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ABSTRACT

Surface-enhanced Raman scattering (SERS) and electrochemical sensing (ECS) are integrated components of
modern and smart multifunctional electronic systems, but there are still plenty of rooms in mechanisms and
fabrication strategies that need to be optimized. Herein, we report a coalescent 2D heterostructures to enhance
electrocatalytic activity, sensitivity, and selectivity, made up of coalescent CuO@rGO on indium tin oxide, which
serves as a dual-mode sensing platform delivering sheet resistance of 10.3 ©/sq., transparency of 85.4 %, carrier
mobility of 2.7 x 10* cm?/V-s, and work function of 2.2 eV. This interface enables a SERS enhancement factor of
9.62 x 10° by facilitating methylene blue detection efficacy of 1 x 10~° M as a Raman reporter. For ECS, redox-
active hydroquinone (HQ) and acetaminophen (ACP) perceive higher linearity compared with single 2D mate-
rials or metal oxide and exhibit exceptional limit of detection and sensitivity of 4.7 nM (1.7740 pA pM~! cm™2)
for HQ and 6.3 nM (0.9037 pA pM~! cm™2) for ACP and applied in real tap water sample detection. This work
highlights the capacity of rationally engineered 2D heterostructures for futuristic, high-performance, miniatur-
ized, and multifunctional sensing technologies.

1. Introduction

metals, and conductive polymers [3]. The incorporation of coalescent
2D heterostructures with these materials at the nanoscale enhances

Pursuit of rigid, durable, and solution-processable conductive elec-
trodes has been a key research objective in the evolution of semi-
conducting circuits across several scientific fields, including smart
textiles, transportation systems, medical instruments, OLED displays,
touch screens, SERS, ECS, and modern wearable energy storage systems
[1]. For the advancement of neoteric electrodes in contemporary tech-
nologies, achieving excellent electrical conductivity is essential [2].
These electrodes are often constructed using carbon-based materials,

electrical conductivity, mechanical strength, device longevity, and
overall performance [4,5]. Flatlands of metal oxides have been exten-
sively studied in previous reports, with one of the emerging materials
being copper oxide (CuO) [6]. CuO, a narrow bandgap p-type semi-
conductor, exhibits high electrical conductivity, thermal stability, and
catalytic activity, playing a vital role in optoelectronics, power reten-
tion, electrocatalysis, antimicrobial coatings, and sensing applications
[7]. However, its low oxidation resistance and nanoscale aggregation
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hinder its long-term stability and conductivity [8]. These challenges can
be addressed by engineering CuO into a coalescent 2D heterostructures,
which promotes efficient charge transport, structural stability, and
surface reactivity [9].

Coalescent 2D heterostructures aided electrodes, particularly those
anchored on metals integrated with the broad family of graphene [3]
offer numerous benefits, including low sheet resistance, high surface
area, chemical redox activity, thermal stability, and exceptional me-
chanical integrity [10]. Among these, reduced graphene oxide (rGO) has
emerged as a promising material for enhancing the performance of CuO-
related heterostructures [11]. The presence of functional groups in rGO
provides ideal anchoring sites for CuO nanoparticles, enabling them to
be uniformly dispersed and enhancing the interaction between constit-
uents [12]. This coalescence improves the heterostructure's electrical
conductivity, mechanical stability, chemical resilience, and dielectric
strength [13]. Coalescent CuO@rGO demonstrated efficacy in tradi-
tional SERS and ECS, owing to their strong interfacial adhesion, efficient
charge transfer, surface activity, and reactivity. In the SERS model, the
enlarged interfacial area and facilitated charge delocalization intensify
the Raman signal across a broad range of molecules [14]. Concurrently,
coalescent CuO@rGO interface exhibits ultrahigh sensitivity and ultra-
low detection limits for trace analytes in ECS modalities due to its
excellent electrical conductivity, making it a compelling candidate for
ecological screening and analytical sensing platforms [15]. However,
CuO@rGO heterostructures suffer from signal fluctuations and reduced
stability during prolonged operation, limiting their reliability in SERS
and ECS applications [16].

Coalescent 2D heterostructures (CuO@GO/ITO) offer a promising
multifunctional platform for the deployment of SERS and ECS, owing to
their high electrical conductance, rapid surface reactivity, strong
adhesion, efficient charge transfer capability, optical transparency, and
mechanical resilience [17]. In the context of SERS, coalescent 2D het-
erostructures (CuO@GO/ITO) interfaces provide a highly sensitive and
reproducible platform for molecular detection, enabling synergistic
enhancement of both chemical effects and the local electromagnetic
field [18]. This is driven by charge transfer processes resulting from
integrated of CuO, GO, and ITO components, collectively leading to
strong Raman signal amplification [19]. In addition to ECS, coalescent
2D heterostructures (CuO@GO/ITO) exhibits rapid kinetic response and
high detection sensitivity toward a wide range of analytes, enabling its
use in chemical inspection and environmental monitoring through
electrochemical transduction mechanisms [20]. The development of
conventional SERS technology is hindered by inherent limitations,
including poor sensitivity, non-reproducible performance, and signal
instability primarily due to plasmonic nanoparticle aggregation and
inefficient electromagnetic field enhancement at the substrate interface
[21]. To mitigate these issues, semiconductor materials such as metal
oxides, TMDs, graphene, and MXenes have been used to enhance SERS
signals, owing to their high chemical stability, good biocompatibility,
and ability to facilitate charge transfer (CT) interactions [22]. Herein,
we propose coalescent 2D heterostructures (CuO@GO/ITO) proposed as
a stable alternative, leveraging their ability to locally enhance electro-
magnetic charge transfer fields and stabilize signal output, thereby
enabling efficient and high-performance SERS activity [23]. Similarly,
prior ECS technologies face challenges such as low electron transfer
rates, reduced selectivity, and inadequate sensitivity at low analyte
concentrations, primarily due to attenuated active sites and conductivity
[24]. The coalescent 2D heterostructures circumvents these limitations
by improving electrical conductivity and surface area, as well as
providing more active sites, such as oxygen vacancies and surface hy-
droxyl groups, which enhance sensitivity and selectivity in electro-
chemical sensing [25]. Prior research on 2D materials for SERS and ECS
has mainly focused on single component semiconductors, graphene
derivatives, or plasmonic nanoparticles [26]. While these platforms had
localized Raman enhancement or moderated electrochemical sensi-
tivity, the platforms typically had poor reproducibility, unstable signals,
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nanostructure aggregation, and limited multifunctionality [27].
Furthermore, conventional 2D structures basically lacked the combined
attributes of optical transparency, low sheet resistance, and long-term
stability that restricted their integration into scalable multifunctional
devices [28].

This work focuses on the successful synthesis of coalescent 2D het-
erostructures (CuO@GO/ITO) via a hydrothermal approach, resulting in
commendable conductivity (10.3 Q/sq), transparency (85.4 %), and
enhanced resistance to oxidative degradation, making it suitable for
operation in harsh ambient environments. Density functional theory
(DFT) and ab initio molecular dynamics (AIMD) calculations also
confirmed enhanced water adsorption (—0.73 to —0.13 eV), strong
binding of the coalescent 2D heterostructure CuO@GO/ITO (—5.54 eV),
and stable charge transfer. The innovative SERS performance of the
coalescent 2D heterostructure CuO@rGO/ITO delivers a substantial
enhancement factor (9.62 x 10° at 1 x 10~° M), along with excellent
signal reproducibility (RSD: 5-10 %). In the case of advanced ECS, the
coalescent 2D heterostructure demonstrates high sensitivity and selec-
tivity for HQ (LOD: 4.7 nM, sensitivity: 1.7740 pA pM ™' cm™~2) and ACP
(LOD: 6.3 nM, sensitivity: 0.9037 pA pM’l em™2). In comparison to
previous SERS and ECS platforms, our coalescent 2D heterostructure
CuO@rGO/ITO aided SERS and ECS offers significantly higher sensi-
tivity, signal stability, and multifunctionality for accurate detection
under ambient conditions at ultralow analyte concentrations. This
research opens new avenues for the use of coalescent 2D hetero-
structures (CuO@GO/ITO) in nanomaterial and electronics engineering
technology development, with excellent potential for future applications
in SERS and ECS-related systems.

2. Results and discussion

To synthesize a superior coalescent 2D heterostructures (CuO@GO/
ITO), GO and CuO are added to deionized water (DI water) and sub-
jected to ultrasonic agitation for 30 min. In an ultrasonic bath, the
acoustic cavitation phenomenon induced by swift pressure oscillations
leads to the formation and collapse of bubbles within milliseconds. This
collapse generates localized temperatures of up to 5000 °C and pressures
of thousands of bars, facilitating sonochemical reactions for the
dispersion of GO and CuO solutions [29]. The resulting solutions un-
dergo stirring and centrifugation, then are fused with different con-
centrations, consisting of nanoflake sheets of hydrophilic GO decorated
with superparamagnetic CuO nanoparticles. CuO nanoparticles are
effectively distributed on GO and introduce oxygen-containing func-
tional groups, which suppress agglomeration, strengthen interactions
with nanomaterial layers for improved stability, and promote uniform
dispersion (Supporting Information Fig. S1), subsequently coated onto
substrates using a spin coater. Thin films of coalescent CuO@GO were
dried at room temperature and annealed in a CVD tube (see in Experi-
mental Section). Heating the thin films in an Ar gas environment
removes oxygen-containing functional groups from the GO and CuO
layers, which plays an important role in increasing the electrical con-
ductivity of the thin film. Finally, a coalescent 2D heterostructures of
rGO supported CuO was deposited on bare glass and ITO-coated glass,
where oxygenated functional groups present in the nanomaterials (CuO
and rGO) contribute to the adhesion of CuO@rGO on ITO (Fig. 1a).
However, despite ITO's wide applicability, it suffers from intrinsic brit-
tleness, rendering it susceptible to mechanical fatigue and chemical
degradation, and environmental exposure may eventually lead to crack
formation. In contrast, coalescent 2D heterostructures (CuO@GO/ITO)
are more mechanically strong and environmentally stable, imparting
greater resistance against oxidative degradation and corrosion by air,
which are critical characteristics for the stable operation of hetero-
structures in SERS and ECS applications [30].

