s when the Ag
layer becomes thicker. From Fig. 10(d) it is possible to observe
some Ag nanoparticles with a size of less than 5 nm located on
top of other silver nanoclusters.

The UV-vis absorption spectra are utilized to investigate the
surface plasmon resonance of Ag NPs. In the case of the SERS
material, the noble metal nanoparticles have a very important
contribution to enhancing the Raman signal of reagent mole-
cules due to its LSPR in the visible band of the UV-vis absorption
spectroscopy. The amplitude of the enhanced incident light is
stronger as the absorption intensity of the LSPR peak is higher,
which depends on the shape, size, and internal distance
between the metal nanoparticles.” Fig. 11(a) shows the UV-vis
absorption spectra of Ag NPs deposited on the a-Al,0;-Al/ZnO
NRs substrates at different sputtering times of 5-20 s. The
sharp absorption edge of a-Al,03;-Al/ZnO NRs material remains
unchanged at 385 nm in all samples while the LSPR peak

155 (¢)

= 50 nm w50 nm

Fig.10 The FE-SEM images of Ag/a-Al,O3—Al/ZnO NRs SERS substrates with various sputtering times of Agat (a) 5s, (b) 10's, (c) 155, and (d) 20 s.
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(a) The UV-vis absorption spectra of Ag/a-Al,Oz—Al/ZnO NRs substrates with various sputtering times of Ag at 5-20 s, (b) the SERS signals

of R6G solution at 107> M are absorbed on the Ag/a-Al,Os—Al/ZnO NRs SERS substrates with various sputtering times of Ag at 5-20 s.
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intensity of Ag NPs in these samples is remarkably different.
The Ag/a-Al,05;-Al/ZnO NRs substrate at 10 s possesses the
highest LSPR peak due to the optimal size and distribution of
Ag NPs at 10 s as analyzed above. Fig. 11(b) displays the SERS
spectra of R6G solution at 10> M absorbed on the Ag/a-Al,O3-
Al/ZnO NRs SERS substrates with various sputtering times of Ag
at 5-20 s. The result illustrates that the characteristic Raman
peaks of R6G absorbed on these four SERS substrates are the
same as that of R6G powder (Fig. 7(a)). This may be because the
presence of Ag nanoparticles on the surface of the SERS
substrate enhances the Raman signal due to the good adsorp-
tion of organic molecules and the localized surface plasmon
resonance of the SERS substrates. Fig. 11(b) also presents the
highest SERS signal intensity of the 10 s substrate compared to
the others. There is a close relationship between the SERS signal
intensity and the LSPR peak intensity of Ag NPs caused by their
size, shape, and distribution on the SERS substrate surface.
Thus, the substrate with the optimal Ag NPs 10 s is selected to
investigate in the next stage.

3.2.2 Contribution of the thickness of Al film on the
sensitivity of Ag/a-Al,0;-Al/ZnO NRs SERS substrate. The Al
pieces with different masses are coated on the ZnO NRs by
vacuum thermal evaporation method to investigate the effect of
the Al film thickness on the sensitivity of Ag/a-Al,0;-Al/ZnO
NRs SERS substrate. Fig. 12(a—c) reveals the FE-SEM image of
a-Al,0;-Al/ZnO NRs with various thicknesses of Al at 0.3, 1.0,
and 1.7 mg. The surface morphology of ZnO NRs in Fig. 12(a) is
almost unchanged after being coated by an Al thin film of
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0.3 mg which would have been shrunk and changed into a very
thin film of a-Al,O; under the annealing at 300 °C for 2 h in the
air environment. The absence of Al thin film can affect the
efficiency of charge transfer between organic molecules and
SERS substrate. The 1.0 mg Al thin film which is changed to the
a-Al,0;-Al thin film with an a-Al,O; thickness of 120 nm and Al
thickness of 180 nm after annealing is shown in Fig. 6(b). These
Al and a-Al,O; layers together support the charge transfer
process and have an appropriate thickness so as not to reduce
the high effective surface area of ZnO as shown in Fig. 12(b).
This a-Al,0;-Al layer is very useful in increasing the surface
roughness, reducing the reflection, and thus increasing the
scattering of incident radiation as mentioned above. The Al film
at 1.7 mg is so thick that after annealing it forms a layer of a-
Al,0;3-Al that covers the space between the ZnO NRs, binding
these nanorods together, and making the effective surface area
of the sample greatly reduced as shown in Fig. 12(c). The SERS
signals of R6G solution at 10~> M absorbed on the Ag (10 s)/a-
Al,O;-Al/ZnO NRs SERS substrates with various thicknesses of
Al at 0.3, 1.0, and 1.7 mg s are shown in Fig. 12(d). Due to the
disadvantage of reduced effective surface area, the SERS signal
intensity of R6G 10> M absorbed SERS substrate of 1.7 mg Al is
the lowest in the three SERS substrates. This result shows that
the optimal surface for the support in CT of the a-Al,0;-Al/ZnO
NRs platform is 1.0 mg of Al

