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Abstract: This study reveals a significant improvement in surface-enhanced Raman scattering (SERS)
activity of Ag/ZrO2 substrates covered with a few-layer graphene preliminary exposed to ultraviolet
(UV) light. The SERS-active substrates are formed by the “silver mirror” deposition of Ag nanopar-
ticles on annealed zirconia blocks. The film composed of ~3 graphene layers is grown on copper
foil by a chemical vapor deposition and then wet-transferred to the SERS-active substrates. The
graphene-free Ag/ZrO2 samples are found to provide an enhancement of the Raman scattering from
rhodamine 6G (R6G) at a micromolar concentration, which is associated with combined effects from
the surface plasmon resonance in the Ag nanoparticles and a charge transfer facilitated by zirconium
dioxide. It is revealed that the SERS signal from the analyte molecules can be suppressed by a UV
exposure of the Ag/ZrO2 samples due to photocatalytic activity of the wide band gap semiconductor.
However, if the samples are covered with a few-layer graphene (Gr/Ag/ZrO2) it prevents the dye
molecule decomposition upon the UV treatment and improves SERS activity of the substrates. The
365 nm treatment leads to a 40% increase in the 10–6 M R6G SERS spectrum intensity, while the
254 nm irradiation causes it to rise by 47%, which is explained by different responses from the surface
and bulk zirconia crystals to the short and long UV wavelengths. This enhancement is attributed
to the distinct responses of surface and in-depth zirconia crystals to varied UV wavelengths and
underscores the pivotal role of graphene as a protective and enhancing layer.

Keywords: a few-layer graphene; wide bandgap semiconductor; zirconia dioxide; silver nanoparti-
cles; surface-enhanced Raman scattering; photocatalytic activity; charge transfer

1. Introduction

In recent years, a trend towards the use of graphene-containing nanomaterials as
tools for the surface enhancement of Raman scattering (SERS) has become strongly pro-
nounced [1,2]. In general, a graphene story in SERS spectroscopy began a little over
a decade ago from a formation of gold nanoparticles and dendrites on graphene ox-
ide nanosheets [3,4]. Graphene has been found to quench fluorescence from analyte
molecules [5] and to enhance Raman scattering via chemical mechanism [6]. In [7] the
SERS-active substrate based on the paper strip modified with graphene and Ag nanoparti-
cles was shown to facilitate detection of rhodamine 6G at 10–19 M concentration. A bit later,
the few-layer graphene was found to be an efficient protective layer to prevent burning
analyte molecules during SERS analysis, which provided the detection of lactoferrin protein
adsorbed on the SERS-active surface from the 10–18 M solution [8]. Therefore, graphene
has been proved to possess multifunctional properties that are extremely fruitful for SERS
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spectroscopy in terms of decreasing electromagnetic field influence on analyte molecules
leading to the side effects in the SERS spectra [9,10].

Wide band gap (WBG) semiconductors are other rather “fresh” materials that can
potentially lead to engineering the SERS-active substrates possessing athermal and self-
cleaning properties [11–14]. The first feature allows SERS measurements to be free of the
thermal-induced destruction of analyte molecules, thus improving analysis reliability [11].
At the same time, the UV-facilitated cleaning of the SERS-active substrates which have
passed through the analysis cycle is of high demand in affordability terms [14]. Considering
that SERS-active substrates are consumable tools of SERS spectroscopy, they should be
cost-effective or reusable for wide implementation of such analytical techniques in clinical
practice, forensic science, and pharmaceutics, to name a few.

