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ARTICLE INFO ABSTRACT

Keywords: Semiconductor doping offers a wide range of applications in fields from catalysis to electronics. However, for
SERS Surface-enhanced Raman spectroscopy (SERS), not many studies are conducted for the commercialisation of this
Zn;_4Ce,O

Charge transfer
f—d transitions
Trace detection

technology. A simple method was developed to synthesise ultra-stable, repeatable, uniform Ce-doped ZnO
(Zn; _xCex0) with a high SERS activity. The SERS signals of 4-MPy collected on Zn; _,CexO exhibited 118 times
higher enhancement than those of ZnO. Cerium ion f — d transitions dominated Charge transfer (CT) is the main

cause for this enhancement. The prepared Zn;_yCeyO nanoparticles (NPs) can be used to detect Bisphenol A
(BPA) with a detection limit of 0.0001 ppm. To our best knowledge, this is the optimum performance reported
for semiconductor substrates. Our work paves a way towards highly sensitivity, great-uniformity, high-stability,
fast-detection and cost-effective SERS substrates, which can be a promising tool in high-sensitivity contaminant

monitoring.

1. Introduction

Exploiting the impurities in semiconductor materials has funda-
mentally affected in designing their unique electrical, optical and
magnetic properties [1-3]. In particular, lanthanide (Ln)-doped semi-
conductors have attracted enormous attention due to their unique
Charge transfer (CT) mechanism. On one hand, their 4f-level electron
photoexcitation transition enables the conversion of a low-energy inci-
dent laser into high-energy photons [4-6]. On the other hand, their
photo-excited states show a high catalytic reduction capacity [7-9]. In
light of the aforementioned photoexcited transitions and the reducing
power of the excited states, Ln doped semiconductors can serve as
promising SERS substrates, which relies on the CT processes between the
SERS-active material and the chemisorbed analyte molecules [10-13].
However, few SERS substrate based on Ln-doped semiconductors has
been reported.

In the lanthanide series, Ce is highly concentrated due to the

excitation and emission of the dipole 4f — 5d, which can provide
considerable energy conservation without any loss through the spin-
state change [8,14,15]. For semiconductors, ZnO-based nanomaterials
are promising due to their rich reserves and high optical stability
[16,17]. Ce-doped ZnO temporarily generates charge carriers and fa-
cilitates oxygen vacancies formation. Moreover, Ce can lead to decrease
in the large band gap of ZnO by forming various optically active sub-
levels within the band gap. These characteristics of oxygen vacancies,
charge carriers and band gap reduction are conducive to improve the
SERS activity; however, these are pursued to a limited extent in the SERS
field. Ce-doped ZnO-based SERS may shed light on the poorly explored
chemical enhancement mechanism.

Herein, for the first time, we developed Ce-doped ZnO based SERS
substrates via a facile chemical precipitation method. As the most
abundant lanthanide resource in nature, Ce element is doped into the
resourceful ZnO nanomaterials, which provides a facile way towards
cost-effective SERS substrates. The synthesized Zn; ,Ce,O NPs
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exhibited excellent SERS activity with an enhancement factor of 7.3 x
10°, which is more than 3 orders higher than the previously reported
semiconductor SERS substrates. Meanwhile, our Zn; _,Ce;O NPs showed
great SERS uniformity and high stability. With 4-mercaptopyridine (4-
MPy) molecule as an probe, the CT mechanism of the Zn; yCe,O based
SERS substrates is studied. We then applied the Zn; _4CexO based SERS
substrates to the trace detection of endocrine disruptor Bisphenol A
(BPA), and achieved ultra-sensitive detection (detection limit < 0.0001
ppm) within one minute. Our work sheds light into the Ln enhanced
SERS substrates as well as their CT, and provides a facile method to-
wards highly sensitivity, great-uniformity, high-stability, fast-detection
and cost-effective SERS substrates, which can be a promising tool in
high-sensitivity contaminant monitoring.

2. Experimental
2.1. Synthesis of Ce-doped ZnO nanoparticles

The Zn; 4CeyO Nanoparticles (NPs) were prepared by co-
precipitation method [18]. First, Zinc nitrate hexahydrate and cerium
nitrate hexahydrate were dissolved in deionized water with different
molar ratios (the ratio x = Ce/(Ce + Zn) = 0.000, 0.001, 0.005 and
0.010). After stirring for 20 min, the NH4HCO3 aqueous solution was
added. Then, the mixture was stirred for 4 h before being washed by
centrifugation. Finally, the mixture was dried under vacuum for 12 h,
and further annealed in air at 600 °C for 1 h to obtain the final
Zn; _4CexO NPs.

