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ecked non-stoichiometric
Bi2O3−x/rGO hybrid nanocomposite SERS
substrates for an effective detection of Rhodamine
6G dye molecules†

Awati Prema Mahadev,a C. Kavitha, *a Jil Rose Perutil,b Neena S. John b

and H. C. Sudheekshac

In early years, SERS-active substrates were generally noble metals. However, their practical applications

were limited due to their poor biocompatibility, low uniformity and high cost. Recently, the utilization of

semiconductor SERS-active substrates has greatly expanded the applications of SERS in many fields.

However, metal-free SERS-active substrates have a low enhancement factor (EF), which can be

overcome by adjusting their oxygen deficiency or through the effective preparation of non-

stoichiometric semiconducting oxide materials. This is the key strategy and may work as an efficient and

simple way to achieve high sensitivity and obtain an enhancement factor (G-factor) comparable to that

of noble metals. Here, we report the preparation of flower-like rGO-Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/

Bi2O2.75 hybrid thin film nanocomposites using a liquid/liquid interface method (LLI) for the first time. In

addition to the synergic effect of different enhancement mechanisms, the 3-D flower-like morphology

of the substrate shows more favourable properties to improve the G-factor due to the existence of more

hotspots. The rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-film nanocomposites show an EF of 1.8 × 109 with

a detection ability of up to 1 nM towards Rhodamine 6G (R6G), which is highly toxic to humans and the

aquatic environment.
1. Introduction

Surface enhanced Raman spectroscopy (SERS) is an ultrasen-
sitive, highly specic analytical tool that has been widely used in
food safety, environmental monitoring, medical diagnosis and
treatment, and drug delivery monitoring.1–15 SERS does not
require complex sample pre-treatment compared to other
analytical techniques such as mass spectrometry, polarography,
and uorescence spectroscopy. SERS is also preferred due to its
high sensitivity, selectivity, and suitability for various analytical
systems. The application of SERS as an analytical tool is mainly
dependent on the use of an optimal substrate and its simple,
effective preparation route. Although coinage nano-metals are
primary SERS active materials, as they generate a strong elec-
tromagnetic eld due to the strong surface plasmon resonance
(SPR) effect, semiconductor-based SERS substrates are a new
class of substrates with higher SERS uniformity, better chemical
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stability, biocompatibility and lower cost. The exploration of
novel materials for multipurpose potential applications is
a recent trend in research. Unlike metal SERS-active substrates,
semiconductor-based SERS systems lack practical applications
due to their poor EF and lower concentration detection ability,
as the Raman signal enhancement solely depends on the
chemical enhancement mechanism (CE). Recently, this matter
has been addressed by researchers, and the presence of oxygen
vacancies as defects and non-stoichiometric semiconductor
metal oxide (MO) structures can improve the detection ability
and enhancement factor. Detection levels as low as 10−7 M and
even 10−8 M for a-MoO3−x have been achieved.16–18 The signi-
cant role of the distinct morphology of Ag loaded on a defect-
rich MoO3 sea urchin (Ag/SUMoO3) SERS substrate was
demonstrated as an N-nitrosodiphenylamine (NDPhA) sensor.
The Ag/SUMoO3 substrate exhibited an EF of 9.2 × 109 and
could sense concentrations as low as 1 nM of 4-mercapto-
benzoic acid (4-MBA) and 10−5 M NDPhA.19 A sandwich
substrate of Ag/analyte-methylene blue (MB) with defect-rich
SUMoO3 has been studied for the SERS detection of MB dye.
An EF of 8.1 × 106 with detection of a concentration as low as
100 nM was achieved.20 Hence, the preparation of a SERS
substrate composed of plasmonic Ag and a defect-rich metal-
oxide-decked rGO nanosheet could provide a SERS-active
RSC Adv., 2024, 14, 11951–11968 | 11951
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substrate with improved EF and sensing power. The semi-
conductor chosen to prepare the rGO-based nanohybrid was
Bi2O3. The semiconductor Bi2O3 exists in various crystalline
phases, namely, a (monoclinic), b (tetragonal), g (body-centred
cubic), d (face-centred cubic) 3 (orthorhombic), u (triclinic) and
hexagonal phases21 and non-stoichiometric phases including
Bi2O2.7, Bi2O2.33, Bi2O2.75, and BiO2−x.22–24 Although bismuth
oxide and its hybrids with carbon materials have well-known
applications in photocatalysis and electrocatalysis, electro-
chemical energy storage systems, and biomedical elds,25–28

there is only a single report exploring Bi2O3-based metal
composites for SERS detection of environmental pollutants.29

The SERS activity of reduced graphene oxide (rGO)-based Bi2O3

or its non-stoichiometric hybrid nanocomposites has not been
investigated to date. Exploring the hybrid thin-lm nano-
composites of rGO-Bi2O3/Bi2O3−x and Ag-incorporating rGO-Ag-
Bi2O3/Bi2O3−x as SERS-active substrates will illuminate the
choice of semiconductor-based SERS substrates for chemical
sensors.
2. Materials and methods
2.1 Materials

The chemicals used were of analytical grade and were used
without further purication. Graphite akes (mesh size: 300),
conc. sulphuric acid (H2SO4, 95%), conc. phosphoric acid
(H3PO4, 85%), potassium permanganate (KMnO4), hydrogen
peroxide (H2O2, 30% w/v), hydrochloric acid (HCl, 35–36%),
triethylamine ((C2H5)3N), hydrazine hydrate (NH2$NH2), and
acetone were purchased from Sigma Aldrich Chemicals Pvt. Ltd.
Bismuth nitrate pentahydrate (Bi(NO3)3$5H2O, 98%) was
purchased from Loba Chemie Pvt. Ltd. Tetraoctylammonium
bromide (TOABr, 99%) was purchased from Otto Chemica
Biochemica Reagents. Rhodamine 6G (R6G) was procured from
SD Fine Chemicals Ltd. Double-distilled water andMilli-Q water
were used for washing and all synthesis purposes, respectively.
2.2 Synthesis of graphene oxide

Graphite oxide was prepared using an improved modied
Hummer's method.30 Generally, in a 500 mL beaker, 1.0 g of
graphite akes were added to an acid mixture (90 mL : 10 mL) of
conc. H2SO4 and H3PO4. The mixture was stirred using
a magnetic stirrer to obtain a uniform solution. A 6.0 g of
KMnO4 was slowly added to the mixture while maintaining the
temperature below 5 °C in an ice bath. The mixture was main-
tained at 45 ± 5 °C for 2 hours using a water bath. The beaker
was shied back to the ice bath, and 100 mL of deionized water
was slowly added. The mixture was heated for 1 hour in a water
bath at 80 °C. The oxidation reaction was terminated by adding
120 mL of deionized water and 15 mL of 30% H2O2. The solu-
tion was allowed to cool before being washed with a 9 : 1 ratio of
deionized water and HCl. The solution was washed with
distilled water several times until the acid was completely
eliminated. The pH of the supernatant was checked before
discarding it aer each wash. The solution was ltered to obtain
a viscous dark brown residue. The solid residue was dried in
11952 | RSC Adv., 2024, 14, 11951–11968
a hot air oven at 60 °C for 30 min to obtain graphite oxide. The
graphite oxide was further sonicated for 45 min in Milli-Q water
to convert it into exfoliated graphene oxide for further hybrid
thin-lm nanocomposite preparation.
2.3 Synthesis of rGO-Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/
Bi2O2.75 hybrid thin-lm nanocomposites