Taking the above into account, the question arises: what kind of breakthroughs could
the combination of graphene, plasmonic nanostructures, and WBG semiconductors bring
to ultrasensitive molecular analysis by SERS spectroscopy? Very recently, gold-coated TiO2
microparticles wrapped with reduced graphene oxide piqued the interest of researchers
owing to their capability of amplifying SERS activity and providing photocatalytic degrada-
tion of organic pollutants [15]. In such cases, the Raman signal enhancement is attributed
to a plethora of mechanisms inherent in these heterostructures. The presence of noble
metal nanostructure in the substrate bolsters the electromagnetic field at the surface—a
phenomenon attributed to its surface plasmonic resonance [16]. This enhancement in the
electromagnetic field is instrumental in amplifying the Raman signal of molecules adsorbed
on the surface. Graphene, characterized by its extraordinary electrical conductivity, aug-
ments the SERS effect. In conjunction with noble metal, graphene facilitates an increase
in the charge transfer, contributing further to the electromagnetic field at the surface [17].
This synergy between graphene and metal emerges as a pivotal factor in the SERS activity
improvement [18]. Moreover, graphene’s pronounced absorption of UV light enriches the
light–matter interaction at the hosting WBG semiconductor surface, offering the avenue
for its prominent photocatalytic activity for the destruction of organic molecules after
their detection [15]. The multifaceted role of graphene is not just limited to the charge
transfer and UV absorption; it also acts as a heatsink and, thus, slows changing the analyte
molecules structure during SERS analysis on the substrate surface [8]. In addition to the
synergistic actions of graphene and plasmonic nanostructure, the WBG semiconductor
plays a principal role. It avails additional sites for the adsorption of molecules and, in
unison with Ag and graphene, is expected to augment Raman signals via charge transfer.
However, it is imperative to note that the SERS and photocatalytic effects are contingent
upon specific preparations and structure composition of the noble metal/WBG semicon-
ductor and graphene coatings. Variations in these parameters can significantly influence
the extent and efficiency of SERS activity upon visible light and photocatalytic features
while the UV is irradiating.

Summarizing the above, the combination of graphene, plasmonic structures, and the
WBG semiconductor opens new prospects in bringing SERS spectroscopy closer to real
practical application. The goal of this work was to reveal the applicability of the sandwich
structure based on a few-layer graphene, silver particles, and zirconia substrates for design
and engineering the nanomaterial combining expressed SERS activity and photocatalytic
properties. The silver was selected since it bears the most powerful surface plasmon
efficiency among other metals [19]. Zirconia was used as a host semiconductor for the
plasmonic nanomaterial because it is often characterized by band gap over 5 eV [20]. This
is good for the photocatalytic activity at the far-UV light, which, in turn, can provide the
most effectual destructive effect on the molecules to clean the SERS-active substrate from
them after analysis. Furthermore, modification of ZrO2-based structures with silver have
already been reported elsewhere as a powerful approach to improve the zirconia surface
reactivity for electrochemical determination of tinidazole antibiotic [21], photo electro chem
ical degradation of methylene blue [22,23], and quantitative SERS detection of hexavalent
chromium in the wastewater [24].



Crystals 2023, 13, 1570 3 of 13

2. Materials and Methods
2.1. Materials

The Cercon ht 98-mm disk, manufactured by Dentsply International Inc., York, PA, USA, was
used to prepare ZrO2-based substrates. Rhodamine 6G (R6G), AgNO3 (ACS reagent,≥99.0%),
NaOH (reagent grade, 97%), NH3 (anhydrous,≥99.98%), and C4H4KNaO6·4H2O (ACS reagent,
≥99.0%) were supplied by Sigma-Aldrich and used without additional purification. For
the transfer of silver films from the ZrO2 substrates, a poly mer support constructed from
SU-8 2015 was used, sourced from MicroChem, Newton, MA, USA. Water was purified
with Milli-Q system (Millipore, Bedford, MA, USA).

2.2. Fabrication of SERS-Active Substrates

The Cercon disk was meticulously cut into blocks measuring 8 × 6 × 14 mm, serving
as the ZrO2-based substrates. The blocks were annealed in air following the temperature
regimes displayed in Table 1, which led to their approx. 20% shrinking. Then we formed
a plasmonic coating composed of silver nanoparticles on the ZrO2 blocks. Prior to this,
each block was treated with a piranha solution, consisting of H2SO4:H2O2 at a 3:1 volume
ratio, and maintained at a temperature between 70–80 ◦C for 5 min to slightly roughen
its surface for further improvement of metal coating adhesive strength. Ag nanoparticles
were grown by the “silver mirror” method in a mixture of basic solution (4 mL), reducing
solution (1 mL), and ethanol (1 mL) [11,25]. Basic and reducing solutions were water
solutions of 0.07 M AgNO3, 0.2 M NaOH, 0.6 M NH3, and 0.4 M C4H4KNaO6·4H2O,
respectively. The ZrO2 blocks were immersed in the “silver mirroring” solution for 6 min.
After the silver deposition, the samples were rinsed with deionized water and air-dried at
21 ◦C temperature.