For validating and interpreting our experimental findings, DFT and
AIMD calculations were performed to investigate the effects of CuO
incorporation into GO and its subsequent integration with ITO substrate.
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Fig. 1. Experimental and computational study of advanced coalescent 2D heterostructure. a) 3D schematic display process for synthesis of CuO nanoparticles, GO
nanoflake sheets, CuO@rGO/coated glass and CutO@rGO/ITO-coated glass aided transparent electrodes. Supercells of b) GO, ¢) CuO@GO, and d, CutO@GO/ITO used
in DFT calculations. Blue, brown, red, white, pink, and grey spheres represent Cu, C, O, H, In, and Sn, respectively. Relaxed structure with adsorption energy E,q4s,
differential charge density, and Bader charge density transfer of HoO molecule on GO and coalescent CuO@GO surfaces at various adsorption sites. Panels e-h)
illustrate adsorption sites on C atom, hydroxyl, epoxide, and carbonyl functional groups of GO. Panels i-1 depict adsorption sites on Cu and O atoms of CutO@GO. In
charge density plots, yellow and blue isosurfaces represent charge accumulation and depletion. Positive and negative values of charge transfer indicate charge gain
and loss of H>O molecules, respectively. m, n) Temperature (blue) and relative energy (red) during water adsorption on GO and coalescent CutO@GO surface over
time. o, p) Snapshot of adsorption process of water on surfaces at last step of MD simulations. Blue, brown, red and white spheres represent Cu, C, O, and H atoms,
respectively. q) Differential charge density at coalescent 2D heterostructures (CuO@GO/ITO) interface with binding energy Ej; for SERS and ECS. Yellow and blue
isosurfaces illustrate regions of charge accumulation and depletion, emphasizing chemical bonding between coalescent CutO@GO and ITO. Spheres in blue, brown,

red, white, pink, and grey represent Cu, C, O, H, In, and Sn atoms, respectively.

These theoretical investigations are crucial for understanding how the
interfacial chemistry and surface interaction mechanisms translate into
the improved sensing performance of the coalescent CuO@GO. To
simulate the system, we constructed three representative unit-cell
models: GO, CutO@GO, and advanced coalescent 2D heterostructures
(CuO@GO/ITO) (Fig. 1b-d). To assess the water solubility of GO and
CuO@GO, the adsorption energies (E,qs) of a single H,O molecule on the
their surfaces were first calculated, since solubility strongly influenced
by water adsorption and hydration, which are a key determinant of
dispersion and film stability [23]. The relaxed structures of HyO on both
GO and coalescent CuO@GO surfaces, along with their adsorption en-
ergies, differential charge densities, and Bader charge transfers were
computed (Fig. 1e-1). Here, negative E,4s values correspond to favorable
adsorption, whereas positive values indicate unfavorable adsorption. On
GO surface, possible adsorption sites were examined (Fig. le-h),
including basal carbon atoms as well as hydroxyl, epoxide, and carbonyl
groups. All of these sites exhibited unfavorable energetics, with positive
adsorption energies between 0.51 and 1.08 eV. The weak interaction
between the H>O molecule and the GO surface is attributed to the hy-
drophilic nature of the graphene basal plane [24], and the presence of
oxygen-containing functional groups does not significantly enhance
water adsorption. This aligns with the experimental observation that GO
dispersions are unstable and prone to aggregation, leading to difficulties
in forming stable and homogeneous films. Conversely, the coalescent
CuO@GO surface exhibited opposite behavior, with negative energy
values from —0.73 to —0.13 eV, indicating favorable water adsorption
(Fig. 1i-1). Enhanced interactions between H;O and the coalescent
CuO@GO are attributed to the presence of unsaturated Cu and O atoms
at the CuO surface, which act as chemically active adsorption sites [25].
These results correlate directly with the experimentally observed
improvement in water solubility, which promotes uniform dispersion
and enables the successful fabrication of uniform CuO@GO/ITO films.

To gain a deeper insight into how H»O interacts with the surfaces in
relation to adsorption behavior and water solubility, we conducted an-
alyses on differential charge density and Bader charge transfer. In charge
density plots, yellow isosurfaces indicate regions of charge accumula-
tion, while blue isosurfaces represent regions of charge depletion. For
the GO surface, differential charge density analysis reveals that HyO
forms only weak and non-bonding interactions, with evident charge
depletion between the molecule and the adsorption site, resulting in
unfavorable adsorption with positive E,q4s. Bader charge transfer analysis
further exhibited negative values, suggesting that the HO molecule
loses charge upon adsorption. This charge loss weakens its interactions
with the GO surface, reinforcing the unfavorable adsorption energies
observed. In contrast, the coalescent CuO@GO surface exhibits large
charge accumulation and favorable charge transfer toward HyO,
consistent with stronger binding and highlighting the role of CuO in
enhancing water solubility.

To more closely mimic aqueous environments and assess thermal
stability, we performed AIMD simulations at room temperature (300 K)
for 5 ps. Temperature and relative energy over a 5 ps period are illus-
trated in (Fig. 1m, n). For both surfaces, temperature remained stable
around 300 K, and relative energy fluctuations converged, indicating
thermal stability during simulations. On GO surface, water molecules

remained poorly organized and separated (~3.32 A average separation,
Fig. 10), consistent with the experimentally poor water solubility and
dispersion of GO. Consequently, water molecules are loosely organized
above the GO surface, resulting in positive E,qs. In contrast, water
molecules were strongly adsorbed and ordered around CuO clusters on
CuO@GO (Fig. 1p), producing a robust hydration shell. This absorption
also causes slight bending of the CuO@GO film, reflecting strong in-
teractions between H,0 and the surface. The presence of CuO clusters
provided abundant active sites for water adsorption, resulting in stron-
ger binding and negative E,qs values compared to GO. Such behavior
explains the experimentally observed improvement in water solubility,
uniform dispersion, and the successful formation of stable coalescent
CuO@GO. In summary, the combination of DFT and AIMD simulations
demonstrates that the coalescent CuO@GO possesses a much higher
affinity for water molecules than GO, consistent with experimental re-
sults showing enhanced water solubility and stability in the coalescent
heterostructure.

To examine the adhesion and the interfacial bonding capability of
the coalescent CuO@GO with ITO, additional DFT calculations were
carried out to evaluate the binding energy (Ep). The interface exhibited a
large negative binding energy Ej;, of —5.54 eV (Fig. 1q), confirming that
the bonding is energetically favorable. Differential charge density
analysis further revealed clear charge redistribution across the interface,
signifying strong chemical interactions. Specifically, strong charge
accumulation was observed between oxygen atoms in ITO and carbon
atoms in coalescent CuO@GO, indicating the formation of robust O—C
chemical bonds. These bonding interactions are critical for stabilizing
the CuO@GO/ITO heterostructure and are consistent with the experi-
mental findings of excellent electrical and optical properties.

The dispersion behaviors of CuO, GO and their coalescent CuO@GO
in DI-water were systematically examined for a series of concentrations
(Fig. 2a). A laser light shining across solution bottles provides visual
assistance, clearly indicating suspended materials. UV-Visible (A =
200nm-800 nm) spectra of solutions were employed to probe electronic
structure and optical response of materials by revealing specific wave-
lengths at which a compound absorbs light, indicating the presence of
certain functional chromophores. Band gap of a material directly
correlating with its color variation is observed in CuO, GO, and coa-
lescent CuO@GO coated films on basic glass and ITO-coated glass before
heating and this serves as a pivotal indicator of their structural and
compositional differences (Fig. 2b, c). To further elucidate UV-visible
spectrum of CuO exhibits an absorption peak at 286 nm and a high light
transmission (93.4 %), GO peak at 270 nm (80.4 %). Coalescence so-
lution of CuO with GO exhibited progressively redshift absorption for
CuO@GO (0.5, 0.1) peaks at 270 nm (89.4 %), CuO@GO (0.5, 0.5) peaks
at 273 nm (85.9 %) and CuO@GO (0.5, 1.0) peaks at 278 nm (83.7 %)
(Fig. 2d, e). Decline in absorption peak, and light transmission due to
accumulation of GO into different concentration solutions, cause of
decrease in band gap due to redox reaction between CuO and GO (i.e.
CuO + GO—Cu + rGO + H,0), restore m-conjugated network (sp?
bonding), enhances conductivity and light absorbance. When a redox
reaction occurs, it introduces new energy levels that facilitate more
electronic transitions, are key attributes for optimal SERS and ECS
performance. These new energy levels facilitate electron transitions,
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Fig. 2. Optical and structural characterization. a) Digital photograph of CuO, GO and CuO@GO dispersion in DI water under laser light illumination. b, ¢) Distinct
colors variation of CuO, GO, coalescent CuO@GO on basic glass and ITO-coated glass substrates used for contact angle measurement. d, €) UV analysis and light
transmission through solutions. f) TEM images, g) SEAD patterns, h) Dark field TEM images and i) HRTEM images of CuO, GO, coalescent CuO@GO.

effectively reducing energy difference between valence band and con-
duction band. These visual distinctions not only facilitate identification
of heterostructures but also correlate with their wettability properties,
as evidenced by adhesion angle measurements (Supporting Information
Fig. $3) [34].