The step-wise synthesis procedures for the rGO-Bi2O3/Bi2O2.75

and rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-lm nanocomposites are
presented in Fig. 1(a). The rGO-Bi2O3/Bi2O2.75 hybrid thin-lm
nanocomposites were prepared by employing the standard
procedure using the liquid–liquid interface (LLI) method.31 A
0.021 g of bismuth nitrate pentahydrate (22 mM, 2 mL) was
added to 25 mL of Milli-Q water. A 1.88 mM solution of TOABr
(phase transfer catalyst) in 25 mL of toluene (organic layer) was
prepared. The precursor aqueous solution and toluene-
containing phase transfer catalyst were mixed thoroughly
using a separating funnel. The clear organic layer turned
slightly cloudy, indicating the transfer of bismuth ions to the
organic layer. Once metal precursors had phase-transferred to
the organic layer, it was gently transferred to a 100 mL beaker
containing 25 mL of a 5 mg mL−1 well-sonicated standard
solution of GO and 1mL of triethylamine. A 0.5 mL of hydrazine
hydrate was carefully injected into the aqueous GO layer. The
reactionmixture was heated in an oil bath at 90 °C for 1.5 hours.
The thin lm obtained at the liquid–liquid interface was
collected on a glass, quartz, or silicon substrate as shown in
Fig. 1(b) for various characterization studies. The thickness of
the obtained rGO-Bi2O3/Bi2O2.75 hybrid thin-lm nano-
composite was 15–20 mm.

The rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-lm nanocomposites
were synthesized similarly. Additionally, Ag+ ions that were
separately collected by phase-transferring 0.01 M AgNO3 solu-
tion (in 5 mL Milli-Q water) to 4.755 mM of TOABr (in 5 mL
toluene) were added to the toluene layer containing Bi3+ ions.
Both toluene layers (Bi3+ and Ag+) were mixed thoroughly and
transferred to a 100 mL beaker containing 25 mL of a 5 mg
mL−1 well-sonicated standard aqueous solution of GO and 1mL
of triethylamine. A 0.5 mL of hydrazine hydrate was injected
carefully into the aqueous GO layer without disturbing the
interface. The reaction mixture was heated in an oil bath at 90 °
C for 1.5 hours. The thin lm observed at the liquid–liquid
interface aer 1.5 hours was collected on the glass/quartz or
silicon substrate as shown in Fig. 1(b). The thickness of the as-
prepared rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-lm nano-
composite was 10–18 mm.

The formation of rGO-Ag-Bi2O3/Bi2O2.75 using the LLI
method occurs through in situ hydrolysis and reduction reac-
tions.32 The detailed reaction mechanism is shown in Fig. 1(c).
The metal precursor, Bi(NO3)3$5H2O, hydrolyzes to bismuth
hydroxide.33 The bismuth ions thus formed are phase-
transferred to the toluene layer using TOABr as a phase trans-
fer catalyst (PTC). Similarly, silver nitrate, which is used as
a metal precursor for silver ions, readily dissolves in water and
is phase-transferred to toluene using PTC. Triethylamine
[(C2H5)3N] present in the aqueous layer acts as a hydrolyzing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Step-wise schematic synthesis of rGO-Bi2O3/Bi2O2.75 and
rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-film nanocomposites. (b) Photo-
graph of the hybrid thin-film nanocomposite formation at the interface
of liquids, top view of hybrid thin films and film samples collected on
various substrates (left to right). (c) Step-wise reaction mechanism for
the formation of rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-film
nanocomposites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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agent and hydrolyzes Bi3+ ions to Bi2O3 at the interface.34 Ag
particles are formed via in situ reduction of Ag+ ions by hydra-
zine hydrate (N2H4). Simultaneously, the graphene oxide (GO) is
reduced to graphene oxide (rGO) by N2H4 injected into the
aqueous layer. The stabilized thin lm of rGO is formed at the
interface on which Bi2O3 and Ag nanoparticles are anchored to
form the rGO-Ag-Bi2O3 hybrid thin-lm nanocomposites, as
shown in Fig. 1(c). The formation of rGO-Bi2O3 at 90 °C was
reported by Devi et al.35 The possible formation of defects or
oxygen vacancies is common in metal oxides synthesized using
the LLI method. This is due to a lower temperature being
employed in this LLI technique. The existence of defects and
oxygen vacancies is necessary to enhance the SERS activity.
However, annealing at a high temperature may result in
a controlled metal oxide structure.

2.4 Characterization

The crystalline nature of hybrid thin-lm nanocomposite
samples was characterized using X-ray diffraction (XRD). The
XRD patterns were recorded using a Rigaku Smart lab X-ray
diffractometer with parallel beam optics, a 3 kW X-ray tube,
a 9 kW rotating anode X-ray source, and Cu-Ka radiation (l =

1.5418 Å, 40 kV, 30 mA). The presence of elements and their
chemical oxidation states in the samples were conrmed using
the XPS technique. The XPS survey scan and high-resolution
XPS for both samples were recorded using the Thermo Scien-
tic™ K-Alpha™ XPS system. FT-IR spectra were recorded for
the prepared hybrid thin lms collected on a silicon substrate
using a PerkinElmer Spectrum 3. UV-vis absorbance spectra
were recorded using a PerkinElmer Lambda 750 spectropho-
tometer. The morphology and elemental composition of the
samples were obtained using a eld emission scanning electron
microscope (FESEM) (Apreo 2 S) coupled with a Thermo Fisher
energy dispersive spectroscope (EDS) operated at an acceler-
ating voltage range of 200 V to 30 kV and TESCAN and Bruker-
MIRA 3 (FESEM) and Quantax 200 (EDS). Transmission electron
microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM), and selected area electron diffraction
(SAED) were conducted using a ThermoFisher Scientic-TALOS
F200S G2 eld emission transmission electron microscope
(Camera 4K × 4K, In Column EDS detector) operated at an
accelerating voltage of 200 kV. The thickness of the as-prepared
thin lm was determined by employing a DektaXT (Bruker)
Surface Stylus Prolometer equipped with a stylus of 2 micron
radius. The average step height was recorded for randomly
selected area of both the nanocomposite thin lms loaded on
the glass substrate. The Raman/SERS spectra of the prepared
hybrid samples and control experiments were recorded using
a HORIBA LabRAM HR Evolution equipped with lasers of three
wavelengths. All characterization data were analyzed using the
Origin soware.

2.5 SERS measurements

The SERS activity of rGO-Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/
Bi2O2.75 substrates were demonstrated using the dye R6G as
a probe molecule, as it is a common uorescent dye widely used
RSC Adv., 2024, 14, 11951–11968 | 11953
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for SERS studies. A series of R6G dye solutions with a range of
concentrations from 1 mM to 1 nM were prepared using the
dilution method using Milli-Q water. A 20 mL of R6G was drop-
cast sequentially on the as-prepared hybrid thin lm substrates
and allowed to dry. The SERS spectra of R6G adsorbed on the as-
prepared hybrid thin-lm nanocomposites, as well as on rGO-
and Bi2O3/Bi2O2.75-only substrates, were recorded using
a HORIBA LabRAM HR Evolution equipped with a 532 nm
excitation laser. A 50× long working objective (NA = 0.5) was
used to focus the laser and collect the scattered light in a back-
scattering geometry. The system was calibrated before
recording the spectra with the 520.7 cm−1 silicon peak as
a reference. A Peltier-cooled charge-coupled device (CCD) linear
array detector (1024 × 256 pixels) was used to detect the signal
from a spectrograph with 600 grooves per mm grating. The
system was controlled using the soware LabSpec6. Data pro-
cessing was further carried out using the same soware. The
typical Raman spectrum accumulation time for each spectrum
was 1–10 seconds.