Table 1. Regimes of the ZrO2 block annealing.

Step Starting
Temperature, ◦C

Final
Temperature, ◦C

Time,
min

Rate,
◦C/min

1 50 –2 0 –
2 50 300 40 7.5
3 300 800 100 5.0
4 800 1300 200 2.5
5 1300 1530 46 5.0
6 1500 1530 120 Keeping 1530 ◦C
7 1530 20 – Cooling

2.3. Few-Layer Graphene Formation and Transfer

The synthesis of few-layer graphene (Gr) was performed by chemical vapor deposition
(CVD) from methane, a method thoroughly detailed in reference [8]. In this process,
copper foil samples, electrochemically polished to perfection, were initially annealed at
a temperature of 1050 ◦C for 1 h. This was conducted under the constant purge flows of
argon and hydrogen, delivered at flow rates of 100 and 150 cm3/min, respectively. Then,
the H2 flow rate was reduced to 15 cm3/min and methane was bled in at the flow rate
of 1.3 cm3/min for 30 min. After the synthesis, the surface of the Cu foil facing the walls
of the quartz reactor was worked up in an oxygen plasma to remove so-called unwanted
graphene. The grown few-layer graphene was transferred to the ZrO2-based blocks using
a wet chemical technique. Firstly, the samples were immersed an aqueous solution of
FeCl3 until complete copper dissolution while the graphene film remained floating on
the solution’s surface. Before the graphene transfer, this solution was three times totally
replaced with deionized water by pipette suction and filling. This step was introduced
to minimize undesirable adsorption of the side reaction products on the surface of the
SERS-active substrates. The transferring procedure was conducted by the ZrO2-based
blocks’ immersion in the solution under the graphene film and its lifting up. As a result,
the graphene film remained on the surface of the substrate.
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2.4. Characterization of the Experimental Samples

The ZrO2 and Ag/ZrO2 substrates underwent a thorough structural characteriza-
tion, facilitated by the advanced Hitachi S-4800 (Hitachi Limited, Tokyo, Japan) scanning
electron microscope (SEM) stationed in Tokyo, Japan. Elemental composition of the same
samples was defined with a Bruker QUANTAX 200 (Bruker Nano GmbH, Adlershof, Berlin,
Germany) energy dispersive X-ray (EDX) spectrometer embedded onto the scanning elec-
tron microscope. This equipment provided the elemental distribution and composition,
ensuring an exhaustive characterization.

Raman and SERS analysis was performed with a 3D confocal Raman microscope–
spectrometer Confotec NR500 (SOL Instruments, Minsk, Belarus). The measurements were
taken using 473 or 633 nm laser and a 100× objective (NA = 0.95). The power of both laser
beams passed through the objective was 4.66 ± 0.005 mW.

The spectra of the few-layer graphene were collected using the 633 nm laser. The
few-layer graphene was transferred to the cover glass and Ag/ZrO2 sample for the Raman
and SERS measurements to find out if the SERS activity affects the graphene structure.

The reproducibility of the SERS signal provided by the Ag/ZrO2 and Gr/Ag/ZrO2
substrates was studied with a testing analyte presented by rhodamine 6G (R6G) molecules
dissolved in deionized water. Prior to the SERS measurements, the substrates were kept
in the 10–6 M analyte solution for 2 h, rinsed with deionized water for 30 s to remove an
excess of unabsorbed molecules, and air-dried. The arrays of spectra (100 in total) were
collected by scanning the 100 × 100 µm spot on the SERS-active surface with a focused
473 nm laser beam.

