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Direct observation of the surface-enhanced Raman scattering (SERS) of molecules

adsorbed on nano-sized zirconia (ZrO2) substrates was first reported without the need

for the addition of metal particles. It was found that ZrO2 nanoparticles can exhibit

unprecedented Raman signal enhancements on the order of 103 for the probe molecule

4-mercaptobenzoic acid (4-MBA). The dramatic effect of the calcination temperature on

the ZrO2 nanoparticles was also investigated. The ZrO2 nanoparticles with the particle

diameter of 10.5 nm, which were prepared by calcination at a temperature of 500◦C,

have the highest SERS activity. A comparison between the experimental and calculation

results indicates that charge transfer (CT) effects dominate the surface enhancement. The

plentiful surface state of ZrO2 active substrate that is beneficial to CT resonance occurs

between molecules and ZrO2 to produce a SERS effect. The CT process depends, to

a large extent, on the intrinsic properties of the modifying molecules and the surface

properties of the ZrO2. This is a new SERS phenomenon for ZrO2 that will expand the

application of ZrO2 to microanalysis and is beneficial for studying the basic properties of

both ZrO2 and SERS.

Keywords: raman, SERS, ZrO2, charge-transfer, nanoparticle

INTRODUCTION

The large surface-enhanced Raman scattering (SERS) enhancement observed in metals and
semiconductors is explained by the vibrational coupling of various resonances in the molecules of
the semiconductor system, such as surface plasmons, excitons, charge transfer (CT), and molecular
resonance (Yin et al., 2010; Li et al., 2011;Wang and Chen, 2011; Jiang et al., 2013;Wang et al., 2013,
2014, 2016; Huang et al., 2014; Kadkhodazadeh et al., 2014; Mogensen and Kneipp, 2014; Shiohara
et al., 2014; Zhao et al., 2014; Shen et al., 2015; Scott and Carron, 2016; Fu et al., 2019). Because
semiconductor materials are widely used in the rapidly developing energy and optoelectronic
fields, it is important to investigate the SERS mechanism for semiconductor substrates (Lombardi
and Birke, 2014; Alessandri and Lombardi, 2016; Han et al., 2017). Semiconductors that can be
used as SERS substrates have been identified, such as TiO2, ZnO, and CdS. These can amplify
the Raman signals of surface-adsorbed organic molecules such as 4-mercaptopyridine (4-MPY)
and 4-mercaptobenzoic acid (4-MBA) by more than 100-fold (Sun et al., 2007; Wang et al., 2007;
Yang et al., 2008).
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Nano-sized zirconium dioxide (ZrO2) is one of the most
important materials for the preparation of nano-ceramics, and it
can prepare ceramic components with various functions (Li et al.,
2017). It has applications and developments in solid oxide fuel
cells, thermal barrier coatingmaterials, catalyst carriers, lubricant
additives, medical, gas sensitive, and wear resistant materials
(Duan et al., 2017; Gan et al., 2017; Long et al., 2017; Xu et al.,
2017; Wang et al., 2019). The brittleness of ceramic materials
limits its practical application, and nanoceramics are a strategic
way to solve the brittleness of ceramics. However, grain size is
the most important factor affecting the performance of nano-
ceramics. The decrease of grain size will significantly improve the
mechanical properties of materials (Zhang L. et al., 2015). The
grain refinement will contribute to the slip between the grains,
giving the material plastic behavior. A large number of studies
by researchers have shown that the temperature is closely related
to the size of ZrO2 particles, and the transition temperature of
ZrO2 particles below 100 nm can be greatly reduced (Becker
et al., 2008). Toughening of ceramics by microcracks and residual
stresses generated the conversion of ZrO2 from a tetragonal
phase (t-ZrO2) to a monoclinic phase (m-ZrO2). Therefore, the
nano-sized ZrO2 can significantly increase the strength and stress
intensity factor of the ceramic, thereby increasing the toughness
of the ceramic (De Aza et al., 2002). Nowadays, the application
research on nano-sized ZrO2 has become one of the research
hotspots of nano-ceramic new technology. As a new type of
high-performance ceramics, the use of highly sensitive SERS
technology with in-situ characterization advantages to study the
size effect of nano-sized ZrO2 is expected to promote the better
performance of nano-ceramic materials to enable the emergence
of new properties and functions.