In this paper, we have demonstrated the use of rGO-Bi2O3/
Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-lm nano-
composites for SERS-based sensing applications. These
substrates were prepared using a facile liquid/liquid interface
(LLI) method to detect the dye Rhodamine 6G (R6G). To the best
of our knowledge, this is the rst time that non-stoichiometric
metal oxide hybrid composites have been prepared using the
LLI method. The crystalline phases and non-stoichiometric
phases of the as-prepared nanohybrid lms were conrmed
using XRD. XPS analysis was used to ascertain the elemental
chemical oxidation states in the hybrid thin-lm nano-
composite samples. The optical properties of the rGO-Bi2O3/
Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75 substrates were analyzed
using Raman, FTIR, and UV spectroscopy. The morphology and
uniform distribution of Ag-containing ower-like Bi2O3/Bi2O2.75

nanocomposites over rGO sheets were investigated and
Fig. 2 XRD patterns of the as-prepared rGO-Bi2O3/Bi2O2.75 and rGO-A
card numbers corresponding to a-Bi2O3, d-Bi2O3, Bi2O2.75 and Ag for be

11954 | RSC Adv., 2024, 14, 11951–11968
conrmed using SEM and TEM studies. SERS studies were
performed for the rGO-Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75

hybrid thin-lm nanocomposites using R6G as an analyte. The
rGO-Bi2O3/Bi2O2.75 hybrid thin-lm nanocomposite substrate
shows an EF of 7× 104 due to the synergic effects of rGO and the
non-stoichiometric metal oxide charge transfer effect. However,
the further addition of a small amount of silver to the rGO-
Bi2O3/Bi2O2.75 hybrid thin-lm nanocomposites results in
a huge EF of 1.8 × 109 and sufficient sensitivity to detect nearly
1 nM concentration of R6G. Detailed results and discussion,
and the mechanism behind the SERS activity of the above-
mentioned hybrid thin-lm nanocomposites are discussed
below.
3. Results and discussion
3.1 Structure of the samples

The crystallinity and non-stoichiometric phases of the synthe-
sized hybrid thin-lm nanocomposites were investigated using
XRD studies as shown in Fig. 2. The diffraction peaks observed
at Bragg angles (2q) of 27.2°, ∼30.0°, and 32.6° for both the
samples are assigned to the (310), (222) and (321) planes of
cubic (d) Bi2O3, respectively (JCPDS no. 01-071-0467). An addi-
tional peak at 39.7° in the case of rGO-Bi2O3/Bi2O2.75 is assigned
to the (024) plane of cubic (d-Bi2O3). The peaks at 20°, 21.9°,
∼24°, 25.4°, and ∼35° can be indexed to the (1�11), (020), (1�02),
(021) and (2�12) planes of monoclinic (a) Bi2O3 (JCPDS no. 00-
041-1449). The peaks observed at 14.4° and ∼47° in both the
samples are attributed to the (002) and (200) planes of the non-
stoichiometric oxide Bi2O2.75, and the small peaks at 56.8°,
68.5°, and 72.9° correspond to the (116), (220), and (109) planes
of Bi2O2.75 (JCPDS no. 00-027-0049). Aer the incorporation of
Ag in the sample, the hybrid thin-lm nanocomposite also
shows peaks at 38.1°, 44.2°, 64.5°, and 77.4°, which are char-
acteristic peaks ascribed to the (111), (200), (220), and (311)
g-Bi2O3/Bi2O2.75 hybrid thin-film nanocomposites along with JCPDS
tter understanding (top-bottom inside figure labels).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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planes of cubic silver (JCPDS no. 00-004-0783). A small peak
observed at 2q = 22.9° in both the samples is assigned to the
rGO (002) plane, and the broad peak observed at 12.7° and 11.1°
is due to the (001) plane of residual graphene oxide.30 All the
peaks belonging to a- and d-Bi2O3, the non-stoichiometric
phase Bi2O2.75, Ag peaks aer its incorporation, and the rGO
peak, conrmed the formation of non-stoichiometric rGO-
Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-lm
nanocomposites. The broad peaks in the XRD prole of the
thin lms indicate the polycrystalline nature of the samples.
This is also conrmed and explained by TEM analysis later in
this paper. The average crystallite size (Davg) of both the hybrid
thin-lm nanocomposites were calculated using the Scherrer
equation:

Davg = 0.9l/b cos q (1)

where l= 1.5406 Å is the wavelength of the Cu-Ka target, q is the
Bragg diffraction angle, and b is the full width at half maximum
(FWHM) of the selected diffraction peak. The calculated crys-
tallite sizes varied in the range of 9–16 nm and 11–17 nm for
rGO-Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75, respectively, as
shown in Table 1. The average crystallite sizes for rGO-Bi2O3/
Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75 are ∼12 nm and ∼13 nm,
respectively.

The surface chemical composition and chemical oxidation
states of the elements present in the as-prepared hybrid thin-
lm nanocomposites were investigated through XPS survey
scans and high-resolution XPS spectra. Fig. 3(a) shows XPS
survey scans for rGO-Bi2O3/Bi2O2.75 (I) and rGO-Ag-Bi2O3/
Bi2O2.75 (II), with prominent signature peaks corresponding to
the presence of the elements Bi, C, and O in the rGO-Bi2O3/
Bi2O2.75 and Bi, C, O, and Ag in rGO-Ag-Bi2O3/Bi2O2.75 hybrid
thin-lm nano composites. This conrms the absence of other
elemental impurities in the sample.25 The high-resolution XPS
spectra for Bi 4f shown in Fig. 3(c) display two asymmetric peaks
at 158.78 and 164.06 eV for rGO-Bi2O3/Bi2O2.75 and at 159.05
and 164.23 eV for rGO-Ag-Bi2O3/Bi2O2.75. These are attributed to
Bi 4f5/2 and Bi 4f7/2, respectively, with a spin–orbit splitting
Table 1 Crystallite sizes for the corresponding Bragg angles of rGO-
Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-film nano-
composites were calculated from XRD analysis

2q (hkl) b (q) D (nm)

rGO-Bi2O3/Bi2O2.75

23.96 �102 (a-Bi2O3) 0.57 13.70
29.93 222 (d-Bi2O3) 0.92 8.38
32.62 321 (d-Bi2O3) 0.47 16.31
46.86 200 (Bi2O2.75) 0.69 10.54
56.75 116 (Bi2O2.75) 0.81 8.65

rGO-Ag-Bi2O3/Bi2O2.75

32.44 321(d-Bi2O3) 0.61 12.42
44.23 200 (Ag) 0.43 17.29
46.66 200 (Bi2O2.75) 0.57 12.89
64.42 220 (Ag) 0.45 14.85
77.39 311 (Ag) 0.55 11.27