2.5. Study of Photocatalytic Activity

Photocatalytic activity of the zirconia-based samples was assessed by comparing
specific band intensity in the R6G SERS spectra before and after the UV exposure. Firstly,
the dye molecules were deposited on the Ag/ZrO2 and Gr/Ag/ZrO2 samples from 10–6

M R6G solutions followed by collecting their SERS spectra. Then, each substrate was
immersed in a Petri dish of 3 cm diameter filled with 3 mL of deionized water and subjected
to the UV irradiation for different times. Parallel with this process, control samples, utilizing
commercial SERS-active substrates referenced in [26], underwent identical UV treatment
procedures to offer a comparative analysis of the photocatalytic activity. Testing the
photocatalytic activity in a Petri dish filled with water was based on the rationale that it
facilitates the desorption of decomposed dye molecules from the substrate surface into
the liquid medium, resulting in an improved cleaning compared to cleaning solely in
water under UV-free conditions. The UV exposure was provided by a VL-6. LC Vilber
appliance (Vilber, Collegein, France) equipped with 254 and 365 nm wavelength lamps.
This equipment ensured uniform and precise UV irradiation, which is essential for an
accurate assessment of photocatalytic activity. After that, all the samples were rinsed with
deionized water for 30 s, air-dried, and the SERS measurements were repeated.

3. Results and Discussion
3.1. Structure of the Experimental Samples
3.1.1. ZrO2 and Ag/ZrO2 Substrates

The ZrO2 block surface is characterized by grainy morphology, as seen in Figure 1a.
The grains, displaying a size variation from 225 nm to approximately 1.5 µm, predominantly
fall within the 400–600 nm range. The black curve in the Raman spectrum of Figure 1b
reveals the polycrystalline nature of the zirconia block (ZrO2—1), evidenced by the distinct
bands representative of tetragonal (~243, ~298, ~458, and ~631 cm–1) and monoclinic (~200
and ~374 cm–1) lattices [27,28]. The band at 458 cm–1 can be attributed to tetragonal zirconia
stabilized with yttrium oxide [29], of which a small amount is present in the Cercon disk.
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Figure 1. Structural characterization of the samples: (a) SEM top view images of the ZrO2 substrate
and the ZrO2 grain size distribution histogram; (b) Raman spectra of the ZrO2—1, Ag/ZrO2, and
ZrO2—2 substrates; (c) SEM top view images of the Ag/ZrO2 substrate and the Ag particle size
distribution histogram; (d) EDX spectrum and EDX scan of the Ag/ZrO2 substrate.

To infuse SERS activity into the zirconia substrate, it was submerged in the “silver
mirror” solution, resulting in a uniform deposition of silver. This process is detailed through
the following chemical reactions:

2AgNO3 + 2NaOH→ Ag2O + 2NaNO3 (1)

Ag2O + 4NH3·H2O = 2[Ag(NH3)2]OH + 3H2O (2)

6Ag+ + C4H4O6
2- + 8OH- → 6Ag + 2C2O4

2- + 6H2O (3)

The “silver mirror” chemical method was selected due to the WBG nature of zirco-
nia [30,31]; other wet techniques, like corrosive and electrochemical deposition, are hardly
applicable to growing silver particles on the ZrO2 surface. Figure 1c depicts the SEM top
view images of the zirconia block subjected to the silver deposition. The silver coating is
constituted by nanoparticles, the majority of which have sizes of nanoscale range between
a few nanometers and 90 nm. However, a small fraction, approximately 10%, of the Ag
nanostructures, is characterized by larger sizes up to 270 nm as seen from the histogram
in Figure 1c. The post-“silver mirroring” Raman spectrum of the zirconia block, depicted
by the red curve in Figure 1b, is characterized by the suppressed Raman bands of ZrO2
as a direct consequence of the silver coating. The silver deposition led to suppressing the
374 cm–1 band (responsible for the m-lattice) down to negligible intensity. This allows
for the suggestion of the partial phase transformation of zirconia upon the Ag deposition.
At the same time, the band at approx. 200 cm–1 appears more prominent after the silver
deposition, which gives rise to controversial opinion. That is why we additionally studied
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Raman spectrum of the zirconia sample subjected to removal of Ag coating with hydrochlo-
ric acid. This sample is marked as ZrO2—2 in Figure 1b. Indeed, the new spectrum proves
the Ag deposition can lead to the phase transformation since no band at approx. 375 cm–1