High-resolution TEM imaging analyses were carried out to study vast
microstructures, defects, crystallography, chemical composition, and
nanomorphology of GO nanoflakes, CuO, and coalescent CuO@GO on a
Cu grid before annealing (200 °C in an Ar gas flow). CuO and GO exhibit
perfect dispersion during exfoliation (Fig. 2f;, f5), which reflects high
structural integrity and no nanoscale agglomeration. Beyond dispersion
behavior, CuO-like nanospheres exhibit a cupric phase crystalline
structure with a lattice fringe spacing of 0.24 nm link to (111) plane in
the high resolution image and diffraction rings corresponding to (111),
(112), and (004) planes of the cupric phase in the SAED (Fig. 2g;) [35].
In addition, GO is present in the form of nanosheets that possess a folded
silk veil-like morphology and ripple, reflecting its semicrystalline

nature, and diffuse rings (110), (001) reported (Fig. 2g5), typical consists
of graphitic (sp?) regions interspersed with oxidized (sp®) frameworks.
These TEM analyses show that two morphologies exist: spherical CuO
nanospheres tightly bound on the surface of wrinkled GO sheets by van
der Waals forces. Structural stability of coalescent CutO@GO improves
with higher GO composition, forming a more networked framework that
enhances material stability and dispersion of CuO. At low content
CuO@GO (0.5,0.1), GO provides limited availability of functional
groups for CuO anchoring, leading to a loosely assembled and poorly
integrated heterostructure. As GO content increases for CuO@GO
(0.5,0.5), CuO dispersion and interfacial interaction are enhanced by
attraction force, resulting in more CuO-O-C bonds wrapping. For
CuO@GO (0.5,1.0), GO create more structural amalgamation and open
continuous interfacial electron transportation within coalescent
CuO@GO films (Fig. 2f3-f5). SAED diffraction patterns of hetero-
structures reveal that the distinct crystalline pattern of CuO's change
into a less crystalline with increasing content of GO into coalescent
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CuO@GO composition (Fig. 2g3-gs). The diffraction can be indexed as
(110), (111) for CuO@GO (0.5,0.1), (110), (112) for CuO@GO (0.5,
0.5), and (004), (110) for CuO@GO (0.5, 1.0) [36]. These phases trend
in dark field microscopy of CuO, GO, and CuO@GO heterostructures,
CuO and GO regions appear dark on a dark background due to electron
transmission, which outlines their shape, mass density and distribution
(Fig. 2h;-hs). To resolve heterointerfaces high-resolution images ob-
tained due to wave nature of electrons, clearly exhibit CuO lattice
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fringes (Fig. 2i;), GO semicrystalline phase (Fig. 2iy), and intercalation
of coalescent CuO@GO films at nanoscale (Fig. 2is-i5) [37].

Uniform nanostructural morphological analysis is further supported
by Fourier transform infrared (FTIR) spectroscopy, which informs sur-
face chemistry and functional group topography of coalescent 2D het-
erostructures. FTIR spectra of GO, CuO and CuO@rGO depict functional
groups on surface of materials. Upon heating coalescent CutO@GO under
Ar gas flow, a reduction in the peak intensity was observed due to
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removal of functional groups on sphere of CuO and GO nanoflakes sheet
that hinder the charge mobility, thereby enhanced electrical conduc-
tivity of CuO@rGO films. CuO, GO and coalescent CuO@rGO films
coating on ITO-coated glass, bare glass (Fig. 3a), and powder (KBr pel-
lets samples) evidenced (Supporting Information Fig. S5a, b) exhibited
alkane hydroxyl (—OH), alkene aromatic (C=C), and metal oxide
(Cu—0), Indium tin oxide (In—Sn—O) and silicon oxide (Si—O—Si)
functional groups. These functional groups facilitate interfacial chemi-
cal bonding (covalent) of coalescence layers with supporting substrate,
leading to an improved film adhesion, mechanical integrity, and envi-
ronmental stability.

The phase characterization of GO sample exhibits two prominent
Raman bands at (1360 cm’l, 1596 ¢cm™!) on glass, (1353 cm’l, 1590
em ™) on ITO-coated glass, corresponding to the GO D band (defect of
material) and G-band (quality of material) (Fig. 3b, c). These peak po-
sitions are consistent with previous studies [38] and the calculated Ip/Ig
ratio is 0.852, 0.850, respectively, which confirms nanoflake sheets
structure of GO. This ratio indicates the presence of a significant amount
of disordered hexagonal carbon sp® networks within the GO lattice.
Additionally, CuO NPs display characteristic Raman bands at 984 cm™!
(By) for the film on glass, and 982 em ! (By) for the film on ITO-coated
glass, confirming that CuO crystallizes in a monoclinic structure [39].
Examining Raman spectra of coalescent CuO@rGO samples with various
composition ratios of (0.5, 0.1), (0.5, 0.5), (0.5, 1.0) reveals several
notable features in the D, G and 2G bands. Firstly, there is a significant
increase in intensities of G and 2D bands, indicating a high density of sp?
carbon networks within lattice due to rGO content, which support
delocalized m-electron networks. This enhancement is beneficial for
electrical and thermal transport properties, such as conductivity, due to
the presence of delocalized m-electron networks in sp? carbons. Sec-
ondly, the intensity of 2D band increases linearly with the rGO content
in heterostructures. Raman spectra of coalescent CuO@rGO (200 °C) at
ratios of (0.5, 0.1), (0.5, 0.5), (0.5, 1.0) exhibits Ip/Ig intensity ratios
(0.851, 0.855, 0.859) for glass and (0.848, 0.852, 0.855) for ITO-coated
glass. Compared to Raman band positions of pure GO, a significant
downward shift is observed in D and G bands. This shift is due to a
reduction process, which facilitates removal of hydroxyl groups and
initiates formation of CuO to Cu and GO to rGO layers. Furthermore,
presence of 2D band at (2723 em™ Y, 2709 em ™Y, 2703 cm™Y) for glass,
(2713 cm’l, 2707 cm’l, 2704 cm™Y) for ITO-coated glass, along with its
intensity, provides unequivocal evidence for the formation of rGO layers
(multiple layers) during the reduction process. Raman bands associated
with CuO NPs, such as those at 982 em ! (Bg) for glass, 984 em™! (Bg) for
ITO-coated glass, are not observed in coalescent CuO@rGO. This
absence due to weak intensity of CuO that become not observable when
diluted and high scattering efficiency of sp® hybridized carbons [40].

To further clarify structural ordering and phase features of synthe-
sized materials, X-ray diffraction (XRD) measurement was employed as
a complementary crystallographic analysis technique. XRD patterns of
glass and ITO-coated glass reveal the amorphous nature of the glass
substrate and the polycrystalline structure of the ITO-coated film on
glass (Supporting Information Fig. S6a). For films deposited on ITO-
coated glass, the diffraction pattern of CuO reveals a monoclinic phase
with diffraction peaks from (222), (111) and (202) planes. In contrast,
the diffraction pattern of the GO thin film exhibits an semicrystalline
phase, with broad diffraction peaks indexed to the (001), (211), (222)
and (400) planes. The coalescent CuO@rGO have nanocrystalline phase
exhibits diffraction peaks from (012), (222) and (211) planes. The het-
erostructures exhibit less crystalline structural phase, as suggested by
the decreased intensity of sharp diffraction peaks due to GO. Moreover,
peaks corresponding to (222) and (440) plane identified presence of Sn
in ITO-coated layer on glass, where it enhanced electrical conductivity
(Fig. 3d) [41]. The size of nanomaterials (D) and layers interplanar
spacing (d) were calculated by taking diffraction peaks at angel 20 is
equal to 34.8° for CuO, 10.8° for GO, and 35.2° for coalescent
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CuO@rGO. The sizes of CuO particle (D = 18.1 nm), GO nanosheets (D
= 8.4 nm), CuO@rGO (0.5, 0.1) (D = 20.2 nm), CuO@rGO (0.5, 0.5) (D
= 20.5 nm), and CuO@rGO (0.5, 1.0) (D = 20.7 nm) were determined.
In coalescent CuO@rGO value of D vary at same angle due to shift of
crystalline peak sharpness to broad width (Fig. 3e) [42]. Moreover, d-
spacing between layers of CuO (d = 0.257 nm), GO (d = 0.818 nm),
CuO@rGO (0.5, 0.1), CuO@rGO (0.5, 0.5), and CuO@rGO (0.5, 1.0) is
same (d = 0.255 nm), supporting consistent interlayer arrangement
(Fig. 3f). For bare glass substrate, where X-ray diffraction results for CuO
(20 = 36.4°), GO (20 = 11.6°), and coalescent CuO@rGO (20 = 26.6°)
(Supporting Information Fig. S6b—d). The surface energy (97.7 mJ/m?)
of ITO-coated glass (83.4 mJ/m?) is typically higher than that of bare
glass. This factor affects the wetting behavior of the heterostructure
during deposition, leading to variations in layer spacing. Higher surface
energy promotes better adhesion and spreading of heterostructure,
potentially resulting in a more uniform layer and different interlayer
spacing. However, the combination of the coalescent CuO@GO structure
with a thickness range of 20.2-20.7 nm forms a single-layer coating on
the substrates, positively impacting sheet dimensions (valuable for op-
tical properties) and uniformity (critical for conductivity) [43].