Fig. 13 shows the EDS analysis of the Ag (10 s)/a-Al,05-Al (1.0
mg)/ZnO NRs SERS substrate. The EDS mapping in Fig. 13(a-e)
shows that the elements of Ag, Al, and O distribute
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Fig.12 The FE-SEM image of a-Al,O3—-Al/ZnO NRs NRs with various thicknesses of Al at (a) 0.3, (b) 1.0, and (c) 1.7 mg, and (d) the SERS signals of
R6G solution at 107> M are absorbed on the Ag (10 s)/a-AlLO3—Al/ZnO NRs SERS substrates with various thicknesses of Al at 0.3, 1.0, and 1.7 mg.
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Fig. 13 The EDS analysis of Ag (10 s)/a-ALOs—Al (1.0 mg)/ZnO NRs SERS substrate.

homogeneously on ZnO nanorods. The result in Fig. 13(f)
reveals the presence of Zn, O, Al, and Ag elements that corre-
spond to 45.46%, 52.70%, 1.57%, and 0.27% atomic,
respectively.

Thus, the Ag/a-Al,0;-Al/ZnO NRs sample with Al-1.0 mg and
Ag-10 s possess the optimal characteristics in terms of the
structure, optical properties, and surface morphology, so it
should be selected as a SERS substrate to detect the MNZ.

3.3 Detection of metronidazole by using the Ag (10 s)/a-
Al,0;-Al (1.0 mg)/ZnO NRs SERS substrate

Specificity is one of the method validation parameters. Speci-
ficity is defined by ICH guideline Q2 (R1) that specificity can be
shown by demonstrating that the identification and/or quanti-
tation of an analyte is not impacted by the presence of other
substances (e.g., impurities, degradation products, related
substances, matrix, or other components present in the oper-
ating environment).** The specificity of the method in this study
is based on the Raman signal of the MeOH solvent and organic
molecules absorbed on the SERS substrate. Fig. 14 shows that
the 432 cm ™' peak of the ZnO structure appears in the three
Raman spectra. Apart from this characteristic peak of the SERS
substrate, no signal of MeOH is detected when it is absorbed on
the SERS signal. Therefore, the Raman spectra of R6G and MNZ
are their specific SERS spectra.

The SERS enhancement factor (EF) is used to estimate the
sensitivity of a SERS substrate and calculated by the formulation
of EF = (Isgrs/Nsers) X (Nbare/Ipare), Where Inare and Isggrg corre-
spond to the normal Raman intensity and SERS of organic
molecules. Npare = Cpare X V is the average number of absorbed
molecules in the scattering volume, V, for the Raman (non-
SERS) measurement, and Nggrs = Cggrs X V is the average
number of molecules in the same scattering volume for the

© 2023 The Author(s). Published by the Royal Society of Chemistry

SERS experiments.® The limit of detection (LOD) is defined as
the lowest concentration of an analyte in a sample that can be
consistently detected with a stated probability (typically at 95%
certainty).*
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Fig. 14 The Raman signal of the MeOH solvent, R6G (10> M), and
MNZ (10* ppm) solutions absorbed on the Ag (10 s)/a-Al,Os—Al (1.0
mg)/ZnO NRs SERS substrate.
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Fig. 15 The Raman signal of (a) R6G reagent solutions, and (b) MNZ standard solutions absorbed on the SERS substrate.

In this study, R6G reagent solution at a concentration from
107° to 10" M and MNZ standard solution at a concentration
between 10 and 0.01 ppm are prepared to define the EF and
LOD of the SERS substrate. The result in Fig. 15 illustrates that
the signal intensity increases with the increase in the concen-
tration of both R6G and MNZ solution. The 432 cm™" peak of
the ZnO structure is presented in the spectra which shows the
good crystallinity quality of the SERS substrate. The
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characteristic peaks of R6G and MNZ molecules are recorded in
all solution samples of various concentrations. The character-
istic peaks of R6G and MNZ molecules on the SERS substrate
are still present clearly at very low concentrations of 10~ "' M
and 0.01 ppm respectively but are not observed on the bare glass
substrate at very high concentrations of R6G 0.1 M and MNZ
10* ppm (Fig. 16). This again demonstrates the great role of the
SERS substrate in enhancing the Raman signal of organic
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Fig. 16 The Raman signal of R6G reagent solution absorbed on (a) the SERS substrate, (b) the bare glass substrate, the Raman signal of MNZ
standard solution absorbed on (c) the SERS substrate, and (d) the bare glass substrate.