is observed and, also, the band at approx. 200 cm–1 looks more hidden by the t-ZrO2 band
at 250 cm–1. This effect is explained by the surface zirconia lattice aligning to the Ag cubic
lattice. Slight restructuring the zirconia surface is expected to improve an adhesion of the
silver coating and provide faster charge transfer from the WBG substrate via the silver
nanoparticles to the analyte molecules during the SERS measurements.

We also should note that no bands of Ag2S typical for the Raman spectra of nanos-
tructured silver [32,33] are observed. This means there is a rather good chemical stability
of the Ag nanoparticles when taking electrons by (or oxidation with) sulfur ions from
the environment, which is typical for silver surfaces [34]. The EDX spectrum and EDX
scan in Figure 1d prove the Ag nanoparticles presence and uniform distribution on the
sample surface.

3.1.2. Few-Layer Graphene

To study the Gr structure in more detail, it was characterized by Raman spectroscopy.
As a rule, the graphene Raman spectrum contains G, 2D, and D prominent bands [35,36].
The first one (~1582 cm−1) is attributed to a doubly degenerated phonon mode of E2g

symmetry from the center of the Brillouin zone. The 2D band (~2710 cm–1) appears as a
result of the resonant light scattering in which two equal-energy phonons are involved.
However, the light is scattered in the opposite direction of the pulse, thus providing data
on the graphene layers order. The last band (~1352 cm−1) helps to reveal defects in the
graphene layers. Therefore, the Raman mapping of graphene on copper was performed.
A laser with excitation energy 2.62 eV (λ = 473 nm) was utilized. The size of the mapped
area was 48 × 48 µm2. The number of points on the map was 20 × 20. The intensities,
positions, and half-widths of the Raman spectral bands were determined using the Lorentz
approximation. The correlation between the position of the 2D band and the position of
the G band was plotted based on data from Raman mapping (Figure 2). The correlation
analysis of the G and 2D bands positions was based on that developed in the [37,38]
approach, indicating a few-layer structure of graphene (~3 layers), which was confirmed
using transmission optical spectroscopy (Figure 3).
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Figure 2. Experimental dependences of 2D band position on position of G band for graphene on
copper. The bold solid line (with a slope of ~2.2) passing through the blue star marks are responsible
for the biaxial strain in the ideal graphene. Dashed red lines (with a slope of ∼0.7) are responsible
for the charge carrier concentration with fixed biaxial strain. The blue star markers correspond
to unstressed and undoped multilayer graphene [38] defined taking into account the excitation
wavelength used in current work [39] Inset: histogram of the ratio of the intensities of the G band to
the D band.
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Figure 3. Transmission spectrum of graphene transferred onto the quartz glass.

The intensities, position of the G and 2D bands, and their full width at half-maximum
were indicative of a few-layer structure of graphene (~3 layers), which was confirmed using
transmission optical spectroscopy (Figure 3).

The transmittance at 550 nm is ~92.7%, which perfectly agrees with transmittance for
3 layered graphene (92.66%) calculated using the following formula [40]:

T = (1 + 1.13παN/2)−2, (4)

where N is the number of layers and α is the fine-structure constant [41].
The D ~1352 cm–1 band, which is responsible for deformation, disorder, and defects

in the crystalline structure of graphene, has low intensity compared to the G band (inset
Figure 2), so this proves the good quality of the graphene [35].