Following the crystallographic evaluation, atomic force microscopy
(AFM) was employed to gain valuable insights into the material's
structural and surface properties by analyzing the topography, surface
roughness, and morphology of CuO@rGO films on glass and ITO-coated
glass substrates. AFM measurements were carried out on pristine glass,
ITO-coated glass substrates along with thin films of CuO, GO, coalescent
CuO@rGO grown on glass and ITO-coated glass, to investigate their
physical properties with surface roughness (Fig. 3g, h). AFM reveals a
smooth topography for bare glass and the presence of nanoscale
roughness on ITO-coated glass. Such surface features of the ITO layer
provide improved anchoring sites for the coalesced CuO@rGO nano-
structures, leading to improved adhesion and improved interfacial sta-
bility compared to bare glass. After heat treatment and drying, CuO, GO,
and CuO@rGO films exhibit significantly enhanced adhesion on the ITO
surface due to its porous structure and higher interfacial interactions. In
contrast, bare glass has a smooth, featureless surface with low anchoring
capability and poor film attachment, as evidenced by higher surface
roughness. All samples 3D AFM views revealed homogeneous spherical
grains, nanoflakes sheets of films, and densely packed CuO particles on
surface of GO. RMS roughness values were obtained for the different
samples (Fig. 3g1_ge, h1_he) arise from differences in interfacial energy,
nucleation density, and lattice compatibility between film-substrate.
Layer examination revealed that higher GO concentrations enhanced the
consistency and surface roughness of the CuO@rGO coating films. Bare
glass has lower surface energy, leading to poorer wetting and adhesion.
As a result, CuO@rGO layers tend to aggregate more randomly on glass,
forming a rougher and less compact film. A significant change in root
mean square (RMS) roughness was observed with the incorporation of
GO. The high-performance CuO@rGO (0.5, 1.0) film on glass exhibited
greater RMS roughness (20.7 nm) compared to the CuO@rGO (0.5, 1.0)
film on ITO-coated glass, which showed an RMS roughness of 18.4 nm.
The surface roughness of coalescent CutO@GO films deposited on ITO-
coated glass exhibits a minimal value, indicating a low density of de-
fects within the sheet, as further confirmed by focused ion beam analysis
(Supporting Information Fig. S9) [44].

Surface morphology was also studied by SEM and the images reveal
the absence of cracks, pores, or cavities for films on either of substrates,
with smoothness observed for ITO-coated glass (Supporting Information
Fig. S4a) [45]. Relative roughness measurements using AFM confirmed
the lower surface roughness of ITO, thereby ensuring better film uni-
formity and stronger adhesion. A pure CuO coating exhibited spherical
nanocrystalline structures, while GO formed smooth, defect-free nano-
sheets on both glass (Supporting Information Fig. S8a;, b;) and ITO-
coated glass (Supporting Information Fig. S8aj, by). EDS analysis
exhibited a uniform distribution of CuO and GO, indicating a well coa-
lesced CuO@rGO/ITO 2D heterostructure [46]. The film thickness
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increased with the addition of GO to CuO; annealing at 200 °C in an Ar
atmosphere enhanced surface uniformity and reduced crack formation
(Supporting Information Fig. S8asz-as, bs-bs). Further explore structural
features, CuO sheet thicknesses of GO, CuO, and coalescent CuO@rGO
were examined by cross-sectional SEM, and the findings showed greater
values on glass than on ITO-coated glass, which was attributed to dif-
ferences in surface roughness (Fig. 3i, j). Thickness is of significance for
material property optimization, e.g., conductivity, surface morphology,
and roughness. As the amount of GO in CuO increases, the thickness of
the coalescent CuO@rGO also increases. The brittle layer of ITO on glass
was observed by SEM, revealing a thickness of 50 nm on the glass sub-
strate (Supporting Information Fig. S4b). The layer thicknesses of CuO,
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GO, and CuO@GO at various ratios on glass and ITO-coated glass are
indicated on the SEM images shown in (Fig. 3i;-is, j1_js). In comparison
to other layers, CuO@rGO (0.5, 1.0) layers have large thickness in terms
of conductivity and coverage, specifically for glass (44 nm) and ITO-
coated glass (42 nm). These layer thicknesses ensure effective mechan-
ical stability and strong adhesion, achieving paradigm balance between
interfacial resistance and carrier mobility across the film-substrate
interface [47].

The enhanced performance of CuO@rGO films on ITO-coated glass
arises from the synergistic combination of CuO (intrinsic electrical
conductivity 1 x 1073 S/cm) [48] with rGO (excellent electron mobility
26cm?/Vs) [49] on the ITO film, which provides a stable, low-resistance
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surface for the coalescent CuO@rGO. The rGO nanosheets act as
conductive bridges between aligned CuO nanoparticles, facilitating
efficient charge transfer. Higher sheet conductance is closely related to
energy band structure, which significantly influences visible absorption.
This relationship underscores the importance of energy bands in deter-
mining material's optical properties. Plots of the absorption coefficient
versus photon energy enable the identification of the energy at which
the material begins to absorb photons, indicating the transition of
electrons from the valence band to the conduction band [50]. UV-Vis
absorbance spectra (Supporting Information Fig. S7a) and band gaps of
all prepared samples CuO, GO and coalescent CuO@rGO in solution
were calculated by using Tauc's plots by subtracted the background
absorption (Supporting Information Fig. S7b) [51,52]. Both CuO and GO
films behave as insulators, with band gaps of 1.3 eV and 2.5 eV on glass,
and 1.2 eV and 2.3 eV on ITO-coated glass, respectively. For CuO, the
narrow band gap reflects its indirect transitions and defect states, while
GO's band gap arises from n—n* transitions in its disordered sp?/sp®
carbon structure. With the incremental addition of GO into the CuO
solution at different concentrations, the absorption edge shifted toward
lower energy, indicating a systematic reduction in the band gap. GO
contains abundant oxygen functional groups, and its partial reduction
(rGO) introduces n-conjugated sp> domains. When GO is integrated with
CuO nanoparticles, it interacts electronically, forming hybridized states
at the CuO-GO interface. These interactions create localized states
within the band gap of GO, effectively shrunk the band gap. The band
gap of CuO@rGO (0.5, 0.1) is 2.2 eV on glass and 2.1 eV on ITO-coated
glass, while CuO@rGO (0.5, 0.5) measures 2.0 eV on glass and 1.9 eV on
ITO-coated glass. Eventually, the band gap for CutO@rGO (0.5, 1.0) is
1.7 eV on glass and 1.6 eV on ITO-coated glass (Fig. 4a, b) [53]. In a
similar context, band gap diagram model of CuO, GO and superior
coalescent 2D heterostructures (CuO@GO/ITO) are exhibit in (Fig. 4c).