© 2024 The Author(s). Published by the Royal Society of Chemistry
value of 5.3 eV between the two asymmetrical peaks of Bi 4f,
which has been reported in the literature, conrming the +3
oxidation state of Bi in both the samples.36,37 Aer the incor-
poration of Ag in the rGO-Bi2O3 hybrid thin-lm nano-
composite, additional peaks at higher binding energies of
160.2 eV (Bi 4f5/2) and 165.4 eV (Bi 4f7/2) were noted aer
deconvolution. These peaks arise due to the mild surface-
charging effect due to the change in the polarization of crys-
tals.38 Fig. 3(d) presents the deconvoluted high-resolution XPS
spectra of O 1s. In both the hybrid thin-lm nanocomposites,
the peaks were observed at 529.5 eV, 530.8 eV, and 532.3 eV
(532.6 eV in rGO-Ag-Bi2O3/Bi2O2.75), which can be ascribed to
the lattice oxygen of Bi2O3, surface oxygen vacancies or any
oxygen species absorbed in the vacancies, and absorbed
hydroxyl oxygen on the surfaces.39 Similar O 1s peaks were
observed for the rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-lm nano-
composite, indicating the presence of the oxygen vacancies and
surface defects. The O 1s peak component at 530.8 eV is
substantial compared to the other resolved O 1s peaks and is
ascribed to the presence of the oxygen vacancies in the non-
stoichiometric Bi2O3/Bi2O2.75 lattice, which is also evident in
the XRD pattern.23 The oxygen vacancies in the semiconductor
are one of the factors, along with the chemical enhancement
and plasmonic effect of the metal, contributing to the SERS
enhancement, as discussed in the upcoming section.16,18 The
two separate tted peaks at 367.99 eV and 374.02 eV with an
energy difference of around 6 eV as shown in Fig. 3(b) are
characteristic of the Ag 3d metallic element state in the rGO-Ag-
Bi2O3/Bi2O2.75 sample.23 The deconvoluted XPS spectrum of C 1s
for the rGO-Bi2O3/Bi2O2.75 hybrid thin-lm nanocomposite is
shown in Fig. 3(e). It shows three peaks centred at 284.8 eV
(aromatic C]C/C–C), 286.3 eV (epoxide C–O) and 287.5 eV (–
C]O, carbonyl group). The presence of the less-intense C–O of
the epoxide and –C]O of the carbonyl group indicates less
oxygen-bonded carbon due to the reduction of GO to rGO in the
nanocomposites. Similar peak components were also observed
in rGO-Ag-Bi2O3/Bi2O2.75 at 284.7 eV (aromatic C]C/C–C),
285.8 eV (epoxide C–O), and 286.6 eV (–C]O, carbonyl group).25

The XPS measurement and XRD analysis of the as-prepared
samples conrmed the formation of non-stoichiometric rGO-
Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-lm
nanocomposites.
3.2 Morphology of the samples

The surface morphologies of both the hybrid thin-lm nano-
composites were analyzed using FESEM. The morphology and
magnied SEM images of the rGO-Bi2O3/Bi2O2.75 and rGO-Ag-
Bi2O3/Bi2O2.75 hybrid thin-lm nanocomposites are shown in
Fig. 4(a), (c), (b) and (d), respectively. The FESEM image of the
rGO-Bi2O3/Bi2O2.75 nanocomposite shows ower-like nano-
structures spread over the rGO sheet. The rGO sheet facilitates
the formation of the nanostructure, as shown in pictures. It can
be observed in Fig. 4(a) that the rGO sheets have manifested
into a ower-like nanostructure aer forming a composite with
Bi2O3/Bi2O2.75, which otherwise generally appears as a wrinkled
nanosheet, as marked in the FESEM image. The polycrystalline
RSC Adv., 2024, 14, 11951–11968 | 11955
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Fig. 3 (a) XPS survey scans of (I) rGO-Bi2O3/Bi2O2.75 and (II) rGO-Ag-Bi2O3/Bi2O2.75; high-resolution XPS spectra of (b) Ag 3d for rGO-Ag-Bi2O3/
Bi2O2.75, (c) Bi 4f, (d) O 1s and (e) C 1s for rGO-Bi2O3/Bi2O2.75 (top) and rGO-Ag-Bi2O3/Bi2O2.75 (bottom) hybrid thin-film nanocomposites,
respectively.

11956 | RSC Adv., 2024, 14, 11951–11968 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FESEM images of the (a and b) rGO-Bi2O3/Bi2O2.75 and (c and d) rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-film nanocomposites, (e(i)) and (h(i))
elemental map overlay and (e(ii) to e(iv)) and (h(ii) to h(v)) individual elemental maps of the rGO-Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75 hybrid
thin film nanocomposites. (g) and (j): EDS line scan profile recorded along yellow line shown in (f) and (i) for the rGO-Bi2O3/Bi2O2.75 and rGO-Ag-
Bi2O3/Bi2O2.75 hybrid thin-film nanocomposites, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 11951–11968 | 11957
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nature of the formed structure with Bi2O3/Bi2O2.75 spread over
rGO was observed. TEM analysis of Bi2O3/Bi2O2.75 of samples
also showed similar observations, which are discussed below. In
the case of the rGO-Ag-Bi2O3/Bi2O2.75 nanocomposite, aer the
incorporation of Ag, it was intriguing to observe a highly
dened and distinguished morphology consisting of ower-like
nanostructures of varied sizes. The distribution of Bi2O3/
Bi2O2.75 with incorporated Ag NPs over an rGO sheet resulted in
a compact shiny ower-like nanostructure. The Ag NPs appear
as bright spots decorated over the ower petals, as presented in
Fig. 4(d). The detailed elemental compositions of the synthe-
sized rGO-metal-metal oxide thin lms were further conrmed
using elemental mapping. Fig. 4(e(i)) and (h(i)) shows the
overall elemental composition of both the nanocomposites,
respectively. Fig. 4(e(ii)) demonstrates that the element Bi is
incorporated abundantly on the rGO sheet surface with densely
distributed O (Fig. 4(e(iv))), indicating the formation of Bi2O3/
Bi2O2.75. Moreover, major blue dots appear due to the element C
present in the rGO sheets (Fig. 4(e(iii))). The elemental maps of
a single ower-like nanostructure of rGO-Ag-Bi2O3/Bi2O2.75

shown in Fig. 4(h(ii)–(v)) indicate the presence of the four
elements C, Bi, O, and Ag in the as-prepared hybrid thin-lm
Fig. 5 (a) TEM image of an rGO-Bi2O3/Bi2O2.75 nanoflower. (b) Magnified
(d) SAED profile of rGO-Bi2O3/Bi2O2.75 hybrid thin-film nanocomposite.

11958 | RSC Adv., 2024, 14, 11951–11968
nanocomposite structure. EDS line scans for single nano-
composite owers were performed to explore the uniformity of
the elemental composition and elemental distribution in the
nanocomposite structures. Fig. 4(f) and (i) illustrate the SEM
images of selected ower structures used for EDS line mapping,
and scan lines are shown as yellow lines. As shown in Fig. 4(g)
and (j), EDS line proles for both the nanocomposites show
a greater intensity of C, which is also obvious in the elemental
mapping [Fig. 4(e) and (h)]. The line scan prole shows
a homogenous distribution of C, Bi and O in the rGO-Bi2O3/
Bi2O2.75 and Bi, C, Ag, and O in rGO-Ag-Bi2O3/Bi2O2.75 nano-
composites. These results are consistent with the EDS mapping
[Fig. 4(e) and (h)] and TEM EDS analysis [Fig. 7(a) and (c)],
which will also be discussed below. The extended line prole of
C comes from the existence of the rGO sheet beneath or
surrounding the nanoower. The intensity of the EDS line
proles of Bi, O, and Bi, O and Ag in the respective nanoowers
are very similar and indicate the proper merging of Bi2O3/
Bi2O2.75 or Ag-Bi2O3/Bi2O2.75 with rGO to form the rGO-Bi2O3/
Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75 nanocomposites. Hence,
morphological details conrmed the formation of the rGO-
view of an rGO-Bi2O3/Bi2O2.75 nanoflower petal. (c) HRTEM image and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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metal-metal oxide hybrid thin-lm nanocomposites over the
rGO sheet.