Subsequently, the few-layer graphene films formed by the CVD method were trans-
ferred from the copper foil onto the Ag/ZrO2 substrates before further studying their
structural properties. Figure 4 shows the SEM image of the silver-coated zirconium oxide
surface after the Gr film transfer. It can be clearly seen that the surface of the Ag/ZrO2
substrate has a coating with a small number of folds and holes, which should be a film con-
taining graphene. This was also confirmed by the Raman spectroscopy analysis (Figure 5).
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3.2. SERS Activity of the Experimental Samples

Before commencing the SERS measurements, the Ag/ZrO2 and Gr/Ag/ZrO2 sub-
strates were immersed in 10–6 M R6G solution for 2 h for the analyte molecules adsorption.
Then, the substrates were rinsed thoroughly with deionized water for 30 s for the removal
of the unabsorbed molecules, before being dried. Such procedure was used to provide
coating to the substrates with a monomolecular layer of the analyte molecules.

Both the substrates demonstrated SERS activity as seen in Figure 6a since all charac-
teristic R6G Raman bands can be clearly distinguished in the SERS spectra [42,43]. Inter-
estingly, the few-layer graphene provided a triple increase in the SERS spectrum intensity
compared to that collected on the Gr-free substrates.
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Gr/glass.

To further investigate the SERS activity intrinsic to the few-layer graphene, R6G
molecules were adsorbed onto the Gr/glass sample. As seen in Figure 6b, the Gr film
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facilitates the weak enhancement of the analyte Raman spectrum, which is over two orders
of magnitude lower compared with the SERS spectrum collected with the Gr/Ag/ZrO2
substrate. Also, we tried to evaluate the contribution of the Ag nanoparticles to the
Raman spectrum enhancement. The Ag layer was detached from the ZrO2 block with
the epoxy resin film, which was then coated with R6G molecules and studied using the
Raman spectrometer. The black spectrum in Figure 6b proves the SERS activity of the Ag
nanoparticles. However, even in combination with the few-layer graphene, it can hardly
provide the multiplication of the Raman signal from the analyte molecules up to the SERS
spectrum intensity achieved with the Gr/Ag/ZrO2 substrate.

It should be noted that the ZrO2 block was not found to enhance Raman signal from
the analyte molecules at micromolar concentration. The collection of the Raman signal
resulted in background free of characteristic analyte bands. Therefore, we suggest that the
prominent SERS activity of the Gr-coated substrate is exclusively caused by the combination
of the WBG semiconductor, plasmonic particles, and carbon nanostructure. The grainy
ZrO2 surface acts as a source of a charge transferred to the Gr film. Here, we would like
to refer to a few papers that have already proved increasing the charge transfer effect
in the defected WBG semiconductors [12]. Considering the submicron sizes of the ZrO2
grains enriched with developed boundary network between them gives a rise to such an
explanation. The defects enhance the charge transfer effect and significantly contribute to
the electromagnetic enhancement provided by the silver coating.

3.3. Photocatalytic Activity of the Ag/ZrO2 Substrates

Zirconia is known as a WBG semiconductor, which possesses photocatalytic activ-
ity [44]. In our study, we aimed to ascertain whether the granular ZrO2 block imparts the
self-cleaning property to the SERS-active substrate facilitated by the UV exposure and if
the graphene coating enables an improvement of this property. Our findings revealed a
discernible decline in the intensity of the SERS spectra of 10–6 M R6G post-exposure to
both 365 and 254 nm lamp irradiation. The longer UV wavelength led to over 2–2.5 times
(~40–50%) fewer intensive spectra (Figure 7a).

Noticeable was an increase in the 365 nm exposure time from 30 to 120 min which did
not result in better analyte molecules decomposition. In contrast, the 254-nm UV exposure
exhibited superior photocatalytic activity on the Ag/ZrO2 sample, inducing approximately
72% spectral intensity reduction at 30 min and around 86% at 120 min of exposure, as
illustrated in Figure 7b. The enhanced efficacy of the shorter wavelength UV light is
attributable to its deeper penetration and interaction with the internal zirconia grains, while
the near-UV primarily engages the surface layer [27]. The short-wavelength UV is hardly
absorbed by zirconia [27] thus interacting just with the surface zirconia structures, while
longer UV waves are well-absorbed thanks to the rather wide bandgap [44]. Therefore,
254 nm irradiation would interact with in-depth volume of the zirconia sample, which
provides more zirconia crystals compared to the surface layer.