2.2. Characterization of Ce-doped ZnO nanoparticles

Then, the structure of the as-prepared samples was investigated with
X-ray diffraction (XRD, Rigaku D/Max 3C). X-ray photoelectron spectra
(XPS, VG ESCALAB 250X) and coupled plasma atomic emission spec-
troscopy (ICP-AES, Perkin-Elmer 7000 DV) were implemented to
analyze the element concentration. JEM-2100HR transmission electron
microscope (TEM) was used to characterize the morphology. The UV-vis
absorption spectra were measured by Shimadzu 3600 spectrometer. All
SERS measurements were carried out with a Renishaw inVia Raman
instrument. The excitation source is a 514.5 nm Ar " ion laser (2.41 eV)
with a laser power of 40 mW (attenuation: 10%; exposure time: 10 s; 1
scan). For the mapping experiments, an automapping stage with an
approximate 5 x 5 pm? area was chosen to investigate the distribution of
the SERS signal by using the static measurement model (the acquisition
time was 1 s, accumulation was 1 time, and the scanning step was 1 pm).

2.3. The SERS experiments of BPA

To investigate the SERS sensitivity of Zn; _yCeyO, we adopted BPA
solution as the trace analytes. First, the Pauly’s reagents (reagent A: p-
aminobenzene sulfonic acid and 5 ml 12 M HCI solution; reagent B: 5%
NaNOy; reagent C: NaoCO3) were mixed in a volume ratio of 1:1:1 and
stored at 4 °C. The mixed Pauly’s reagents served as a coupling agent,
which can increase the adhesion of BPA to the Znj_4Ce O surface.
Second, the as-prepared Znj_xCeyO NPs were dissolved in deionized
water to form a solution, and were then mixed with the coupling agent
and the analyte BPA in a volume ratio of 2:1:1. Thrid, the obtained
mixture was poured into an aluminum pan for testing. Here, the exci-
tation source is a 514.5 nm laser with a laser power of 80 mW (atten-
uation: 50%; exposure time: 30 s; spectral range: 900-1800 em ™% 1 scan
per spectrum). The whole trace detection process was completed in one
minute. We analyzed the data by WiRE that comes with the software of
the Raman instrument. We use WiRE software to eliminate the cosmic
ray and fluorescence background of all SERS spectra, and then use
Origin software for data sorting and comparison.
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Fig. 1. The preparation scheme of Zn;_yCe,O NPs and the rapid detection
process of BPA.
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3. Results and discussion

Fig. 1 shows the preparation scheme of Zn; _yCe4O NPs and the rapid
detection process of BPA. The whole trace detection process can be
completed within one minute. To evaluate the effect of Ce doped con-
centration on the SERS activity of ZnO, we applied 4-MPy as an probe.
According to Ref. 19, the SERS spectra of 4-MPy adsorbed ZnO NPs are
almost identical to those of pure ZnO NPs [19]. With the existence of 4-
MPy, the SERS spectra of Zn; _4CexO are shown in Fig. 2a. A complete
assignment of the most intense bands is presented in Fig. 2b. To clearly
observe the change of spectral intensity, the SERS intensity of the 1593
cm™! band of 4-MPy is plotted as a function of the Ce concentration, as
shown in Fig. 2c. As it can be clearly seen, the peak intensity increases
with the Ce doping concentration (x) before reaching the maximum (x =
0.5%), and drops down when x goes up to 1%. It’s worth mentioning
that, all 4-MPy molecules on Zn;_xCeyO substrates exhibit ultra-high
SERS enhancement. Even with only 0.1% doping concentration, the
SERS enhancement of the Zn; _4CeyO substrates is 70 times stronger than
that of pure ZnO, and the SERS intensity of Zng g95Ce 0050 substrates is
as high as 118 times stronger than that of pure ZnO substrates. This may
attribute to the semiconductor’s molecular CT mechanism because
Surface plasmon resonance (SPR) is far from laser excitation wavelength
[20]. To have a quantitative evaluation on the contribution of CT in the
SERS mechanism, we further investigated into the ratio of the asym-
metric vibration mode to the fully symmetric vibration mode.