The TEM analysis further supports the nanostructure details
of the rGO-Bi2O3/Bi2O2.75 nanoower, as shown in Fig. 5(a and b).
The crystalline and amorphous regions are clearly shown in the
magnied view of the nanoower petal and are highlighted in
Fig. 5(b). The HRTEM image shown in Fig. 5(c) presents the
distinct regions of the hybrid thin lm formed by the a- and d-
Bi2O3/Bi2O2.75. The processed HRTEM image showed lattice
fringes with inter-planar distances of 0.25 nm (2�12-a-Bi2O3),
0.27 nm (321-d-Bi2O3), 0.249 nm (112-Bi2O2.75), and 0.273 nm
(110-Bi2O2.75), as highlighted in Fig. 5(c). The polycrystallinity of
the nanocomposite was also evident in the SAED prole, as
shown in Fig. 5(d). The SAED prole shows the characteristic
planes of a-Bi2O3 (�321), d-Bi2O3 (024), (321), (310) and Bi2O2.75

(109) and (220), implying the formation of non-stoichiometric
metal oxide hybrids with the rGO nano sheet. The TEM image
of rGO-Ag-Bi2O3/Bi2O2.75 presents a similar ower-like
morphology consisting of well-anchored Ag NPs over the nano-
structure, as shown in Fig. 6(a). The black dots marked in
Fig. 6(b) show the Ag NPs decorated over the nano ower petal.
The HRTEM image of rGO-Ag-Bi2O3/Bi2O2.75 presented in
Fig. 6 (a) TEM image of an rGO-Ag-Bi2O3/Bi2O2.75 nanoflower (b) Ma
image of an rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-film nanocomposite
nanocomposite.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 6(c) shows a magnied view of the rGO nanocomposite with
a- and d-Bi2O3/Bi2O2.75, and the Ag NPs decorated over it. The
FFT process of the selected area showed inter-planar distances of
0.25 nm (2�12-a-Bi2O3), 0.23 nm (024-d-Bi2O3), 0.16 nm (116-
Bi2O2.75) and 0.236 nm corresponding to Ag (111), as illustrated
in Fig. 6(c). The SAED pattern shown in Fig. 6(d) revealed the
polycrystalline nature and few characteristic planes of a-Bi2O3

(�321), d-Bi2O3 (220, 310), Bi2O2.75 (220) and Ag (220, 311), strongly
indicating the formation of rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-
lm nanocomposites. The FESEM images (Fig. 4) show rGO
nanosheets, but in the TEM images, it is difficult to distinguish
as rGO and its hybrid have sheet-like structures; hence, the
lattice fringes corresponding to Bi2O3/Bi2O2.75 and Ag are pre-
sented in the HRTEM images. The elemental composition of the
synthesized samples was investigated using TEM-EDS and is
presented in Fig. 7(a) and (c). The substantial presence of O and
Bi in rGO-Bi2O3/Bi2O2.75 and O, Bi, and Ag in rGO/Ag-Bi2O3/
Bi2O2.75, along with C, was noted. The average size of the ower-
like structures obtained via TEM studies is 4.64 mm for rGO-
Bi2O3/Bi2O2.75 and 0.705 mm for rGO-Ag-Bi2O3/Bi2O2.75 (Fig. 7(b)
and (d)); they are composed of small rGO-Bi2O3/Bi2O2.75 and rGO-
Ag-Bi2O3/Bi2O2.75 crystallites of various sizes as mentioned in
gnified view of rGO-Ag-Bi2O3/Bi2O2.75 nanoflower petals. (c) HRTEM
. (d) SAED pattern of the rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-film

RSC Adv., 2024, 14, 11951–11968 | 11959
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Fig. 7 EDS analysis and particle size distribution histogram of the (a and b) rGO-Bi2O3/Bi2O2.75 and (c and d) rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-
film nanocomposites.
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Table 1. The difference in average sizes among the hybrid thin-
lm nanocomposites justies the SEM morphology observa-
tion. As shown in SEM analysis, the morphology of rGO-Bi2O3/
Bi2O2.75 is more dispersed, non-uniform, and agglomerated,
and hence, the particle size is large as compared to that of
rGO-Ag-Bi2O3/Bi2O2.75, for which the particles were more
dened, compact and of smaller size (see Fig. 4(a) and (c)).
Fig. 8 FTIR spectra of the as-synthesized (a) rGO-Bi2O3/Bi2O2.75 and (b

11960 | RSC Adv., 2024, 14, 11951–11968
This further conrms the slight change in the morphology of
the nanocomposite aer introducing the Ag NPs.
3.3 Optical properties of the samples

FTIR analysis of the samples was further performed to identify
functional groups present in the synthesized hybrid thin-lm
nanocomposites. The FTIR spectra for rGO-Bi2O3/Bi2O2.75 and
) rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-film nanocomposites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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its plasmonic composite, rGO-Ag-Bi2O3/Bi2O2.75, are shown in
Fig. 8. In both cases, a broad spectrum at ∼3330 cm−1 was
observed due to the –OH stretching vibration of water molecules
adsorbed on the hybrid thin-lm nanocomposites. A charac-
teristic small peak at 846 cm−1 corresponds to the Bi–O–Bi
stretching in Bi2O3 units. The sharp peak at 664 cm−1 and broad
shoulder at 578 cm−1 indicate the Bi–O stretching vibration of
Bi2O3. The minor peaks observed at 1003, 1570, and 2346 cm−1

correspond to the epoxy or alkoxy C–O stretching mode, C]C
stretching mode of the skeletal vibration of rGO, and C]O
stretching mode, respectively.40 The broad peak observed at
1320 cm−1 corresponds to the C–OH bending.41 In the case of
rGO-Ag-Bi2O3/Bi2O2.75, the peaks observed at 720 cm−1 and
1469 cm−1 are ascribed to the (CH2)n bending vibration42 and
C–O stretching mode.40 The absence or presence of very weak
signals at signature vibrational frequencies for oxygen-
containing functional groups like C]O, –OH, and –C–O–C–
indicate the complete reduction of graphene oxide, and the
presence of a characteristic metal–oxygen bond between 600
and 1000 cm−1 implies the formation of rGO-Bi2O3/Bi2O2.75 and
its plasmonic hybrid rGO-Ag-Bi2O3/Bi2O2.75 thin lm.43

The optical properties of the as-synthesized samples were
studied using UV-vis spectroscopy. The UV-vis spectra of rGO-
Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75 are shown in Fig. 9(a)
and (b). The absorptions observed at 263 nm and 279 nm in
rGO-Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75, respectively, are
the characteristic absorbance of p–p* transitions in the
aromatic C]C bonds of rGO, which indicates a reduction of GO
to rGO and restoration of the electronic conjugation in gra-
phene sheets.44 The absorption edge of Bi2O3 was observed at
around 470 nm in both nanohybrids, as reported previously.45

The rGO-Bi2O3/Bi2O2.75 shows absorption in the visible range,
which could be associated with free electrons or small polarons
originating due to the oxygen vacancies. Similar plasmonic
resonances are typical in non-stoichiometric metal oxides and
derivatives with oxygen vacancies or defects.22,46 The UV-vis
spectra for rGO-Ag-Bi2O3/Bi2O2.75 showed enhanced wide
absorbance in the visible range and localized surface plasmon
resonance (LSPR) at 450–550 nm. This is observed due to the
oxygen vacancies and strong electronic coupling between the Ag
NPs present in the Ag-Bi2O3/Bi2O2.7 matrix.46,47
Fig. 9 UV-vis spectra of (a) rGO-Bi2O3/Bi2O2.75 and (b) rGO-Ag-Bi2O3/B