We considered that the UV exposure can cause organic dye decomposition, which
can be expressed by the presence of d-metal like silver. To exclude such an effect, we
made the SERS measurements with the control commercially available substrates based
on the silvered silicon nanostructures [25]. Figure 7c shows the SERS spectra of 10–6 M
R6G collected with such substrates before and after the UV exposure at 365 and 254 nm.
Indeed, one can see a negligible decrease in the spectra intensity, which is below 30%. Thus,
the R6G decomposition enabled by the ZrO2-based substrates must be provided by the
photocatalytic activity of the WBG semiconductor.
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3.4. Effect of UV Exposure on SERS Activity of the Gr/Ag/ZrO2 Substrates

The final step of the research was devoted to revealing the UV exposure effect on
the Gr/Ag/ZrO2 substrate properties. The expected improvement of the photocatalytic
activity was not found. To the contrary, we observed an undoubted increase in SERS
activity because the spectra intensity rose twice (~40%) after the 365 nm exposure and
2.3 time (~47%) in the case of 254 nm irradiation for 2 h (Figure 8), which is explained
by the different response of surface and bulk zirconia crystals to the short and long UV
wavelengths.
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4. Conclusions

In this study, we investigated the synergistic effects of integrating few-layer graphene,
silver particles, and zirconia substrates, unveiling a sophisticated platform for augmented
SERS activity and photocatalytic properties.

The SERS-active substrates were formed by the chemical “silver mirror” technique
to grow the Ag nanoparticles on the zirconia blocks cured in the furnace. The ZrO2
surface was found to be composed of the polycrystalline grains with sizes varied from
225 nm to ~1.5 µm. In more detail, the zirconia blocks were shown to have tetragonal
and monoclinic lattices as followed from the Raman spectra. The silver nanoparticles
were characterized to have sizes of nanoscale range between a few nanometers and 90
nm. The film composed of the ~3 graphene layers was grown on copper foil by the CVD
method and then wet-transferred to the SERS-active substrates. Graphene-free Ag/ZrO2
samples provided the enhancement of the Raman scattering from 10–6 M R6G, which must
be caused by the combined effects from the surface plasmon resonance in the Ag particles
and a charge transfer facilitated by zirconium dioxide. However, the SERS signal from the
R6G molecules was found to be suppressed by the UV exposure (365 and 254 nm) of the
Ag/ZrO2 samples due to their photocatalytic activity. At the same time, if the Ag/ZrO2
samples were graphene coated, this prevented R6G decomposition upon the UV treatment
and improved SERS activity of the substrates. The 365 nm exposure caused the 40% increase
in the 10–6 M R6G SERS spectrum, while the 254 nm irradiation led to it rising by 47%.
Such an effect is under discussion and can be associated with the different responses of
surface and bulk zirconia crystals to the short and long UV wavelengths.

In closing, we argue the following key findings:

• Few-layer graphene on Ag-coated zirconia substrates boosts SERS-activity, attributed
to enhanced charge transfer from zirconia and silver to analyte molecules via graphene;

• UV exposure, generally, suppresses SERS signals due to zirconia’s photocatalytic
activity, but graphene’s integration counters this suppression, emphasizing its role in
increasing the SERS signal;

• Our results highlight graphene’s ability to enhance Raman scattering through its ver-
satility in amplifying charge transfer and strengthening electromagnetic interactions.

From the above findings, future directions could involve refining photocatalytic ap-
plications by adjusting UV exposure intensity and duration to optimize both self-cleaning
capabilities and the analytical performance of SERS-active substrates. Additionally, the
synergy between graphene, silver nanoparticles, and zirconia should be further explored to
enhance scalability, stability, and adaptability in real-world applications.

In essence, this research underscores a significant stride towards harnessing the combined
potential of graphene, silver nanoparticles, and zirconia for advanced SERS applications.
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