According to the method proposed by Lombardi et al., the relative CT
contribution for each mode can be given as: [21]

I¥(CT) — I*(SPR)

I(CT) + I°(SPR) 0

per(k) =

where k is an indicator of a single molecular line in the Raman spectrum.
Here, we chose the vibration peak intensities — 1118 cm™! (totally
symmetric a; vibrations modes) and 1593 cm™! (non-totally symmetric
b, vibrations modes) - as two reference lines. IO(SPR) is the intensity of
the 1118 cm™! peak (a;) with the SERS signals contributed by SPR, and
Ik(CT) is the intensity of the 1593 cm ! peak (bo). Ik(CT) is the measured
intensity of the line (k) where CT resonance has an additional contri-
bution to the SERS intensity. Note that for totally symmetric line,
Ik(SPR) = IO(SPR), and for non-totally symmetric line, Ik(SPR) is usually
small or zero. pcr ranges from O to 1, and the larger pcr is, the more
dominant the CT contribution is. From Eq. (1), we calculated the pcr and
plotted its trend as a function of the Ce doping concentration. As shown
in Fig. 2d, pcr first increased with the Ce doping concentration and
reached its maximum when the Ce concentration was 0.5%. Then pcr
droped down when the Ce concentration rose up to 1%. So it’s safe to
say, the CT contribution of ZnO is greatly increased after doping Ce, but
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Fig. 2. (a) SERS spectra of 4-MPy adsorbed on ZnO and Zn; _,Ce,O; (b) Corresponding assignment of the most intense bands; (c) A plot of the SERS intensity of the
1593 cm ™! band of 4-MPy versus Ce concentration. (d) A plot of the pcr versus Ce concentration.
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Fig. 3. (a) Comparison of the Raman spectrum of bulk 4-MPy and the SERS spectrum of 4-MPy on Zng 995C€0.0050; (b) The XRD patterns of the ZnO and Zn; _Ce,O;
(c) An enlarged version of the XRD spectra when 20 ranges from 30° to 38°; (d) TEM image of ZnO; (d) TEM image of Zng 995Cep.0050; (f) Element mapping of

Zn.995C€0.0050-

the relationship of doping concentration versus CT contribution is not
obvious.

Further, we made a rough estimation of the Enhancement factor (EF)
of Zng g995Ceq.0050 substrates via: [22]

Siaser X h X C X Ny

IsersNpy I
EF SERS!V Bulk SERS
SIu.\eV/SMPy

(2)

IguxNsers — Ipu

where Iggrs and Iy are the spectrum intensities of the 4-MPy on the
Zng.995Cep.0050 substrates and the bulk 4-MPy, respectively (Fig. 3a, at
1593 cm™!). Hence, we can obtain that Igprs/Ipuk = 29591/4683 =
6.32. Moreover, Sjser is laser spot size of 1 pm. C is the corresponding
concentration of 4-Mpy used in the Raman spectra of 10.8 M (using the
density 1.2 g/cm® and molar mass 111.16 g/mol), h is the effective layer
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Fig. 4. (a) O 1s XPS spectra for ZnO and Zn; ,Ce,O; (b) O 1s XPS spectra for Zng.995Cep.0050; (¢) O 1s XPS spectra for Zng g9Cep 010; (d) A plot of the XPS intensity of
the 531.9 eV in O1ls region versus Ce concentration; (e) Ce 3d XPS spectra for Zng 995Ce0.0050; (f) Ce 3d XPS spectra for Zng 995Ce0.010.

depth of 19 pm. NA is the Avogadro constant. Sypy is the area of each 4-
Mpy molecule (~7 x 10”7 pm?) [23]. By dividing the laser surface area
by the cross-sectional area per molecule. Thus, we can then obtain Nggrs
is 9.70 x 10'° and Npy is 1.12 x 106, the resulting EF is ~ 7.3 x 10°,
which is more than 3 orders higher than that of the previously reported
semiconductor nanomaterials [24,25].