In addition, ZrO2 is a particularly attractive candidate to
promote CT enhancement because it has recently been shown
that the luminescence effect of ZrO2 materials is derived
from transitions between new and ground state energy levels
formed by oxygen vacancies that capture electrons and oxygen
vacancies produced by the formed association center (Kralik
et al., 1998; Chang and Doong, 2007). Owing to the photoelectric
properties of ZrO2, a CT state is readily formed. Currently,
there are no reports on the use of ZrO2 enhancement to obtain
SERS (Figure 1).

MATERIALS AND METHODS

Chemicals
Zirconium nitrate pentahydrate was obtained from Tianjin
Guangfu Fine Chemical Research Institute; triethylamine was
obtained from XiLong Chemical Co., Ltd.; CTAB were
obtained from China Huishi Biochemical Reagent Co., Ltd. 4-
Mercaptobenzoic acid (4-MBA), 4-Mercaptopyridine (4-Mpy),
and P-aminothiophenol (PATP) were purchased from Sigma-
Aldrich. The other chemicals are analytically pure without
further purification.

Synthesis of ZrO2 Nanoparticles
The synthesis of ZrO2 was followed the procedure below (Zhou
et al., 2006). First, at room temperature and in a 500mL

round-bottomed flask, mix and dissolve 17.44 g Zirconium
Nitrate and 2.95 g Hexadecyl trimethyl ammonium Bromide in
180mL deionized water. The hydrolysis was carried out with
slight stirring. Stirring was continued for about 20min until a
clear sol was obtained. 22.615mL Triethylamine was added in
the solution under rough stirring. The mixture was kept at 75◦C
for 8 h in the round-bottomed flask. The sol-gel production was
dried at 82◦C for 48 h. This was the last step after drying the
product, eluted with ethanol for 48 h in a Soxhlet extraction. The
product was calcined in a muffle furnace for 2 h to obtain ZrO2

nanoparticles at different temperatures (450–650◦C).

Adsorption of Probing Molecules
The surface modification of ZrO2 nanocrystals is obtained as
follows: 10mL 4-MBA ethanol solution concentration 1 ×

10−3 M was used to dissolve 20mg of ZrO2 nanocrystals.
The mixture was stirred at room temperature for 4 h and
then centrifuged. The 4-MBA molecules that did not adsorb
were subsequently removed by rinsing the precipitate with
absolute deionized water and ethanol once more. ZrO2

Nanoparticles that modify by 4-MBA and PATP are similar
to 4-MBA.

Sample Characterization
The crystal structure of the ZrO2 sample was determined
by X-ray diffraction using a Rikagu Smartlab X-ray powder
diffractometer with 0.15406 nm. The electronic absorption
spectra were recorded on a Cary5000 UV-vis spectrophotometer.
Raman spectra were obtained with Horiba HR Evolution
Raman spectroscopy. The 532 nm radiation from an air-
cooled argon ion laser was used as the exciting source.
The morphology of ZrO2 nanoparticles was characterized by
the JEM-2000EX TEM instrument. A Thermofisher Escalab
250XI X-ray photoelectron spectroscopy (XPS) was applied to
investigate the elemental composition and the surface electronic
valence state for UPS.