9744 | RSC Adv, 2023,13, 9732-9748

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01134h

Open Access Article. Published on 29 March 2023. Downloaded on 4/5/2026 6:34:04 AM.

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

(cc)

Paper

a)  E(V)

Vs vacuum

-3 LUMO

T -d17ev __e— - —4— 9 -34ev
R T =
T o426 6V ¢
E, »
-5 F -47eV
~-574eV Al . A
= 619V o & . —R e R 57w
‘s e R6G HOMO
Ess
-1
o o0 0
A
vt
g -T42eV <.>
VB I YA
s e e e
9 220 -8.69 eV Laser 532 nm

VB (233¢eV)
a-ALO,

View Article Online

RSC Advances

b) k@ i
Vs vacuum
-2.02¢V
-2 — e . LUMO

vk

-3

-4 Y e 3
% e
-426 eV s e €
5 Ex -atev E*
-5.74eV Al Ag e
e el 3
6 Ess -6.19 eV
Ess 4
7 —2 2 28 _ G96eV
P ) | i HOMO
gl -T42ev
VB vaA e
...
ZnO 21,

-9 & -5.69 ¢V
VB
a-AL Oy

Laser 532 nm
(233 ¢V)

Fig. 17 Charge transfer diagram of Ag (10 s)/a-ALbOz—Al (1.0 mg)/ZnO NRs SERS substrate with (a) R6G reagent and (b) MNZ.

molecules, especially at very low concentrations. The signal
intensity of R6G at peak 609 cm ' and MNZ at peak 1183 cm ™"
are the highest among all the solution samples selected for EF
calculation. The LOD and EF of R6G absorbed on the Ag (10 s)/a-
Al,O3-Al (1.0 mg)/ZnO NRs SERS substrate calculated from
Fig. 16(a and b) respectively 10~** M and 1.85 x 10'°. These for
MNZ are corresponding to 0.01 ppm and 2.2 x 10° (Fig. 16(c
and d)). To explain the high sensitivity of the SERS substrate in
the detection of R6G and MNZ at a low concentration, we
propose a charge transfer scheme of chemical mechanic (CM)
in Fig. 17. Besides the support of the a-Al,05-Al (1.0 mg)/ZnO
NRs semiconductor substrate, the Ag NPs with Fermi energy
level of —4.7 eV*® create hot electrons due to the excitation of
laser 532 nm which allows the charge to transfer easily from the
HOMO level of the organic molecules to its Er level and the
semiconductor substrate to the LUMO level.

Chunlei Huang et al. provided a substrate based on the
hybridization of jellyfish-like zinc oxide microparticles and
silver nanoparticles (JF ZnO@Ag) that can detect R6G with an
enhancement factor (EF) of 7.58 x 10°. Our SERS substrate with
EF of 1.85 x 10'° is much more sensitive than that of the Huang
group.” Caiqin Han et al prepared the SERS-active silver
nanorod (Ag NR) array substrates to detect MNZ with a LOD of
10 pg mL~" (10 ppm).¥” The LOD of the SERS substrate with the
combination of multilayer graphene and gold nanoparticles
used to detect the MNZ of Sandra Benitez-Martinez et al. is
1.1 mg L' (1.1 ppm).”” Compared with the results of these
published papers, our highly sensitive SERS substrate detects
MNZ with a lower LOD. Table 4 presents the SERS intensity of
MNZ at 1183 cm ™ * corresponds to the concentrations from 0.01
to 10 ppm. Fig. 18 shows the linear interval between 0.05 and
5 ppm with a very good linear relationship between the
1183 cm™ ' peak and the concentration of MNZ. The fitting
equation is Iynz = 388.08 x log(Cynz) + 820.87, where Iy, and
Cunz are the SERS intensity at 1183 em ' peak and

= SERS intensity of MNZ at 1183 cm™

12004 Fitted curve
S 9004
8
"»':.
£ 600
2
=

3004 y = 388.08x + 820.87
h R% =0.995
-1.5 -1.0 -0.5 0.0 0.5 1.0
log(C,)