A comprehensive investigation of the surface chemistry, elemental
composition, and chemical states of CuO@rGO thin films was conducted
using X-ray photoelectron spectroscopy (XPS). To probe the buried ITO
layer and its interaction with the CuO@rGO film, we employed low-
energy Ar' ion sputtering (1 kV, 1 pA) under ultra-high vacuum,
enabling controlled surface removal and depth profiling to access the
ITO interface. XPS analysis of the C1s, O 1 s, Cu 2p, Sn 3d, and In 3d
core-level spectra was performed for GO/glass, GO/ITO-coated glass,
CuO@rGO/glass, and the superior coalescent 2D heterostructures
(CuO@GO/ITO-coated glass), providing valuable insights into their
electronic structure and chemical environment (Fig. 4d). Deconvolution
of C 1s spectrum from coalescent 2D heterostructures (CuO@GO//ITO),
where (Fig. 4€) revealed a major peak at 284.68 eV, indicating sp? hy-
bridized C=C bonding, along with additional peaks at 286.35 eV,
288.03 eV, and 288.66 eV, attributed to C—0, C=0, and O—C=0
functional groups, respectively. The O 1s spectrum displayed peaks at
532.84 eV, 534.05 eV, and 535.21 eV, corresponding to C=0, C—O0, and
0,, respectively, indicating the presence of oxygen-containing groups
within the heterostructure (Fig. 4f) [54]. In the Cu 2p spectrum, peaks at
951.82 eV and 939.59 eV correspond to the 2p;,» and 2ps/» of cu®t,
confirming the presence of CuO, (Fig. 4g). The Sn3d core level spectrum
with the 3ds» binding energy at 495.3 eV corresponds to the Sn** state
for SnO,. Moreover, GO nanosheets provide electrical bridging among
CuO nanoparticles and the ITO substrate, facilitating efficient charge
transport across the heterostructure. The Sn 3ds,» peak intensity of
503.7 eV guarantees the presence of SnO; in the ITO layer, which is
revealed after sputtering. (Fig. 4h). In3d spectrum of CuO@rGO/ITO
exhibited peaks at 452.8 eV for In 3ds/» and 459.4 eV for In 3ds3/,
corresponding to Iny,O3 (In®h) (Fig. 4i). These XPS results revealed that
GO nanosheets appear to be acting as conductive bridges, connecting
CuO nanoparticles and ITO substrates by virtue of their rich n-conju-
gated sp? domains and oxygen-containing functional groups. Conse-
quently, these bridges inject charges into the conductive ITO layer and
promote charge transfer via n-d orbital interactions between CuO and
rGO [55].
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To extend our understanding of the optical response and electronic
behavior of materials, photoluminescence (PL) spectroscopy was con-
ducted on films on glass and ITO-coated glass substrates are exhibited in
(Fig. 5a, b). Pure CuO exhibits two emission peaks at 360 nm and 720
nm associated with near-band-edge and deep-level emission. GO
prominent peaks at 320 nm and 640 nm are attributed to recombination
of electron-hole pairs in local state of sp? carbon clusters embedded
within an sp3 matrix [56]. In coalescent CuO@rGO ratio (0.5,0.1: 0.5,
0.5: 0.5, 1.0), the PL peaks 360 nm and 720 nm intensity gradually
elevated with GO content, reflecting enhanced radiative recombination
CuO-GO interface. This enhancement is driven by improved charge
carrier separation and reduced non-radiative recombination pathways
due to n—d orbital interactions and better interfacial coupling with
supporting materials [57].

Transmittance of light and sheet resistance in CuO, GO, and coales-
cent CuO@rGO (Fig. 5c, d) reveals a correlation between electrical
conductivity and light transmittance in optical electrodes ((Supporting
Information Fig. S7c, d). Transparent electrodes fabricated on glass and
ITO glass, placed over the logo of Department of Physics, National Sun
Yat-sen University, Taiwan, are visually presented in (Supporting In-
formation Fig. S8e, f) demonstrating their transparency. Visible light
transmittance of CuO, GO, and CuO-GO heterostructure films of varying
ratios (Supporting Information Fig. S8e;-eq, f1-fs) [58,59]. In parallel,
sheet resistance measurements reveal the electrical conductivity of the
films, highlighting the trade-off between charge transport efficiency and
transparency. CuO form irregular thin film due to less interfacial
adhesion exhibits a transparency 95.8 % indicating that it allows a
significant portion of light to pass, with a sheet resistance 1.02 x 10°
Q/sq. on glass (insulating material hinder charge movement), and 91.3
%T with a sheet resistance of 18.17 Q/sq. on ITO-coated glass (ITO:
conductive oxide with free carriers enhanced charge flow). GO produced
uniform film due to n-= interactions, has a transparency of 82.9 % on
glass with a sheet resistance of 3.98 x 10° Q/sq., and 81.4 % on ITO-
coated glass with a sheet resistance of 20.15 Q/sq. The addition of GO
leads to a reduction in sheet resistance. In case of mixture CuO@rGO
(0.5, 0.1: 0.5, 0.5: 0.5, 0.1), transparency values are 89.7 %, 87.6 %, and
85.9 %T, with corresponding sheet resistances of 9.13 x 10%,5.99 x 103,
and 3.38 x 10% Q/sq. on glass. ITO-coated glass has sheet resistance of
25-30 Q/sq. at normal temperature with light transparency >90 %. Due
to the uniformity of ITO-coated glass, coalescent CuO@rGO (0.5, 0.1:
0.5, 0.5: 0.5, 0.1), exhibits transparencies of 89.7 %, 87.6 %, and 85.9 %,
with sheet resistances of 15.69, 13.58 and 10.31 Q/sq., respectively. The
optical transparency of conductive surface facilitates efficient laser
penetration and excitation of analytes during Raman measurements of
SERS. The sheet resistance of coalescent 2D heterostructure CutO@rGO/
ITO is lower than pristine ITO arises charge carrier path by the induction
of CuO@rGO. rGO provides a high electrically conductive network due
to sp? carbon, while CuO nanoparticles facilitate additional electron
hoping side. When coalescent CuO@rGO structure deposited on ITO,
form continuous bridge across ITO surface, that improve charge perco-
lation and reduce scattering as like metallic Ag@rGO/ITO system [60].

Thoroughly investigating the electrical properties of the material, a
cryostat instrument was used to perform Hall's effect measurements
detailed explanation mentioned in (Supplementary SI). The meticulous
value of all CuO, GO and coalescent CuO@rGO samples resistivity and
carrier mobility summarized in (Table S1). The most effective compo-
sition, CuO@rGO (0.5, 1.0) has charge mobility (p) 2.7 x 10* em?/V's
along with resistivity (p) 0.4 x 10~*Q-cm on ITO-coated glass (Fig. Se, f)
[61], then (p) 4.8 x 10%® ecm?/V-s and (p) 1.3 x 1072 Q.cm on glass
(Fig. 5g, h) [62]. Current-voltage (I-V) measurements were conducted
to better understand the electrical transport properties of the synthe-
sized materials and assess the Ohmic behavior of undoped CuO, GO, and
doped CuO@rGO thin films. Contact electrodes were fabricated using Ag
on both ends of the film surface. The linear I—V characteristics of the
films indicate an Ohmic contact between the prepared films and the Ag
electrodes. On glass substrates, the current flow through GO is 0.005 mA
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in comparison with previous reports.

and through CuO is 0.07 mA under a bias voltage range (—10 V to10V).
After the introduction of GO, the current increases from 2.0 mA to 19
mA at 3 V for CuO@rGO (0.5, 0.1), 2.0 mA to 32 mA at 3 V for
CuO@rGO (0.5, 0.5), and it further increased to 46 mA for CuO@rGO
(0.5,1.0) (Fig. 5i). When applied to ITO-coated glass, the current flow
through GO is 0.8 mA and through CuO is 4 mA at a bias voltage (—3 V to
3 V). Current value gets increased from 1.8 mA to 27 mA at 3 V for
CuO@rGO(0.5, 0.1), 1.0 mA to 46 mA at 3 V for CuO@rGO(0.5, 0.5),
and it further increases up to 52 mA for CuO@rGO (0.5, 1.0) on glass
(Fig. 5j). This improvement in current value is due to lower electrical
resistivity with the addition of GO content into CuO [63].

The assessment of the work function determined by Ultraviolet
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photoelectron spectroscopy (UPS). Work function (®) represents the
minimum energy required to extract an electron from the material's
surface to vacuum. The work function of CuO, GO, and CuO@rGO
samples was calculated from their UPS spectra by performing two linear
extrapolations, one along the baseline and one at the secondary electron
onset. ® was thus calculated by subtracting the onset energy of sec-
ondary electron emission from the photon energy of helium (He) I ra-
diation (21.2 eV), which provides information on surface electronic
properties that are important for the interfacial charge transfer phe-
nomenon. On glass substrate ® was found for CuO (4.8 eV), GO (5.1 eV),
CuO@rGO (0.5, 0.1) (4.0 eV), CuO@rGO (0.5, 0.5) (3.6 eV), CulO@rGO
(0.5, 1.0) (3.3 eV) show in (Fig. 5k). In contrast ITO-coated glass: ® of
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CuO (4.3 eV), GO (4.4 eV), CuO@rGO (0.5, 0.1) (3.4 eV), CuO@rGO
(0.5, 0.5) (2.5 eV), CuO@rGO (0.5, 1.0) (2.3 eV) depicted in (Fig. 51).
These values indicate inherent structural differences of electronic nature
and surface potential, which are of utmost significance in controlling
interfacial charge dynamics in heterostructures. Increasing rGO content
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adds more delocalization of electrons due to the larger n-conjugation in
rGO, reducing the vacuum level and enabling ease of charge extraction.
Thermal stability of CuO 97.72 %, GO 70.6 %, and CuO@rGO (0.5, 0.1),
(0.5, 0.5), (0.5, 1.0), 95.55 %, 86.80 %, and 80.47 % compositions at
500 °C by TGA represented in (Supporting Information Fig. S11a—e). The