RESULTS AND DISCUSSION

ZrO2 Phonon Modes (XRD & Raman)
Zirconia has three low-pressure structural phases.
With increasing temperatures, zirconia changes from
a monoclinic phase (m-ZrO2) to a tetragonal phase
(t-ZrO2), eventually becoming a cubic phase (Zheng
et al., 2009). The monoclinic phase (space group C5 2 h
or P21/c) is thermodynamically stable at temperatures
of <1400K. At around 1400K, the t-ZrO2 transition
(space group D15 4 h or P42/nmc) is stable until 2570K,
and is a slightly distorted form of the cubic structure
(Heuer et al., 1982). In this study, the size of the ZrO2

nanoparticles was controlled by adjusting the calcination
temperature to change the surface defect state of the
nanoparticles to obtain a stronger SERS signal of the
surface substance. This is verified by UV-vis spectra of
ZrO2 nanoparticles with different calcination temperature,
see Figure S1.
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FIGURE 1 | Schematic representation of ZrO2 nanoparticles with the organic molecule 4-MBA.

Increase in Nanoparticle Size With Increasing

Calcination Temperature
Figure 2A shows the XRD patterns of ZrO2 nanoparticles
calcined at different temperatures. The m-ZrO2 is the dominant
phase in these ZrO2 nanoparticles. Almost all of the diffraction
peaks are comparable to the standard data and are remarkably
sharp, indicating the purity and high crystallinity of the
synthesized ZrO2 material. It can be observed that as the
calcination temperature increases from 450 to 650◦C, the XRD
pattern becomes narrower and the sample crystallinity increases.
The diameters of the ZrO2 nanoparticles calcined at 450, 500,
550, 600, and 650◦C were calculated from the full width at
half-maximum using the Scherrer equation. The calculated
diameters of the zirconia nanoparticles were 8.1, 10.5, 11.1,
15.5, and 17.6 nm, respectively. Thus, it can be seen that the
grain size increases with increasing calcination temperature.
The wide XRD peak is attributed to a very small particle
size, which is also demonstrated by the transmission electron
microscopy (TEM) results (Figure S2). As the calcination
temperature increases from 450 to 650◦C, both of the crystallinity
and grain size of the ZrO2 sample gradually increases. As
shown in Figure S3, the XRD patterns show that the ZrO2

nanoparticles calcined at 500◦C primarily exhibit m-ZrO2 (PDF
card: 13-307), and there is extremely little t-ZrO2 present
(PDF card: 88-1007).

Nanoparticles Primarily Exist in the m-Phase
ZrO2 samples were prepared through the sol-gel method
and characterized using Raman spectroscopy (Figure 2B). The
Raman shift characteristics reflect the energy level change in
the specific vibration of the molecules. Tetragonal zirconia
has six active vibrational modes (see Equation 1): B1g,
Eg, B1g, Eg, A1g, and Eg (Zhao and Vanderbilt, 2002).
Monoclinic zirconia has 18 Raman-active vibrational modes

(see Equation 2).

Ŵvib
t
= A1g+ 2B1g+ 3Eg (1)

Ŵvib
m

= 9Ag+ 9Bg (2)

From the Raman spectra and scattering data (see Figure 2B),
it can be seen that the composition of the synthesized ZrO2 is
a mixture of t-ZrO2 and m-ZrO2, with a greater proportion of
monoclinic phase. Comparing the Raman spectra, it is observed
that the prepared ZrO2 nanoparticles had an Eg vibrational
mode at 265 cm−1 corresponding to the tetragonal phase. The
remaining peaks occurred at 221 cm−1 (Bg), 309 cm−1 (Bg),
332 cm−1 (Bg), 345 cm−1 (Ag), 380 cm−1 (Ag), 476 cm−1

(Ag), 503 cm−1 (Bg), 539 cm−1 (Bg), 558 cm−1 (Ag), 613
cm−1 (Bg), and 635 cm−1 (Ag) are the vibration modes of
m-ZrO2 (Carlone, 1992). Figure 2B shows that the 11 active
vibrational modes correspond well with the monoclinic phase.
This indicates that m-ZrO2 is dominant and the crystallization
is relatively good. This point is consistent with the results
observed using XRD; however, compared to the XRD patterns,
the Raman spectra can reflect the difference in the crystallinity
of ZrO2 caused by different calcination temperatures with
greater sensitivity.