© 2024 The Author(s). Published by the Royal Society of Chemistry
Important features of GO and rGO, such as their defect sites,
crystallinity, layers, and types of functional groups containing
oxygen can be explored using their Raman spectra.48,49 Raman
analysis also helps in interpreting the reduction of graphite
oxide layers, i.e., the conversion of functional groups like
hydroxyl groups to epoxy groups. In the LLI synthesis, there is in
situ conversion of GO to rGO by hydrazine hydrate. The Raman
spectra of as-synthesized rGO, rGO-Bi2O3/Bi2O2.75, and rGO-Ag-
Bi2O3/Bi2O2.75 are shown in Fig. S1.† The two signature D and G
bands of rGO at 1342 cm−1 and 1581 cm−1 respectively can be
seen in the spectra in Fig. S1(a).† The A1g mode D band can be
observed at 1342 cm−1 for rGO and rGO-Bi2O3/Bi2O2.75, as well
as at 1330 cm−1 for rGO-Ag-Bi2O3/Bi2O2.75. It appears because of
the disordered graphite planar structure, the vibrational
stretching of sp3-hybridized C–C bonds, and the breathing
mode of free bonds belonging to terminal aromatic rings. The
high intensity of the D band peak corresponds to the degree of
structural defects or edges.50 The rst-order scattering arising
due to E2g phonon modes in the Brillouin zone at the K point,
i.e., the G-band, can be observed at 1581 cm−1 for rGO and rGO-
Ag-Bi2O3/Bi2O2.75, as well as at higher wavenumber for rGO-
Bi2O3/Bi2O2.75, i.e., 1590 cm−1. This is a characteristic peak of
the sp2-hybridized carbon atoms of graphitic aromatic layers
and stretching of C]C bonds in the aromatic rings and chains.
The D and G bands are wider due to the oxidation of graphite
and its lattice deformation.

The Raman spectra also show second-order bands at ∼2500–
3300 cm−1 corresponding to second-order phonon vibrations. A
broader 2D peak is observed at a higher wavelength of
2929 cm−1 for rGO, which corresponds to the layered structure
of graphite oxide.51,52 The higher intensity of the 2D band in
rGO-Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75 indicates the
presence of a more secluded graphene area, deintercalated rGO
sheets out of packed multilayer GO sheets and elimination of
oxygen groups.53,54 The degree of disorder among carbon-
containing samples can be estimated by the relative intensity
ratio (ID/IG). The intensity ratios calculated for rGO, rGO-Bi2O3/
Bi2O2.75, and rGO-Ag-Bi2O3/Bi2O2.75 are 1.11, 1.09, and 1.14,
respectively. No signicant difference was noted in the intensity
ratios of rGO and rGO-Bi2O3/Bi2O2.75, indicating reinstatement
of sp2 domains and formation of sp2 carbon aer reduction.
i2O2.75 hybrid thin-film nanocomposites.

RSC Adv., 2024, 14, 11951–11968 | 11961
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Fig. 10 SERS spectra for concentrations of 1 mM to 1 mM R6G
adsorbed on the rGO-Bi2O3/Bi2O2.75 hybrid thin-film
nanocomposites.

Fig. 11 Comparison of the SERS spectra for the detection of 1 mM R6G
thin-film nanocomposites and (c) Bi2O3/Bi2O2.75 and (d) rGO thin films. Th
Raman signals of Ag. The shaded areas highlight the characteristic peak

11962 | RSC Adv., 2024, 14, 11951–11968
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However, a small increase in the intensity ratio of rGO-Ag-Bi2O3/
Bi2O2.75 as compared to those of rGO and rGO-Bi2O3/Bi2O2.75

indicates the formation of a more disordered layered graphitic
structure aer the deposition of Ag and Bi2O3/Bi2O2.75 on rGO.53

As shown in Fig. S1† (inset), the characteristic Raman peaks for
Bi2O3/Bi2O2.75 were observed at ∼262 cm−1, 288 cm−1,
307 cm−1, 328 cm−1, 412 cm−1, 440 cm−1, 462 cm−1, 527 cm−1,
and 546 cm−1 in the case of the rGO-Bi2O3/Bi2O2.75 hybrid thin-
lm nanocomposite, whereas similar peaks along with those for
Ag at 440 cm−1 and 562 cm−1 were observed for the rGO-Ag-
Bi2O3/Bi2O2.75 hybrid nanocomposite. The peaks at ∼262 cm−1,
288 cm−1, 307 cm−1, 328 cm−1, 412 cm−1, 440 cm−1, and
462 cm−1, can be assigned to a-Bi2O3, whereas those at
527 cm−1 and 546 cm−1 were assigned to the presence of
Bi2O2.75 in the rGO-Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75

hybrid thin-lm nanocomposites.55,56 Peaks at 442 cm−1 and
562 cm−1 are noted in the case of rGO-Ag-Bi2O3/Bi2O2.75 due to
the incorporation of the Ag NPs.57
3.4 SERS application

The SERS properties of the rGO-Bi2O3/Bi2O2.75 and rGO-Ag-
Bi2O3/Bi2O2.75 hybrid thin-lm nanocomposites were studied
using R6G as a probe molecule. As shown in Fig. 10, the SERS
spectra for rGO-Bi2O3/Bi2O2.75 indicate the detection ability of
the rGO-Bi2O3/Bi2O2.75 hybrid thin lm towards the analyte R6G
using the (a) rGO-Ag-Bi2O3/Bi2O2.75 and (b) rGO-Bi2O3/Bi2O2.75 hybrid
e ‘D’ here represents Raman peaks of Bi2O3/Bi2O2.75 and ‘A’ represents
s of R6G.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 SERS spectra for concentrations from 1 mM to 1 nM of R6G
adsorbed on the rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-film nano-
composites. The asterisks represent the D- and G-bands of rGO.
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from 1 mM to 1 mM. It can be observed in the SERS prole that
the characteristic peaks of R6G are present but feeble for the
lower concentration of 10 mM and very poor for 1 mM of R6G;
this indicates the ability of rGO-Bi2O3/Bi2O2.75 to detect
concentrations down to 10 mM of R6G.

To understand the extent of the SERS activity, control SERS
experiments were performed on the metal oxides alone, i.e.,
Bi2O3/Bi2O2.75, and rGO individually, towards 1 mM R6G and
compared with those of the as-prepared hybrid thin-lm
nanocomposites. The comparative SERS activity of the rGO-
Ag-Bi2O3/Bi2O2.75, rGO-Bi2O3/Bi2O2.75, Bi2O3/Bi2O2.75, and rGO
substrates is shown in Fig. 11. It is observed that the charac-
teristic peaks of R6G appear most prominent in the case of rGO-
Ag-Bi2O3/Bi2O2.75. As mentioned earlier, the other small peaks
at∼223 cm−1, 268 cm−1, 308 cm−1, 393 cm−1, and 445 cm−1 are
the Raman-active signals of Bi2O3, whereas those at ∼526 cm−1

and ∼566 cm−1 are observed due to the presence of Bi2O2.75. In
the case of rGO-Ag-Bi2O3/Bi2O2.75, the Raman peaks at 440 cm−1

and 566 cm−1 represent the co-existence of Bi2O2.75 and
Ag.22,54–56 The greater intensity of the R6G SERS signals could be
due to a combined effect originating due to the electromagnetic
effect exhibited by the Ag NPs and chemical enhancement by
the rGO-MO system due to the presence of the oxygen vacancies
caused by the existence of non-stoichiometric Bi2O2.75 in the
rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-lm nanocomposites. In
addition, a surface enhanced resonance Raman spectroscopy
(SERRS) contribution may be expected from R6G, especially
under 532 nm laser excitation. The at background of the
Raman spectra in the hybrid composites must be due to the
uorescence-quenching nature of rGO.