Surface-Enhanced Raman Scattering
a b
45000
(———ITO-CuO-rGO (0.5, 1.0)
40000 A [~ ITO-Cu0-rGO (0.5, 0.5)
[=—ITO-CuO-rGO (0.5, 0.1)
“235000 4 l—— Glass-CuO-rGO (0.5, 1.0)|
3 Glass-Cu0-rGO (0.5, 0.5)
g 30000 - —— Glass-Cu0-rGO (0.5, 0.1)
N
25000 4
"% 20000 4
5 15000 -
<
£ 10000 4
5000 4
0 ; ; 7 5
300 600 900 1200 1500 1800
" Raman Shift (cm™)
14000 )
£
512000
Si10000
© o
< 8000 e
]
2 6000 /
a 4000 4
c o
7]
€ 2000 °/
0 o—2
-9 -8 -7 € -5 -4
Concentration [M]
d f
1.0x107 9] 20000
28000 5 480004 .
24000 4 O 8.0x10° 16000 - 1x10=M
> & i
S .
z 20000 t . 2 14000 l
S c 6.0x10° ~12000 -
216000+ g Peak @ 1624 cm™ 5‘10000 ] 1x10°M
= J o (7]
12000 § aoxtof g 8000
(-} s = 6000
= ©
£ 8000+ £ 200101 = 000
4000 4 w O 2000
0 o-o-'s 8 7 : : 4 3 o i i
: : Y y y y - - : - . 300 600 900 1200 1500 1800
400 600 800 1000 1200 1400 1600 1800 .
kK - Concentration [M i i i
g Raman Shift (cm™) ancentration [M) i Raman Shift (cm™)
8000
SERS Enhancement Factor For
7000 Coalescent 2D Heterostructure
—_— ~i-1624 cm™ 3
5 6000 il
© 1074 cm
~ 953 cm
bsooo- o s
= +—51Dcm‘:
@ 4000+ v it
[
00l -
1 2 3 4 5 6 7 8 9 10
Raman Shift (cm™)

Fig. 6. SERS and ECS Analytical Interrogation. a) SERS characteristics of MB (0.0001) on coalescent CuO@rGO/ITO-coated glass 2D heterostructure and CutO@rGO/
glass. b) SERS spectra of a series of MB concentration (1073-107° M) on coalescent 2D heterostructure (CuO@rGO (0.5,1.0)/ITO). c) Plot of [MB] (10~3-10~° M) on
coalescent 2D heterostructure (CuO@rGO (0.5,1.0)/ITO) vs SERS intensity at 1624 cm ™!, d) AREFs as a function of [MB] (1072-10"° M) on coalescent 2D heter-
ostructure (CuO@rGO (0.5,1.0)/ITO). e, f) Batch-to-batch difference of [MB] 10~% M on on coalescent 2D heterostructure (Cu0@rGO (0.5,1.0)/ITO) and standard
deviation of SERS peaks. g) MB molecules interaction with coalescent 2D heterostructure (CuO@rGO/ITO). h) Plausible SERS enhancement mechanism for MB on
coalescent 2D heterostructure (CuO@rG0(0.5,1.0)/ITO). i) DPV responses at coalescent 2D heterostructure (CuO@rG0(0.5,1.0)/ITO) in 0.05 M PBS (pH 7.2) for
additions of HQ concentrations (0.01-748.6 Mm). j) Linear calibration plot of HQ (Mm) vs. Ip, (A). k) for ACP concentrations (0.01-909.0 pM). 1) Corresponding
linear calibration plot of ACP (Mm) vs. Iy, (pA) and m) simultaneous detection of HQ + ACP (2.1-308.7 pM). n) Linear calibration plots of HQ + ACP (Mm) vs. I,
(pA). o) Electrochemical detection mechanism of HQ and ACP at coalescent 2D heterostructure CutO@rGO/ITO (0.5, 1.0)).
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Fig. 6. (continued).

low work function facilitates photoinduced charge transfer between the
substrate-analyte and high thermal stability prevents structural degra-
dation of CuO@rGO heterostructures highly efficient for signal ampli-
fication and sensitivity [64]. For comparison with previous reports,
(Fig. 5m) presents transparency of light and sheet resistance of our
electrodes compared with other single 2D materials, metal oxides and
coalescent CuO@rGO electrodes reported in literature (Table S2).

2.1. Advanced coalescent 2D heterostructure for SERS and ECS
applications

Synthesized coalescent 2D heterostructures, consisting of rGO and
CuO, were deposited on both conventional glass and ITO-coated glass
substrates to investigate their SERS properties (Fig. 6a). Methylene blue
(MB) was employed as Raman reporter to assess enhancement effects.
Raman spectra of rGO, CuO, CuO@rGO, and MB (0.001 M) exhibited
characteristic Raman peak assignments to (Supporting Information
Fig. S12a, b). These spectral features confirm successful formation of
individual materials and their heterostructures on both glass and ITO
substrates. SERS spectra of CuO, rGO, and coalescent CuO@rGO in
presence of the MB (0.001 M) demonstrated significant Raman signal
enhancement, indicating the presence of SERS activity in both hetero-
structure and its individual components. Characteristic Raman peaks of
MB provide crucial structural information (Supporting Information
Fig. S12c). Specifically, C—N—C skeletal deformation is observed at
447 cm™!, while C—S—C deformation appears at 502 cm ™. Vibrational
bands at 670, 768, and 953 em ! correspond to different C—H breathing
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modes. Additionally, peaks at 1302 cm ™! and 1396 cm ™! are identified
to be in-plane ring deformation of C—H bonds and symmetrical
stretching of C—N bonds, respectively. In-plane C—H bending mode is
located at 768 cm ™. Furthermore, NH, or C—C stretching, along with
strong C—C ring stretching, is detected at 1624 cm™! [65]. To evaluate
their performance further, various compositions were investigated using
a Raman spectrometer with MB at a concentration of 1 x 1074 M.
Notably, CuO@rGO heterostructures deposited on both glass and ITO-
coated substrates exhibited high SERS activity as shown in (Fig. 6b).
Raman spectra of MB adsorbed on heterostructures reveal that highest
enhancement effect was observed for composition of coalescent 2D
heterostructure CuO@rGO/ITO (0.5, 1.0). However, other compositions
also demonstrated significant SERS activity, reinforcing potential of
these nanostructured films for Raman signal enhancement. Conse-
quently, coalescent 2D heterostructure CuO@rGO/ITO (0.5, 1.0) SERS
substrate was further utilized for detection of MB at low concentrations,
and its SERS performance was systematically evaluated. Fig. 6¢ dem-
onstrates that fabricated SERS substrate enables a highly sensitive
detection of methylene blue (MB) at a concentration of 1 x 10°°M
(nanomolar, nM). As depicted in (Fig. 6d), a reduction in MB concen-
tration correlates with a decline in signal intensity, thereby highlighting
concentration-dependent influence on peak intensity. Analytical Raman
enhancement factor (AREF) for SERS studies was determined following
established methodologies, with a comprehensive discussion provided
in (Supporting Information Fig. S12d). AREF values, plotted as a func-
tion of concentration (molarity) vs calculated AREF values for charac-
teristic Raman peak at 1624 cm™! as shown in (Fig. 6e). Notably,
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observed trend indicates that a decrease in MB concentration results in
an increase in AREF, underscoring superior performance of SERS sub-
strate equal to 9.62 x 10° for 1 x 107° M.

Furthermore, batch-to-batch reproducibility of SERS substrate,
fabricated under identical conditions, exhibited a consistent SERS
enhancement profile (Fig. 6f). A total of ten SERS substrates were syn-
thesized and employed for spectral measurements using MB at a con-
centration of 107> M. Calculated relative standard deviation (RSD)
values ranged between 5 % and 10 % (Fig. 6g), confirming the high
reproducibility of coalescent 2D heterostructure CuO@rGO/ITO (0.5,
1.0) SERS substrate. Additionally, SERS spectra were recorded at ten
distinct locations on a single substrate across varying concentrations,
with corresponding results and detailed discussion provided (Supporting
Information Fig. S13a-n). We systematically analyzed the underlying
enhancement mechanism responsible for superior SERS performance,
which is aided by band gap alignment [66], charge transfer efficiency,
and molecular adsorption via n—x interactions. Additionally, (Fig. 6h, i)
the role of homogeneous coating technique (spin coating) in facilitating
uniform substrate coverage was evaluated, with an in-depth discussion
presented in (Supplementary). Performance of the developed SERS
substrate was systematically compared with previously reported SERS
substrates aided with key parameters, including preparation and fabri-
cation methods, analyte type, laser source, enhancement factor (EF),
spectral repeatability (relative standard deviation, RSD), limit of
detection, and underlying SERS mechanism (Table 1). Comparative
analysis highlights that coalescent 2D heterostructures (CuO@GO/ITO)
(0.5, 1.0) exhibit exceptional SERS enhancement and superior perfor-
mance, surpassing many previously reported SERS platforms. This su-
perior overall performance makes it a strong candidate for future SERS
assays in ultra-sensitive detection.