Fig. 3b shows the XRD patterns of the pure ZnO and the Zn; _yCe,O
substrates. All diffraction peaks are consistent with the wurtzite hex-
agonal phase of ZnO (JCPDS card no. 36-1451). Moreover, weak signals
corresponding to the (111) diffraction plane of cubic CeO, can be
observed at 20 = 28.6° (JCPDS No 34-0394) for the highest doping (x =
1), which indicated that the Ce ions precipitated in the form of CeO; due
to saturation and did not disrupt the ZnO crystal structure [26]. At low
Ce doping concentration, no peaks for Ce-related compound could be
identified, indicating that Ce>* ions are uniformly substituted into the
interstitial sites in ZnO lattice. An enlarged version of the XRD spectra
between 30° and 38° is shown in Fig. 3¢, from which we can see that the
(100), (002) and (101) peaks have shifted a little due to the mismatch of
ionic radii, demonstrating that the doped Ce is at least partly incorpo-
rated into the ZnO lattice. This is consistent with the previous report that
the Ce®* ions can lead to the gradual decrease of the average crystallite
size, and make the NPs more densely packed [27]. Fig. 3d-e shows the
TEM images of pure ZnO and Zng g95Ceg 0osO substrates. All ZnO and
Zng.995Ce0.0050 NPs are quasi-spherical and dispersed homogeneously.
The pure ZnO NPs (Fig. 3d) are a random cluster of nanoparticles, while
the Zng 995Cep.00s0 NPs (Fig. 3e) aggregate into sheets. The grain size
and density of NPs decrease after the Ce doping, which is consistent with
the XRD results. Chemical composition was further confirmed through
the element mapping, as shown in Fig. 3f.

To find out how the dopants in semiconductors affect the SERS
enhancement mechanism, we further investigated into the XPS spectra
of Znj_4CexO substrates. Fig. 4a is the normalized XPS spectrum at
530.3 eV. As it can be seen in Fig. 4a, the peak position of the lattice
oxygen is changed with the doping concentration, which is because the
binding energy of Ce®t/Ce*" ion and Zn?" ion to O?~ ion is different. As
shown in Fig. 4d, the oxygen-deficient peak first increases with the Ce
concentrations until reaching the maximum when the doping concen-
tration is 0.5%, the peak decreases when the concentration rises up to
1%. Fig. 4b shows the O 1 s signal of Zngggs5Cep gpsO. Through

Lorentzian Gaussian, the O 1 s signal can be fitted into two peaks located
at 530.3 eV and 531.9 eV, which are attributed to the O?~ ions in the
metal oxide (lattice oxygen) and the oxygen-deficient regions, respec-
tively.[28] In comparison, Fig. 4c shows the O 1 s signal of
Zn¢.990Cep.0100 which can be fitted into three peaks. The peak located at
529.1 eV can be assigned to the oxygen linked to Ce*", which further
proves the precipitation of CeO5 [29]. This also explains the decrease of
the oxygen-deficient peak at the maximum Ce doping. Fig. 4e shows the
Ce (3d) XPS spectrum of Zng g95Ceq. 0050, which could be spitted into
four peaks. The characteristic peak at 881.25 eV, 884.39 eV, 900.01 eV
and 904.34 eV indicates the existence of Ce®" in Zng.995Ce0.0050 [30].
The peaks at 915.56 eV indicate the transition of Ce*" between energy
levels [31,32] In contrast, the Ce 3d XPS spectrum of Zng g90Cep 0100
shows two additional peaks. Peaks at 887.68 eV and 897.30 eV are
attributed to Ce 3ds,2 photoemission lines of CeO».[33,34] The practical
doping concentration and the elemental analysis of the samples were
investigated by ICP-AES (Table S1), which showed that the practical Ce
concentrations are a little larger than the theoretical ones. This may be
due to unreacted Zn ions being washed away.

As shown in Figs. 4d and 2d, the change in the oxygen defects is not
completely consistent with the change in the pct. As we all know, most
lanthanide ions undergo the electronic transition of 4f — 4f when
excited. Since the electrons in the 4f orbital are effectively shielded by
the 5s and 5p electrons in the outer layer, the 4f energy level structure
basically retains the free ion property. However, the Ce®* ion has only
one 4f electron, which will be transited to the 5d level after excitation,
and no shielding of the outer electrons exists. Therefore, the excited
state of Ce>* jon can easily lose its sole electron in the 5d orbit and
become a tetravalent Ce ion. If the Ce** ion captures an electron, it
changes back to the trivalent Ce ion [7,8]. The relative reactions can be
showed as follows:

Ce T +e - Ce** 3)

So a quick Ce “*Ce 3" reaction can increase the fast electron transfer
and enhance the SERS intensity. It indicates that the oxygen deficiency is
only one of the enhancement factors, the main reason should be related
to the doped Ce3" jons.

Then, we studied the effect of Ce doping on the band gap of ZnO,
UV-VIS reflectance absorption spectra (Fig. S1) indicates the Zn; _4CexO



M. Gao et al.

(b)

0.1
0.01 4

1E-3 4

Normalized intensity (a.u.)