Size-Dependent of SERS
ZrO2 is an n-type semiconductor, and thus the surface of ZrO2

nanoparticles are rich in oxygen vacancy defects (Navio et al.,
2001). To study the effect of the calcination temperature of ZrO2

on the SERS enhancement, SERS spectra of 4-MBA adsorbed
on ZrO2 nanoparticles calcined at different temperatures were
obtained, as shown in Figure 3. The Raman spectra obtained for
ZrO2 nanoparticles at varying calcination temperatures can be
used to explore the role of surface defects on the CT mechanism.
For calcination temperatures in excess of 500◦C, as the zirconia
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FIGURE 2 | (A) XRD patterns of ZrO2 nanoparticles with different calcination temperature; (B) Raman spectra of ZrO2 with different calcination temperature with

excitation 532 nm.

FIGURE 3 | SERS spectra of 4-MBA adsorbed on ZrO2 nanoparticles with different calcination temperature with 532 nm excitation. (B) Is a magnification of (A) in the

range of 200-800 cm−1.

calcination temperature increases, the crystallinity also increases,
resulting in a decrease in the surface defect content of the ZrO2

nanoparticles (Figure 2A). This is also the reason for the decrease
in CT effects of the ZrO2 molecules. Therefore, it can be seen
from Figure 3 that at temperatures above 500◦C, the SERS signal
of zirconia decreases with increasing temperatures. This indicates
that in the process of ZrO2 molecular CT, the surface defects play
an important role and a rich surface state favors the ZrO2-to-
molecule CT process.

The structural characteristics of the ZrO2 nanostructures are
analyzed by TEM techniques, as shown in Figure S2. Based on
the results, the crystalline sizes of all of the nanoparticles are
≈10 nm in diameter, which is similar to the results obtained from
the XRD patterns through calculation with the Scherrer equation.
The results indicate that the size of the ZrO2 nanoparticles
increases with increasing calcination temperature. This indicates
that the calcination temperature has a significant effect on
the size of the nanoparticles. The optical properties of the
ZrO2 nanoparticles were further analyzed by means of UV-
Vis spectra.

Calculation of the Surface Enhancement
Factor (EF)
The surface enhancement factor (EF) was calculated for the
4-MBA adsorbed on ZrO2 nanoparticles at an excitation of
532 nm. The assignment of each of the strong peaks in the
Raman spectrum is listed in Table S1. The ν (C-C) ring breathing
mode (∼1,594 cm−1) was selected to calculate the EF of
ZrO2 nanoparticles. The EF calculation formula is shown in
Equation (3):

EF =
IsurfNBulk

IBulkNSurf
(3)

where I represents the corresponding intensity of the selected
peak, and N represents the number of molecules observed by
the laser spot; NBulk is the number of bulk 4-MBA molecules
under laser irradiation, NSurf is the number of 4-MBA molecules
involved in the surface modification of ZrO2, ISurf is the intensity
of a vibrational mode in the SERS, and IBulk is the intensity in the
conventional Raman spectra of the same mode. From the area of
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the laser spot (∼1.3 µm2) and the focus penetration depth of the
laser (∼10µm), the volume of the solid sample can be calculated.
Based on the density (1.5 g·cm−3) and volume of 4-MBA, NBulk

was calculated to be 7.61 × 1010. Assuming that a single layer
of ZrO2 nanoparticles are uniformly covered with a square
centimeter of sediment, the number density is estimated to be
9.07 × 1011 particles/cm2 based on the XRD (according to the
XRD results, the average diameter of the zirconia nanoparticles
was 10.5 nm), as shown in Figure 2A. Using the laser spot size
and the boundary density of the adsorbing molecules on the
surface of the nanoparticles (∼0.5 nmol/cm2), NSurf can be
calculated as 6.15 × 106. From the observed spectra, the ratio of
intensities ISurf/IBulk = 1765.42/5051.69= 0.349 can be obtained.
Substituting the obtained values for these variables into Equation
3, the EF value is calculated as 4.32× 103.