Electrochemical preparation and instrumentation setup clearly are
given in (Fig. 6j). Performance of the prepared electrodes CuO@rGO/
ITO with varied in volume ratios (0.5, 0.1) (0.5,0.5) (0.5, 1.0) as well as
that of pristine ITO, CuO/ITO and rGO/ITO are investigated using Cyclic
Voltammetry (CV) (Supporting Information Fig. S10) and Differential
Pulse Voltammetry (DPV) techniques. Hydroquinone (HQ) and Acet-
aminophen (ACP) were important analytes for both individual and
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electrochemical sensing due to their exceptional biomedical, environ-
mental significance and well-documented redox chemistry. These mol-
ecules serve as model analytes to evaluate the sensitivity, selectivity,
and linear dynamic range of electrochemical sensors. In contrast to
conventional electrode materials, such as bare glassy carbon or metallic
electrodes, HQ and ACP exhibit improved linearity and more favorable
electrocatalytic responses when detected with sensors that incorporate
coalescent 2D heterostructures materials. These performance improve-
ments are derived from the synergistic effects at the heterointerface,
which facilitate rapid charge transfer and increase the active surface
area, leading to enhanced analytical performance in the form of
expanded linear ranges, reduced detection limits, and improved repro-
ducibility. The analysis was conducted using a three-electrode system,
which included various modified electrodes as the working electrode, a
saturated Ag/AgCl electrode as the reference, and a platinum (Pt) wire
as the counter electrode. For the initial electrochemical analysis, a 0.05
M phosphate buffer solution (PBS) at pH 7.2 was used as the electrolyte,
containing 200 pM HQ and ACP, with a scan rate of 50 mV/s (Supporting
Information Fig. S14a, b). From these, CutO@rGO/ITO (0.5, 1.0) elec-
trode indicate that both individual and simultaneous analyses yielded
higher redox peak currents at lower redox potentials for HQ Ip./Ipc =
264.32 nA/—207.27 pA at Ep,/Epe = 0.147 V/—0.006 V and for ACP I,/
Ic = 297.28 pA/—124.96 pA at Epa/Epe = 0.443 V/0.337 V compared to
all other modified electrodes. These findings indicate an enhanced
electron transport rate, catalytic activity, and electrical conductivity of
the sensor probe. Additionally, important parameters such as the effects
of concentration and scan rate on the individual detection of HQ and
ACP, as well as their simultaneous detection, were investigated by
varying one parameter while keeping the other constant.

Based on the obtained CV data, the proposed electrochemical
detection mechanisms for HQ and ACP are proposed (Fig. 6q). In the
electrochemical reaction at the surface of CuO@rGO/ITO (0.5, 1.0)
electrode, HQ loses two protons (H') and two electrons (e”) and is
oxidized to form 1,4-benzoquinone. This process is reversible, as 1,4-
benzoquinone can gain 2H" and 2e” to be reduced back to its original
state, HQ [86]. In a similar way, ACP losses 2H", 2¢” and oxidized to
form N-acetyl-p-benzoquinone-imine and then at negative potential

simultaneous electrochemical detection widely studied in oxidized product reduced to ACP vice-versa [87]. ACP has undergone

Table 1

SERS performance of coalescent 2D heterostructure (CuO@rGO/ITO) comparison with the previously reported works.
SERS substrates Fabrication method Analyte/laser Enhancement factor/relative LOD Refs.

standard deviation [M]
CuONWs@TiO, Atomic layer Deposition+ Immerse/3 h R6G/532 nm NA/6.61 %@611 cm ™! 1077 [19]
CuO ultra-fine particles/TiO, Sol-hydrothermal method 4-mercaptobenzoic acid (4- 8.87 x 10°/NA 10710 [67]1
MBA)/ 532 nm
Ag/CuO NWs/Cuz0 Nanosecond Laser Ablation + Thermal MG/ visible light NA/ N/A 10°° [68]
composite Oxidation + Ag deposition
PAN/N-GQDs Dip coating technique MB / 532 nm 1 x 10* /NA NA [69]
2 M-WS, nanosheets Chemical exfoliation MB/532 nm NA /10.5% 108 [70]
CH3NH3PbBr;@Al,03 In situ growth MAPbBr; with Al,O3 by MB/633 nm 2.45% 10°/NA 107° [71]
magnetron sputtering.
Ultrathin film CuS Chemical synthesis+ Self-assembly R6G / 785 nm 7.2 x 10* / N/A 107° [72]
RGO-wrapped Au NPs chemical reduction method R6G / 532 nm 1.01 x 10'* / N/A NA [73]
Cu,0 nanospheres Chemical reduction+ Self-assembly R6G / 785 nm N/A / N/A 10712 [74]
ZnTPP/Ag(111) Thermal evaporation onto Ag(111) ZnTPP / 532 nm N/A / N/A NA [75]
TizC,—-OH/F sheets Delamination in HF by DMSO intercalation MB/632.8 nm N/A / N/A 1078 [76]
MoS2-graphene Chemical exfoliation R6G / 532 nm N/A / N/A NA [771
Plasma-enhanced GQDs Chemical Vapor Deposition R6G / 532 nm 2.35x 103/NA 10°° [78]
MoS,/Ag/rGO composite Hydrothermal Method MB / 632.8 nm NA/10 % 1077 [79]
Au/Fe304/MIL-101(Cr) (AF- Hydrothermal Method R6G / 632.8 nm NA/4.48 % 108 [80]
MIL)
Etched Au@SiO, NRs Solvent Evaporation Assembly Crystal Violet / 633 nm 1.28 x 10°/NA NA [81]
TiOz-al Aerogels Sol-gel method MBA / 532 nm NA/NA 1077 [82]
MoO, Nanodumbbells Hydrothermal synthesis R6G / 532 nm 3.75 x 10%/5 % 1077 [83]
DFH-4 T Modified PVD MB / 785 nm 3.4 x 10°/NA 107° [84]
Cu-deposited np-Ag Electrochemical reduction CO2 / 532 nm 6.35 x 10°/NA NA [85]
Cu0@rGO/ITO Solvothermal+ Spin coating MB/532 nm 9.62 x 10%/5-10 % 107° This
work
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quasi-reversible redox process. From this analysis an equal number of
protons and electrons are involved in electrochemical reaction of both
HQ and ACP, and it can be experimentally proven that simultaneous
detection is possible. We observe that CutO@rGO/ITO (0.5, 1.0) heter-
ostructures are observed as highly efficient electron donors/acceptors
with negligible electron-transport confrontation, synergistic recombi-
nation and strong © — © and electrostatic interactions between analytes
and our electrode. The effect of concentrations and scan rates analysis
toward the analysis of HQ and ACP at CuO@rGO/ITO (0.5, 1.0) with
their detailed explanation are provided in (Supporting Information
Fig. S14c-n), CuO@rGO/ITO (0.5, 1.0) electrode was used for quanti-
tative analysis of HQ and ACP, assessing its limit of detection, linear
range and selectivity through DPV in 0.05 M PBS pH of 7.2. Distinct
oxidation currents for HQ and ACP at specific potentials (—0.2 to 0.4 and
—0.2 to 07), confirm that the coalescent 2D heterostructure CutO@rGO/
ITO (0.5, 1.0) electrode is suitable for simultaneous, selective sensing.
DPV curves for concentration ranges of 0.01-748.6 Mm for HQ (Fig. 6k)
and 0.01-909.0 Mm for ACP (Fig. 6m), as well as for a combination of
HQ + ACP with 2.1-308.7 Mm (Fig. 60), showing a slight shift in peak
currents due to additional molecular layers. Calibration plots and
regression analysis are presented in (Fig. 61, n, p), revealing linear fits of
HQ and ACP for individual and two linear fits for simultaneous detection
respectively. At lower concentrations, a rapid molecular movement
leads to a quicker response while at higher concentrations it can be
significantly hindered that results in slower responses. The limit of
detection (LOD) was determined using the following equation

LOD = 3S/N

where S signifies standard deviation from blank measurements, and N is
the slope of the linear plot between concentration vs anodic peak cur-
rents which yields 4.7 nM for HQ, 6.3 nM for ACP respectively. Addi-
tionally, the sensitivity of the proposed sensor calculated using the
following formula

Sensitivity = Slope/electrochemical active surface area

From this equation the sensitivity was found to be 1.7740 pA pM !
cm™2 for HQ and 0.9037 pA pM ™! ecm™~2 for ACP sensor. A comparison of
the sensing capabilities of our sensor with previous reports is summa-
rized in (Table 2), indicating that the coalescent 2D heterostructure
CuO@rGO/ITO (0.5, 1.0) electrode provides superior electrochemical
detection, yielding low LOD and demonstrating wide linearity. This
enhanced performance is attributed to high electrical conductivity,

Chemical Engineering Journal 527 (2026) 171521

enhanced specific surface area, numerous active sites and synergistic
effects of CuO and rGO on ITO on glass surface, along with the inno-
vative spin-coating methodology employed. Selectivity of the proposed
sensor was assessed by DPV to attain its practical applicability of pro-
posed sensor. We used many similar structural compounds for the
selectivity analysis and results showed that the sensor had a consistent
and patternable response to the target analyte, and there was insignifi-
cant interference by these interfering species as illustrated in (Sup-
porting Information Fig. S15a, b). In addition to that, the practical
applicability of the proposed sensor was evaluated using tap water
sample for both HQ and ACP which results adequate recoveries with low
levels of RSD and the obtained DPV curves displayed in (Supporting
Information Fig. S15¢, d). The overall recovery results were calibrated
through standard addition method and are tabulated in Table S3 using
the following equation.

Recovery (%) = (uM analyte found/uM analyte expected) x 100

Furthermore, the individual sensing capability of co-existing HQ and
ACP is also investigated and corresponding DPV responses displayed in
(Supporting Information Fig. S16a, b) which demonstrate DVP re-
sponses in excellent linearity (Supporting Information Fig. S16c, d).
Measurement reproducibility was confirmed by a low relative standard
deviation (RSD) of 1.93 % in DPV using five independently fabricated
electrodes (Supporting Information Fig. S16e). Stability testing of elec-
trode over 20 days that stored at room temperature, with measurements
every five days (Supporting Information Fig. S16f), revealed that
oxidation peak current retained 96.4 % of its initial value, with an RSD
of 2.20 %, indicating excellent stability of proposed CuO@rGO/ITO
(0.5, 1.0) sensor.