The addition of a small amount of Ag to the rGO-Bi2O3/
Bi2O2.75 hybrid thin-lm nanocomposite provided a huge
enhancement in the Raman signal of the analyte at a concentra-
tion of 1 mM. Hence, it was decided to further explore the SERS
activity of the hybrid substrate for lower concentrations of R6G. It
is clear from Fig. 12 that the rGO-Ag-Bi2O3/Bi2O2.75 hybrid
substrate showed signicantly improved sensitivity toward 1 mM
R6G compared to the rGO-Bi2O3/Bi2O2.75 hybrid thin-lm nano-
composite and was able to detect lower R6G concentrations
down to 1 nM. The Raman bands of the analyte R6G are observed
clearly down to 1 nM, as shown in Fig. 12. The signature Raman
bands of rGO at 1342 cm−1 and 1590 cm−1 for the D- and G-
bands, respectively, are denoted with asterisks. The signature
peaks of R6G adsorbed on the rGO-Ag-Bi2O3/Bi2O2.75 substrate
are well-dened and prominent. The enhanced Raman signals
assigned to R6Gwere observed at around 609 cm−1 and 769 cm−1

and correspond to the bending vibrationmode of the C–C–C ring
in the plane and C–H out of the plane of the xanthene skeleton,
respectively. The Raman signals at 1084 cm−1 and 1175 cm−1 are
correlated to the C–H out-of-plane bending vibration and C–C
stretching vibrations, respectively. The peaks at 1307 cm−1,
1358 cm−1, 1507 cm−1, 1569 cm−1, and 1645 cm−1 correspond to
the C–C in-plane stretching vibrations of the aromatic rings.58,59

The enhanced R6G Raman bands at 609 cm−1, 768 cm−1, and
1084 cm−1 can be observed at concentrations as low as 1 nMwith
very low intensity. For further clarity, an enlarged view of the R6G
Raman bands at nanomolar concentrations on rGO-Ag-Bi2O3/
© 2024 The Author(s). Published by the Royal Society of Chemistry
Bi2O2.75 is plotted in Fig. S2.† In Fig. S2,† the R6G Raman bands
are clearly visible down to 1 nM. This is attributed to the elec-
tromagnetic enhancement effect of Ag along with the synergic
effects of the other enhancement mechanisms, which were dis-
cussed earlier.

The linear dependence of the intensity of a few characteristic
Raman signals on the R6G concentration was analyzed via the
calibration curve obtained in the plot of logarithmic values of
various Raman peak intensity and R6G concentration in
Fig. S3.† It can be noted from the calibration curve that the
Raman intensities of R6G at 609 cm−1, 769 cm−1, 1175 cm−1

and 1307 cm−1 vary linearly with the R6G concentration. The
linear t to the data is shown as a solid red line. and the
respective coefficient of determination, R2, is given individually
for each intensity plot. The R2 values obtained were 0.91, 0.94,
0.90, 0.91 for the linear tting of the peaks at 609, 769, 1175,
and 1307 cm−1, respectively, in the logarithmic plot of intensity
versus R6G concentrations from 1 mM to 1 nM. The obtained R2

values indicate good linearity with different Raman band
intensity and concentration of R6G analyte. This conrms the
RSC Adv., 2024, 14, 11951–11968 | 11963
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excellent consistent detection ability of the rGO-Ag-Bi2O3/
Bi2O2.75 substrate towards the R6G dye. Further, the intensity
plot for a few characteristic peaks of R6G for both the substrates
rGO-Bi2O3/Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75 are shown in
Fig. S4.† This clearly shows that the Ag-decked rGO-Bi2O3/
Bi2O2.75 hybrid thin-lm nanocomposite is an efficient
substrate to detect R6G dye molecules.

3.4.1. Enhancement factor (G-factor) calculation. The
enhancement factor (EF) or G-factor is a quantitative measure of
the Raman signal enhancement of an analyte adsorbed on the
SERS-active nanosubstrate under study. It also provides infor-
mation about the sensitivity of the substrate towards the ana-
lyte. The EF for both the as-prepared hybrid thin lm
nanocomposite was determined using the equation given
below:

EF ¼ ISERS

Ibulk
� Nbulk

NSERS

(2)

ISERS is the Raman band intensity of R6G adsorbed on the SERS-
active substrate under study. Ibulk is the intensity of the Raman
signal recorded for the pure R6G analyte. As stated in our earlier
report, R6G is a highly uorescent dye; thus, we considered
a 1 mM (10−3 M) concentration of R6G adsorbed on the glass
substrate as the bulk.60a Here, we considered the intensity of the
prominent SERS band at 772 cm−1 of R6G for the intensity ratio

calculations. The
ISERS
Ibulk

ratio for R6G adsorbed on rGO-Bi2O3/

Bi2O2.75 was determined to be∼8. The ratio of Nbulk to NSERS was
calculated as discussed by Z. Zhu et al.61 Nbulk can be obtained
using the following equation:

Nbulk ¼ Ahr

m
(3)

Here, A is the area of the laser spot (1.3 mm2), h is the laser
penetration depth (8.5 mm), and r and m are the density
(1.26 g cm−3) and molecular weight (479.02 g mol−1) of R6G,
respectively. NSERS was determined using the equation estab-
lished by Park et al.62 The surface concentration in moles of 20
mL R6G for the lowest detected value for the rGO-Bi2O3/Bi2O2.75

substrate, i.e., 10 mM, is 2 × 10−10 moles. Considering the
product of the ratio of the number of molecules of R6G to the
sampling area and area of the laser spot, NSERS was calculated to
be 3.28 × 10−18 moles. The intensity ratio and ratio of the
number of molecules were substituted into eqn (2), and the
enhancement factor was found to be 7× 104, which is one order
of magnitude greater than the EF values of 102 to 103 achieved
for the rGO-MO SERS system in previous works. Similarly, the
EF was calculated for the rGO-Ag-Bi2O3/Bi2O2.75 substrate with
the lowest detection limit, which is a 10−9 M concentration of
R6G. The intensity of the Raman peak at 769 cm−1 was
considered for the intensity ratio calculation of ISERS and Ibulk
for the rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin lm nanocomposite
substrate and was determined to be ∼21. Here, the surface
concentration in moles of 20 mL R6G for the lowest detected
value in the case of rGO-Ag-Bi2O3/Bi2O2.75, i.e., 1 nM, is 2 ×

10−14 moles. Considering the product of the ratio of the number
of molecules of R6G to the sampling area and area of the laser
11964 | RSC Adv., 2024, 14, 11951–11968
spot, NSERS was determined to be 3.28 × 10−22 moles. Through
substitution into eqn (2), the enhancement factor was deter-
mined to be 1.8 × 109. A ve-fold increase in the EF was ach-
ieved aer the incorporation of the Ag NPs in the rGO-Bi2O3/
Bi2O2.75 nanocomposite.