An enhancement (by a factor ∼3) of the Bg and Ag ZrO2

phonon modes at 330 and 475 cm−1, respectively, was also
observed. This enhancement is similar to the enhancement
mechanism for the normal mode of the molecule. The results
show that an EF of more than 103 is achieved for 4-MBA on ZrO2

nanoparticles. It has not previously been reported that SERS
signals are observed on the surface of ZrO2, but the results are
similar to the EF for other semiconductor nanoparticles that have
been reported previously.

CT Mechanism
a1 and b2 Modes of 4-MBA
The SERS signal of a near-monolayer of 4-MBA adsorbed on the
surface of ZrO2 nanoparticles was observed (the excess of 4-MBA
on the surface was washed away with a solvent). Figure 4 shows
the Raman spectra for the bulk 4-MBA and a solution dissolved
in ethanol (0.1 mol/L), as well as the enhanced Raman spectrum
of 4-MBA on a ZrO2 substrate. The only difference between
the conventional Raman spectroscopy and SERS samples is the
amount of 4-MBA molecules: in the former, a large number
of pure 4-MBA molecules are present, while the latter utilizes
a monolayer of 4-MBA molecules present only on the ZrO2

substrate. All of the other test conditions and procedures are
the same. A distinct 4-MBA signal was observed on the ZrO2

substrate with clear Raman peaks at 1075, 1146, 1181, and 1594
cm−1. However, because SERS modifies the surface selection
rules, there is a significant difference in the relative intensities of
the peaks observed for the 4-MBA molecule in the Raman and
SERS spectra. The bulk 4-MBA spectrum is mainly dominated by
the fully symmetric a1 vibration mode, while the SERS spectrum
for 4-MBA exhibits a strong contribution of the asymmetric b2
mode (1146 cm−1).

The Raman peak at 1075 cm−1 is attributed to aromatic
ring vibration with a C-S stretching mode (ν12a, a1), while at
approximately 1,594 cm−1 the Raman peak is assigned to the
aromatic ring breathing mode (ν8a, b2). As shown in Figure 4,
the Raman spectrum for 4-MBA adsorbed on the surface of
zirconia nanoparticles was strongly enhanced compared to the
conventional Raman spectrum for 4-MBA, and the Raman shift
was significantly different from that of the bulk Raman spectrum.
The spectrum of the 4-MBA adsorbed on the surface of zirconia
nanoparticles exhibits a weak peak at 1146 cm−1 (ν15, b2) in the

FIGURE 4 | Raman spectra of 4-MBA adsorbed on ZrO2 nanoparticles,

4-MBA solid, and 4-MBA solution (0.1 mol/L in ethanol) with 532 nm

excitations.

SERS spectrum (attributed to the C-H deformation vibrational
mode), which is generally considered to be due to the Herzberg-
Teller contribution that produces enhanced CT effects. The
SERS spectrum of 4-MBA on the surface of ZrO2 is almost
identical to that observed on the surface of ZrO2 and TiO2 in
the literature. We also calculated the value of PCT, which was
calculated through the expression which was defined as “PCT
= R/(1 + R)” for the degree of charge transfer(R = Ib2/Ia1).
As shown in Figure S4, the PCT of 4-MBA is near 0.5 at the
excitation wavelengths of 532, 633, and 785 nm. It was observed
that the degree of charge transfer increases with the increase of
laser energy.