—0—Zn0.995Ce0.0050

1E-4

—o—4-Mpy on Zn0.995Ce0.0050

60 80
Time (ns)

L
100

120

Chemical Engineering Journal 430 (2022) 131467

0.01 4

E-4

—o—Zn0O
—<—4-Mpy on ZnO

Time (ns)

120

Fig. 5. (a) The proposed charge-transfer mechanism between 4-MPy and Zng g95Ce.0050; Evolution of lifetime decays for (b) Zng g995Ce0.0050 and (c) ZnO before and

after adsorbing 4-MPy molecules at the green emission bands. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

has more excellent surface properties (plentiful surface defects) than
pure ZnO, and the interband charge transition in Ce doped ZnO samples
are easier and thus have more preferable optical absorption properties

(more details can be seen in Supporting information).

Based on the foregoing discussions, the CT mechanism of Zn; yCe;O
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is illustrated in Fig. 5. First, more surface oxygen vacancy defects will be
created after doping. The defects can capture electrons and form the
surface state energy levels (Ess), which inhibits the recombination of
photon-generated carriers (electrons and holes) in ZnO and promotes
the CT between the substrate and the probe molecule. Then, Ce>* ions
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are excited to conduct 4f — 5d electronic transition ([Ce®] — [Ce3t1%).
The electrons of the excited 5d orbital can directly jump to the lowest
unoccupied molecular orbital (LUMO) of the probe molecule or trans-
ited to Ess ([Ce*t]* — [Ce*]). Finally, the electrons are transferred
back to the ground state of Ce ions after releasing Raman photons
([Ce*1 — [Ge3HD).

This additional charge transfer mechanism caused by Ce ions is a
good explanation for the significant increase in CT contributions (pcr)
after doping Ce. The incorporation of Ce caused a qualitative change,
which brings a huge change in CT contributions (pcr). In comparison,
the change in doping concentration is only a quantitative change, thus
resulting in a relatively small change in CT contributions (pct). More-
over, the 5d energy level of the excited state is above the Valence band
(VB) of ZnO. As the Ce doping concentration increases, the oxygen
deficiency increases, and the optical band gap becomes narrower,
making CT easier and resulting in the increase in SERS peak intensity.
When the doping concentration increases to a certain degree, CeO; is
precipitated and the presence of Ce** will inhibit the conversion of the
Ce ions valence state, which reduces the SERS activity. This can explain
why the SERS activity of Zng g9Ce 010 substrates is weaker than that of
Zng.995Ceq.0050 substrates. Furthermore, we measured the fluorescence
lifetime of Zng 995Cep.0050 before and after adsorbing 4-MPy molecules,
as shown in Fig. 5b. It was found that the fluorescence lifetime decreased
rapidly after adsorbing 4-MPy molecules, owing to the fluorescence
quenching caused by the electron transfer of Ce ions. It's worth noting
that, the fluorescence lifetime of ZnO before and after adsorbing 4-MPy
molecules is almost unchanged in Fig. 5c. Therefore, Ce ions are
considered as the main reason for SERS enhancement.

A commercial SERS substrate should not only have high SERS ac-
tivity but also show good homogeneity (distribution uniformity), sta-
bility and reusability. To characterize the SERS enhancement