3.4.2. SERS mechanism. Generally, the EF obtained for the
rGO/MO SERS system in previous literature is of the order 102

due to a chemical enhancement mechanism (CE).32 In addition
to well-known SERS mechanisms such as electromagnetic
enhancement (EM) and chemical enhancement (CE), oxygen
vacancies and non-stoichiometric mediated defects in the
nanostructure of metal oxide semiconductors have become
recent key strategies for engineering SERS substrates for better
enhancement.16–18 The Raman signal enhancement in the semi-
conductors is mainly explained by applying the photo-induced
charge transfer (PICT) mechanism along with molecular reso-
nance, exciton resonance, and defect energy levels.18 Pure Bi2O3

is a weak/non-SERS substrate, as shown in Fig. 11(c). However, in
the rGO-Bi2O3/Bi2O2.75 hybrid substrate, the enhancement is due
to the synergic effect of the charge transfer in rGO due to sp2-
enriched sites, and intrinsic oxygen vacancies generated in
Bi2O3−x cause a Raman signal enhancement of up to 7× 104 with
a detection limit as low as 10−5 M for R6G. The further addition
of a small amount of Ag to the hybrid nanocomposites gives
a huge electromagnetic plasmonic enhancement, with an EF of
1.8× 109 and lowest detection limit of 10−9 M for R6G.When the
semiconductor Bi2O3/Bi2O2.75 adsorbs R6G molecules, it exerts
charge transfer due to PICT. As per Herzberg–Teller theory, if the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) of the adsorbed molecule (R6G
in this case) and incident photon excitation energy (532 nm =

2.33 eV) match the conduction band (CB) and valence band (VB)
of the substrate (the semiconductor in this case), the PICT
process occurs.63 The HOMO and LUMO of the widely studied
R6G molecule have been reported to be −5.70 eV and −3.40 eV,
respectively.17 Based on CB and VB values cited by Xu et al., the
SERS mechanism for rGO-Ag-Bi2O3/Bi2O2.75 aer the adsorption
of R6G is proposed, as shown in Fig. 13. The CB and VB values for
Bi2O3 were calculated from bandgap values, which are calculated
using density functional theory (DFT), whereas for Bi2O2.75, the
CB and VB were obtained fromMulliken electronegativity theory
by Xu et al.23 As it is non-stoichiometric Bi2O2.75, their energy
levels are shown separately, unlike for the presence of defects,
which are considered as sub-state energy levels. We hypothesize
that PICT is feasible from the Fermi energy level of Ag (Ef=−4.84
eV)64 to the LUMO of the R6G molecule, as the energy difference
between them is 1.44 eV, which is smaller than the incident laser
source energy of 2.33 eV. The energy gap between the HOMO and
LUMO of R6G is 2.35 eV, so there is a mild possibility of
molecular resonance contributing to the SERS enhancement.
PICT from the semiconductor to the molecule or from the
molecule to the semiconductor is possible, as the energy differ-
ence between the VB of Bi2O3/Bi2O2.75 and the LUMO of R6G is
2.07 eV. Electron transition from the CB of Bi2O3 and the VB of
Bi2O2.75 can also be feasible due to small energy difference of
0.26 eV between the two energy levels. Exciton resonance also
contributes to the SERS signal enhancement due to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Schematic of the proposed SERS mechanism for R6G adsorbed on rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-film nanocomposite.
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formation and delocalization of the electron–hole pair formed
aer the excitation of an electron from the CB to the VB of Bi2O3

(Eg = 2.3 eV) and that of Bi2O2.75 (Eg = 1.24 eV). The electron
transition pathway from the CB of Bi2O3/Bi2O2.75 to the HOMO of
R6G is unavailable due to the large energy difference between the
two energy levels. Further, R6G is conjugated and contains
a benzene ring in its molecular structure, similar to that of gra-
phene. When it is deposited on the rGO/Ag/Bi2O3/Bi2O2.75 hybrid
thin-lm nanocomposite, the vibrational signal of R6G is notably
enhanced due to the p–p stacking. In addition, there is a key role
of surface enhanced resonance Raman scattering (SERRS),
especially in the case of R6G excited with a 532 nm laser. Based
on coupled resonance theory, it has been proposed that certain
vibrational modes obtain their intensity through a vibronic
coupling mechanism.60a,b,65 The EF achieved for rGO-Bi2O3/
Bi2O3−x is of the order 104 due to the effective CT exhibited
between the non-stoichiometric rGO-Bi2O3/Bi2O3−x hybrid thin
lm and R6G molecules as well as the SERRS effect of R6G upon
illumination with a 532 nm laser. The further increase in EF for
rGO-Ag-Bi2O3/Bi2O3−x is purely because of the strong plasmonic
electromagnetic enhancement effect of the Ag NPs and viable
electron transfer between the R6G molecules and Ag NPs. In our
rGO-Ag-Bi2O3/Bi2O3−x substrate, the enhancement factor is
better and comparable with that of the rGO-Ag substrate that was
reported previously.60a,66,67 Hence, the superior SERS enhance-
ment in rGO-Ag-Bi2O3/Bi2O2.75 is due to the synergistic effect of
the PICT among the non-stoichiometric rGO-Bi2O3/Bi2O2.75

system, plasmonic effect of Ag, molecular resonance or SERRS
effect in R6G due to the excitation of 532 nm laser and exciton
resonance in Bi2O3/Bi2O2.75.
4. Conclusions

We have the synthesized rGO-based, ower-like non-
stoichiometric metal oxide hybrid thin-lm nanocomposites
rGO-Bi2O3/Bi2O2.75 and Ag-decked rGO-Ag-Bi2O3/Bi2O2.75 using
© 2024 The Author(s). Published by the Royal Society of Chemistry
a simple liquid/liquid interface (LLI) method. To the best of our
knowledge, this is the rst report of the preparation of non-
stoichiometric metal oxide hybrids with rGO using the LLI
method. The as-prepared non-stoichiometric rGO-Bi2O3/
Bi2O2.75 and rGO-Ag-Bi2O3/Bi2O2.75 hybrid thin-lm nano-
composites have been demonstrated to achieve effective detec-
tion of the hazardous dye R6G. The supporting characterization
results conrm the morphological variation of rGO-Ag-Bi2O3/
Bi2O2.75 and rGO-Bi2O3/Bi2O2.75 and the presence of the oxygen
vacancies, which are responsible for the SERS enhancement of
R6G. It is possible to achieve the detection of as little as 1 nM of
R6G with an EF of 1.8 × 109 using the rGO-Ag-Bi2O3/Bi2O2.75

substrate; this represents an enhancement of more than ve
orders of magnitude compared to the rGO-Bi2O3/Bi2O2.75 hybrid
substrate, which has an EF of 7 × 104. The stable and repro-
ducible SERS spectrum of 1 mM R6G adsorbed on the rGO-Ag-
Bi2O3/Bi2O2.75 substrate is shown in Fig. S5.† These substrates
were prepared four to ve times using the LLI method under
identical conditions. Further, the substrates were stable and
showed comparable sensitivity to the fresh substrate even three
weeks aer preparation. Fig. S6† shows the uniform and
repeatable SERS spectra recorded on ve different points on the
same rGO-Ag-Bi2O3/Bi2O2.75 substrate. The improved SERS
effect in the non-stoichiometric rGO-Ag-Bi2O3/Bi2O2.75 hybrid
thin-lm nanocomposite is due to the cumulative effect of the
PICT process of the chemical mechanism in the non-
stoichiometric rGO-Bi2O3/Bi2O2.75 system, the molecular reso-
nance or vibronic coupled SERRS effect of R6G under 532 nm
laser excitation, exciton resonance in Bi2O3/Bi2O2.75, electro-
magnetic enhancement due to the surface plasmon mechanism
of the Ag NPs and the uorescence-quenching nature of rGO.
Hence, we propose the silver-decked ower-like non-
stoichiometric hybrid thin-lm nanocomposite rGO-Ag-Bi2O3/
Bi2O2.75 as a highly sensitive SERS substrate for uorescent dyes
such as R6G. Further, we would like to explore these substrates
for pesticides and biomolecules in the future.
RSC Adv., 2024, 14, 11951–11968 | 11965
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