Direction of CT Effects
There are two main ways to explain the enhancement
mechanism of the SERS effect: chemical mechanisms (CT)
and electromagnetic mechanisms (EM). Chemical enhancement
(CE) is a resonance-like Raman process. It is generated by
chemical adsorption interactions between the substrate and the
adsorbed molecules and photoinduced charge transfer, resulting
in an increase in the polarizability and an increase in the
distribution number of the adsorbed molecules in the excited
state. The electromagnetic mechanisms (EM) is caused by an
increase in the local electric field induced by the laser on
the surface of the nanoparticles (Kadkhodazadeh et al., 2014;
Mogensen and Kneipp, 2014). According to the literature, for
most semiconductor materials, the surface plasmon resonance
frequency is in the infrared region, away from the excitation
wavelength (532 nm) used to obtain the SERS phenomenon in
this study (Wang et al., 2009; Xue et al., 2012). Therefore, the
SERS enhancement of ZrO2 in this work does not include EM
contributions, but mainly contributes to CE contributions. In
Figure 4, the SERS spectrum of 4-MBA exhibit a non-totally
symmetric b2 mode at 1146 cm−1. As the CT mechanism is
a resonance Raman-like process, the charge transfers occurred
between the ZrO2 nanocrystals and 4-MBA molecules. When
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the organic molecules and semiconductor are in contact with
each other, a reasonable charge distribution will exist around the
interface within a very short time. A new electronic state then
forms at the interface.

To determine the direction of charge transfer in the 4-MBA–
ZrO2 complex, Gaussian 09 was used to calculate the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of 4-MBA molecules adsorbed on
ZrO2 nanoparticles, as shown in Figure 5A. In the 4-MBA-
modified ZrO2 system, the HOMO and LUMO for the 4-MBA
occur at−6.75 and−1.33 eV, respectively. Thus, the CT between
ZrO2 and the adsorbed 4-MBA molecule may occur as shown in
Figure 5B. In these experiments, when irradiated under a 532 nm
(ca. 2.33 eV) laser, the excited electrons of the ZrO2 conduction
band (CB) migrate to the LUMO of the adsorbed molecules. This
is a reasonable CT model to explain the SERS of ZrO2 modified
by 4-MBA.

Zhao et al. reported the use of UV-Vis diffuse reflectance
spectroscopy (DRS; Figure S5) (Zhang X. et al., 2015) and
ultraviolet photoelectron spectroscopy (UPS; Figure S6) to
calculate the HOMO and LUMO of the substrate and probe
molecules. This can be calculated with Equation 4:

W = hν − 1E (4)

The value of hν is 21.22 eV, and thus the valence band (VB) of
ZrO2 is calculated to occur at−5.19 eV. The band gap of ZrO2 is

4.95 eV, and the CB of ZrO2 is situated at −1.97 eV. As shown in
Figure 5B, in the ZrO2 system modified by 4-MBA, the HOMO
of the 4-MBA is at −6.24 eV and the LUMO is at −1.68 eV.
Therefore, considering the relative band structure of the ZrO2

system with 4-MBA, the CT direction between the ZrO2 and 4-
MBA determined by the theoretical calculations and UPS results
is consistent, i.e., the CT occurs from the zirconium dioxide to
the 4-MBA molecules.

SERS Spectra of the ZrO2 Surface Modified by

4-MBA, 4-MPY, and PATP
To illuminate that the enhancement mechanism of a ZrO2

surface modified by 4-MBA is the CT mechanism, the following
experiment was performed. The surface of ZrO2 nanoparticles
were modified with different thiophenol-related molecules (4-
MPY and PATP), as shown in Figure 6A. In addition, these
thiophenol-based molecules possess functional groups on the
benzene ring, such as C-COOH, N, or C-NH2. The electron
attracting ability of these functional groups on the benzene
ring occurs in the order of C-COOH (4-MBA) > N (4-MPY)
> C-NH2 (PATP). Figure 6A shows the SERS spectra for 4-
MBA, 4-MPY, and PATP adsorbed on ZrO2 nanoparticles. The
results clearly show that the intensities decrease in the order
of 4-MBA > 4-MPY > PATP. This is in agreement with the
previous estimations.