Our work creates framework for CuO@rGO/ITO 2D heterostructure
stability and multifunctional functionality, certain limitations to be
mentioned are that hydrothermal synthesis as supplemented with spin-
coating, as efficient in laboratory scale, introduce batch-to-batch vari-
ability of film thickness and interface binding, which cause of concern
for reproducibility on a large industrial process scale. Simulation results
facilitate critical insights about interfacial bonding and adsorption en-
ergy. However, these models are made using idealized supercells and
short simulation times that do not fully match defect dynamics, long-
term disorder, or large-area heterogeneity inherent in actual devices.
Moreover, electrochemical treatment was carried out with model ana-
lytes in highly controlled laboratory settings, and their extension to
more complex systems related to biological fluids or industrial effluents

Table 2
Comparative analysis of electrochemical detection of HQ and ACP.

Analyte Modified electrode Technique Linear range (pM) LOD (pM) Sensitivity (pA pM ™! cm~2) Refs.

Hydroquinone (HQ) CaM@rGO/GCE DPV 0.05-105 0.0086 0.2858 [88]
PANi-Fe;,03_rGO/GCE DPV 0.1-550 0.006 NA [89]
Cu SAs/N-CSs/CP DPV 1-324 0.33 0.2349 [90]
PtNPs@CPOFs MWCNTSs/GCE DPV 6-500 0.66 NA [91]
Ui0-67-CPE DPV 5-300 0.0036 NA [92]
Cu(I)/AgNP/GCE DPV 2.81-8.3 0.00082 NA [93]
Ag/g-C3N4/GCE DPV 0.9-999 5.9 0.06 [94]
AuNPs/C AMP 0.01-400 0.00235 0.34 [95]
PEDOT:PSS DVP 0.1-10 0.05 0.9 [96]
Graphene QDs AMP 0.1-50 0.01 1.5 [971
CuO@rGO/ITO (0.5, 1.0) DPV 0.01-748.6 0.0047 1.7740 This work

Acetaminophen (ACP) SrWO0,4/GCE DPV 0.01-25.90 0.008 NA [98]
MWCNT-BCD (SE)/GCE LSV 0.01-15 0.0025 NA [99]
FeCo@C/GCE DPV 0.001-0.8 0.59 NA [100]
Cd-MOF@MoS,/GCE DPV 0.020-200 0.0098 0.6012 [101]
UN@Ti3Cy-C/GCE DPV 0.032-160 0.010 1.235 [102]
CNTs/ITO DPV 0.1-300 0.04 N/A [103]
AuNM/PE/PLLA-PTMC LSV 0.01-100 0.00397 0.00529 [104]
Bi20s Nanorod/SPE DPV 10-210 0.037 0.02 [105]
AuNPs/Nb,Cs-MXene SWv 0.0001-0.1 0.0001462 N/A [106]
Fe/Cu@C DPV 0.01-7 0.025 N/A [107]
CuO@rGO/ITO (0.5, 1.0) DPV 0.01-909.0 0.0063 0.9037 This work
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remains to be manifested. Although heterostructures were observed to
be capable of retaining stable Raman enhancement and electrochemical
sensitivity for ambient exposure, comprehensive durability testing
under more strenuous conditions achieve confidence in long-term
operational reliability. Cumulatively taken, these factors do not
devalue the potency of existing results but rather indicate seminal ave-
nues for future research that have the potential to bridge the evidence
gap between proof-of-concept demonstrations toward robust, scalable
device integration.

In the wake of the findings of this study, there are various avenues of
furthering CuO@rGO/ITO 2D heterostructures. From processing
perspective, work on developing optimized methods of deposition to
achieve wafer-scale uniformity and integrating roll-to-roll or printing
techniques could accelerate their transfer into industrially relevant
platforms. At device level, exploration of additional conductive oxides
or hybrid electrodes can potentially unlock even greater stability to
mechanical stress, while compositional tuning of the CuO@rGO ratio
can optimize sensitivity to specific analytes. Beyond model redox sys-
tems studied, platform validation in demanding environments such as
biological fluids, industrial effluent, or gas-phase analytes will be
necessary to demonstrate broad utility. At a theoretical level, multiscale
simulations that incorporate defect motion, disorder evolution, and
long-term environmental stressors could provide more mechanistic in-
formation about durability and guide rational design of revolutionary
heterostructures. Complementing each other, these approaches are
viable paths to further develop the proof-of-concept developed here into
scalable, multifunctional sensing technologies for real-world
applications.

3. Conclusion

Advanced SERS and ECS applications were successfully integrated
with coalescent 2D heterostructures (CuO@GO/ITO) via hydrothermal
method, providing a multifunctional platform with significant advan-
tages over traditional materials applied in SERS and ECS applications.
Advanced coalescent 2D heterostructures (CuO@GO/ITO) exhibit
excellent electrocatalytic activity, sensitivity, and selectivity, with sur-
face roughness 17.1 nm, sheet resistance 10.3 /sq., transparency of
85.4 %, charge mobility 2.7 x 10* em?/V:s, current flow 52 mA and
work function 2.2 eV. Theoretical investigation via DFT and AIMD
simulations further confirmed water adsorption (E,gs = — 0.73 to —0.13
eV), robust strong coalescent 2D heterostructure CutO@GO/ITO binding
energy (Ep-5.54 eV), and suitable charge transfer for SERC and ECS
performance. This interface enables SERS enhancement factor 9.62 x
105, by facilitating methylene blue efficacy 1 x 10~° M. ECS revealed
higher linearity with a detection of limit and sensitivity 4.7 nM (1.7740
pA pM ! em~2) for HQ, 6.3 nM (0.9037 pA pM~! cm™2) for ACP and its
practical applicability were confirmed through tap water sample anal-
ysis that results outstanding recoveries. The ability of CuO@rGO/ITO to
carry current and transmit light efficiently allows the platform to be
used for integrated SERS and electrochemical sensing in transparent
displays. Our coalescent 2D heterostructure CuO@rGO/ITO constitute
enhanced electrocatalytic activity, reversible signal response, and su-
perior interfacial charge transfer. Thereby, these exceptional results
together with their scalable fabrication and environmental stability
provide them with potential to become a promising platform for next
generation multifunctional, diminutive sensors, electronics, and
optoelectronics.

4. Methods

4.1. Fabrication of coalescent 2D advanced heterostructure (CuO@rGO/
ITO) via solvothermal method

Hummer's method is used on an industrial level to produce large
amounts of graphite oxide yield. This method is not costly, and we use
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this method in our present work. Synthesis process of GO involved 5 g of
stirring of graphite powder, 115 ml of HySO4, and 2.5 g of NaNOs for 40
min. Subsequently, 15 g of potassium permanganate was slowly added
at low temperature, followed by heating at room temperature for 3 h.
Afterward, 700 ml of water was added, and addition of H,O, terminated
the reaction. The resulting mixture was washed with HCl and water,
then centrifuged and dried to obtain solid form of GO (Supporting In-
formation Fig. S2, steps 1-4). To prepare the solution, 55 mg of CuO
were added to 100 ml of DI water. Mixture was sonicated for 30 mins
and then stirred for 6 h on a hotplate. Subsequently, mixture was
centrifuged at 2000 rpm for 5 mins to obtain a concentration of CuO in
DI water of 0.5 mg/ml. Various concentrations of GO and CuO solutions
were utilized to create a mixture resulting in coalescent CuO@rGO,
where CuO is attached to surface of rGO nanoflakes sheets (Supporting
Information Fig. S2, steps 5-6).

4.2. Computational method

DFT calculations were performed using the Quantum Espresso (QE)
software package [33]. Ion-electron interactions were described by
projector-augmented wave (PAW) pseudopotential method [108]. To
account for electron exchange-correlation effects, generalized gradient
approximation (GGA) parameterized by Perdew-Burke-Ernerhof (PBE)
was employed [109]. Van der Waals interactions were corrected using
semiempirical DFT-D3 method within Grimme scheme [110]. A kinetic
energy cutoff of 50 Ry was chosen for plane-wave function expansion
and 500 Ry for charge density and potential. Gaussian smearing method
with a Monkhorst-Pack k-mesh of 3 x 3 x 1 was utilized for Brillouin-
zone integration. Convergence criteria for energy and force were set at
107® eV and 0.01 eV/A, respectively. Further detailed information on
computational methods is described in (Supplementary).

4.3. SERS and ECS applications

Coalescent CutO@rGO prepared by spin on glass and ITO-coated glass
substrates. Synthesis is characterized by surface-enhanced Raman scat-
tering (SERS) and electrochemical technique analyses, which include
cyclic voltammetry (CV) and differential pulse voltammetry (DPV). For
SERS, methylene blue (MB) served as Raman reporter for enhancement
evaluation and the substrates were dried following deposition of the
molecular beam (MB) coating for 10 min at 70 °C using a hot air oven.
SERS was measured using a 532 nm laser (10 s, 1 accumulation), while
electrochemical detection using phosphate buffer solution (PBS) at pH
7.2 was adopted for hydroquinone (HQ) and acetaminophen (ACP).
Coalescent CuO@rGO provide high electron conductivity, strong mo-
lecular adsorption, and excellent catalytic activity illusion due to which
excellent SERS and electrochemical behavior were achieved.
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