distribution on the Zng g95Ceg 0050 NPs, the SERS mapping 3D-image
which exhibits the intensity distribution of the 4-MPy Raman peak (at
1593 cm™!) is measured by a color decoding method, as shown in
Fig. 6a. Meanwhile, the measured Raman spectra are shown in Fig. S2,
indicating that the peak position and the peak intensity of all spectra are
almost the same. The Relative standard deviation (RSD) for the peak at
1593 em ™! was calculated at 6.27%, which points to great repeatability
of the Zng g95Ceg.0050 NPs as a SERS substrate. In practical applications,
the stability of SERS substrates is another crucial issue that must be
considered. Fig. 6b shows the SERS spectrum of 4-MPy on
Zng.995Ce0.0050 with time, results showed that the peak intensity of 4-
MPy was almost constant with time, indicating that the
71 995Ce0.0050 substrate has extremely high stability. Table S2 listed
the storage time of three recently reported substrates compared with our
proposed Zng g95Ceq.00s0 substrate, and our substrate shows 90 days
which is the longest stability than the previous substrates. Another main
concern is that a reusable SERS substrate will not only reduce cost for
practical applications, but also supports sustainability as an environ-
mentally friendly solution. To test the reusability of the Zng 995Ce.0050,
4-MPy (1073 M) was added and the corresponding SERS spectrum was
obtained, and then, thoroughly washed with ethanol and deionized
water until the spectrum intensity disappeared. Repeat this process of 4-
MPy (102 M) was added and washed for five consecutive cycles as
shown in the Fig. 6¢. The corresponding intensity values of 1593 cm™*
was plotted in Fig. 6d, showing that the Zng g95Ce.00sO has excellent
recyclability capacity for the practical applications. Universality is one
of the ultimate goals of SERS substrate development. Fig. 7 shows the
Raman signals of common molecules [4-mercaptobenzoic acid (4-
MBA)], fungicides [thiram, Malachite green (MG), Methylene blue
(MB), Crystal violet (CV)], pesticides [a-endosulfan, Methamidophos
(MTD)] and biological molecules [Cytochrome C (Cyt C), Bilirubin] by
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Fig. 8. (a) SERS spectra of BPA with concentrations ranging from 0.0001 to 100 ppm, with the existence of Zng g95Ceg.0050 and coupling agent; The peak intensity of
SERS spectra at 1121 cm ! as a function of BPA concentrations ranging from: (b) 10 to 100 ppm (c) 0.0001 to 10 ppm.

Table 1
Detection limits of BPA on semiconductor based SERS substrates.
SERS substrates LOD Ref
MoO, nanodumbbells 107’ M Zhang et al. [42]
2018
monolayer graphene-coated Ag 1 pg/L (4 x 1079 M) Qiu et al. [43]
nanoparticles 2018
Self- assembled Graphitic 10°°M Pei et al. [44]
2017
GO/Ag/TiOy NT 5x 1077 M Xie et al. [45]
2014
Zng.995Ce0.0050 0.0001 ppm (4 x This work

1071°M)

using Zng.995Ce.00sO as the SERS substrate, which demonstrates the
capability of our proposed Zng g95Ceg 0050 substrates as ultrasensitive
sensing tools in broad fields. All spectra of these different molecules are
consistent with the previously reports [13,28,35-38].

Our proposed SERS substrate was then applied to the trace detection
of endocrine disruptor BPA, a notorious contaminant in the environment
and the food chain which can harm humans at even 2.5 ppm [39,40].
Compared with various traditional methods of detecting BPA, we found
that our method takes the shortest time (Table S3). The whole detection
process was completed within 1 min.

The SERS spectra of pure coupling agent and different concentrations
of BPA (100-0.0001 ppm) are shown in Fig. 8a, there are several sig-
nificant spikes, which are generally consistent with the previously re-
ports [41]. The peak intensity gradually decreases with the decrease of
BPA concentration but is still visible when the BPA concentration is
0.0001 ppm, which means the detection limit can reach 0.0001 ppm. As
seen inFig. 8b and 8c, the normalized Raman signal intensity at 1118
em ! is linearly related to the BPA concentrations in the range of
100-10 ppm and 1-0.0001 ppm, respectively (more details can be seen
in Supporting information). But a significant drop happens when the
BPA concentration equals 10 ppm. This is because the high concentra-
tion of BPA can suppress the SERS response of the coupling agent, so the
Raman peak of the coupling agent only appears at low concentrations
(<1ppm).

As seen in Tablel, four recently reported semiconductor based

substrates for detecting BPA is compared with our proposed
Zng 995Ceq.0050 substrate, and our method shows more than 1-4 orders
higher performance than the previous substrates.

4. Conclusions

In summary, for the first time, we developed Ce-doped ZnO based
SERS substrates via a facile chemical precipitation method. Our syn-
thesized Zng g95Ceg 0050 substrate exhibited excellent SERS activity with
an enhancement factor of 7.3 x 10°, which is more than 3 orders higher
than the previously reported semiconductor SERS substrates. The
mechanism of the Zn; ,Ce,O based SERS substrates is proposed, the
unique 4f to 5d electron transition is the main reason for SERS enhan-
ceme. When detecting BPA, our proposed substrates can achieve ultra-
sensitive detection (detection limit < 0.0001 ppm) within one minute.
Our work sheds light into the Ln enhanced SERS substrates and provides
a facile method towards highly sensitive, great-uniformity, high-stabil-
ity, fast-detection and cost-effective SERS substrates, which can be a
promising tool in high-sensitivity contaminant monitoring.
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