As the probe molecules have almost the same Raman cross-
sections, the experimental results described above are not due

FIGURE 5 | (A) The molecular orbital illustrations of the 4-MBA molecule and ZrO2 nanoparticles from calculations by Gaussian 09. (B) The schematic energy-level

diagram at a ZrO2/4-MBA molecule interfaces, and also the position of the HOMO and the LUMO of 4-MBA and the position of CB and VB of ZrO2 nanoparticles.

FIGURE 6 | (A) SERS spectra of 4-MBA, PATP, 4-MPY adsorbed on ZrO2 nanoparticles; (B) UV-vis spectra of ZrO2 nanoparticles and 4-MBA, PATP, 4-MPY

adsorbed on ZrO2 nanoparticles.
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to different Raman cross-sections of the molecules. The SERS
spectra effect is consistent with the ability of the mercapto-pair
to attract electrons. These results indicate a correlation between
the SERS signal and the ZrO2-to-molecula CT. This suggests
that for ZrO2 nanoparticles surface-modified by other molecules,
the primary enhancement mechanism is the CT mechanism.
The stronger the electron-withdrawing groups in the molecules
bonded on the surface of ZrO2, the greater the ability of ZrO2 for
molecular CT will be, and a stronger SERS signal on the ZrO2 will
be observed.

Comparisons of the optical properties of ZrO2 nanoparticles
modified by molecules with those of pure ZrO2 were carried out
by using UV-Vis spectroscopy (Figure 6B). It is clear that the
adsorption of organic molecules has a significant influence on
the absorption spectrum of ZrO2. It was observed that the typical
ZrO2 direct band gap adsorbs organic molecules with different
degrees of narrowing and widening.

Figure S5 shows the spectra of ZrO2 nanoparticles surface-
modified by 4-MBA, 4-MPY, and PATP, as well as pure ZrO2

nanoparticles monitored with room temperature UV-vis DRS.
Using the Kubelka–Munk function, the bandgap energy of the
pure ZrO2 andmolecule-modified ZrO2 were calculated based on
the photon energy [(αE)2] function. The resulting band energy
is 4.95 eV (250 nm) for the pure ZrO2 nanoparticles, 3.22 eV
(385 nm) for the 4-MBA-modified ZrO2, 4.88 eV (254 nm) for
the 4-MPY-modified ZrO2, and 4.91 eV (253 nm) for the PATP-
modified ZrO2. The interaction between the adsorbed molecules
and the ZrO2 nanoparticle substrate resulted in these shifts. The
transformationmay be due to the interaction of the nanoparticles
with probe molecules. The observed shift shows that the bandgap
of the 4-MBA–ZrO2 system has a lower optical transition energy
than that of pure ZrO2 due to the CT transition. The 4-MBA–
ZrO2 system has the lowest optical transition energy, which
explains why the ZrO2 modified by 4-MBA has the strongest
SERS effect.

CONCLUSION

This study first observed that the SERS spectrum can be obtained
on the surface of ZrO2. The results show that the SERS spectrum

of 4-MBA on ZrO2 is mainly due to the contribution of the
CT mechanism, and the intrinsic properties of the adsorbed
molecules and the surface properties of the semiconductor have
a significant effect on SERS. The plentiful surface state of the
ZrO2 active substrate is beneficial for the occurrence of CT
resonance between molecules and the ZrO2 to produce a SERS
effect. The results show that the ZrO2 nanoparticles prepared
through the sol-gel method at a calcination temperature of
500◦C exhibit the strongest SERS effect on the surface-adsorbed
probe molecules. This study demonstrates for the first time that
ZrO2 can be used as a Raman enhancement substrate material,
breaking through the limitations of the precious metal substrates
used in traditional SERS technology, and further broadening
the application of semiconductor oxides as substrate materials
for SERS detection. Also, the SERS study on the size effect of
nano-sized ZrO2 is expected to promote the better performance
of nano-ceramic materials to enable the emergence of new
properties and functions.
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