Fig. 18 The linear relationship of the peak intensity at 1183 cm™* as

a logarithmic function of MNZ concentrations ranging between 5 ppm
and 0.05 ppm.

concentration of MNZ solution, respectively. With Rynz =
0.995, the SERS method base on the Ag (10 s)/a-Al,05-Al (1.0
mg)/ZnO NRs substrate is promising for quantitative detection
according to ICH guideline Q2(R2) on validation of analytical
procedures.**

3.4 The spectral reproducibility of the Ag (10 s)/a-Al,0;-Al
(1.0 mg)/ZnO NRs SERS substrate

Reproducibility is assessed through an inter-laboratory trial and
should be considered in the case of standardization of an
analytical procedure.** In this study, we evaluate the spectral
reproducibility of our SERS substrate on the R6G reagent solu-
tion with a concentration of 10~7 M on three samples fabricated
with the same conditions. We measure six different positions

Table 4 The SERS intensity of MNZ at 1183 cm™* corresponds to the concentration

0.01
173.35

0.05
329.59

Concentration
SERS intensity at 1183 cm™

(ppm)

! (a.u.)

© 2023 The Author(s). Published by the Royal Society of Chemistry

0.1 0.5 1 5 10
429.60 666.64 843.17 1096.80 2040.03
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Fig. 19 SERS spectra of R6G solution at the concentration of 10~/ M which absorbed on the three SERS substrates fabricated with the same
conditions. Each sample is measured at six different positions from the center to the outer edge.

Table 5 ANOVA of SERS intensity of R6G solution at 609 cm ™! peak.
The SERS intensity of 1077 M R6G solution at 609 cm™* peak corre-
sponding to three SERS substrates with the same fabrication
conditions

Sample_1 Sample_2 Sample_3
1750.38 1687.51 1720.63
2028.95 1773.58 1941.15
1772.62 1768.88 1887.67
1481.27 2115.12 2022.61
1585.29 2029.11 1691.09
1690.13 1726.06 1536.75
Summary

Sample

no. Count Sum Average Variance SD RSD

1 6 10308.64 1718.107 35030.28 187.1638 10.89%
2 6 11100.26 1850.043 31310.72 176.9483 9.56%
3 6 10799.9 1799.983 32925.22 181.4531 10.08%
ANOVA table

Source

of variation SS df MS F P-value  Fcrit
Between 53234.15 2 26617.08 0.804415 0.465738 3.68232
groups

Within 496331.1 15 33088.74

groups

Total 549565.3 17

from the center to the outer edge of each sample. The SERS
spectra in Fig. 19 show that 18 positions of these three
substrates all detect traces of the R6G solution at a low
concentration of 107 M with all its characteristic peaks. The
intensity of the peak at 609 cm " in these SERS spectra does not
change much, so it is chosen to evaluate the spectral

9746 | RSC Adv, 2023, 13, 9732-9748

reproducibility of the substrate. The signal intensity at the
609 cm™~ " peak and the relative standard deviation (RSD) are
shown in Table 5. Guidelines on performance criteria for
methods of analysis for the determination of pesticide residues
in food and feed according to international food standards
indicate that the experimental method is acceptable with the
RSD = 20%.* Our method uses the Ag/a-Al,0;-Al/ZnO NRs
SERS substrate which has RSD is 10.89%, 9.56%, and 10.08% in
three SERS samples. Therefore, our SERS substrate possesses
spectral reproducibility. In addition, we use the one-factor
analysis of variance (ANOVA) to test the spectral reproduc-
ibility of the substrate in another way. The ANOVA table depicts
that F (=0.804) < F crit (=3.68), and the P-value (=0.466) > 0.05,
so we confirm our SERS substrate has good spectral
reproducibility.

4 Conclusion

We have developed a high sensitivity Ag/a-Al,0;-Al/ZnO NRs
SERS substrate with the structural combination between semi-
conductor ZnO NRs and a-Al,03-Al thin layer, as well as Ag NPs.
The SERS substrate can strongly enhance the Raman signal by
both EM and CM mechanisms. The results also indicate that the
SERS signal can be further improved with the assistance of CT
due to the great role of the a-Al,0;-Al/ZnO NRs platform,
especially in the case of low-concentration MNZ detection. The
Ag (10 s)/a-Al,03-Al (1.0 mg)/ZnO NRs SERS substrate can detect
R6G at LOD of 10~ M with EF ~1.85 x 10'°, and MNZ at LOD
of 0.01 ppm with EF ~2.2 x 10°. Our results present the alter-
native structure of SERS to detect molecules in very low
concentrations.
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