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Abstract: This work focuses on improving the fluorescence intensity of cerium oxide (ceria) nanoparticles
(NPs) through added plasmonic nanostructures. Ceria nanoparticles are fluorescent nanostructures
which can emit visible fluorescence emissions under violet excitation. Here, we investigated different
added plasmonic nanostructures, such as gold nanoparticles (Au NPs) and Cadmium sulfide/selenide
quantum dots (CdS/CdSe QDs), to check the enhancement of fluorescence intensity emissions caused by
ceria NPs. Different plasmonic resonances of both aforementioned nanostructures have been selected
to develop optical coupling with both fluorescence excitation and emission wavelengths of ceria.
In addition, different additions whether in-situ or post-synthesis have been investigated. We found
that in-situ Au NPs of a 530 nm plasmonic resonance wavelength provides the highest fluorescence
emissions of ceria NPs compared to other embedded plasmonic structures. In addition to the optical
coupling between plasmonic resonance of Au with the visible emissions fluorescence spectrum of ceria
nanoparticles, the 530 nm in-situ Au NPs were found to reduce the bandgap of ceria NPs. We suggest
that the formation of more tri-valent cerium ions traps energy levels along with more associated oxygen
vacancies, which is responsible for increasing the fluorescence visible emissions intensity caused by ceria.
As an application, the gold-ceria NPs is shown to optically detect the varied concentration of iron tiny
particles in aqueous medium based on a fluorescence quenching mechanism. This work is promising in
different applications such as biomarkers, cancer treatments, and environmental pollution monitoring.

Keywords: ceria nanoparticles; gold nanoparticles; quantum dots; fluorescence

1. Introduction

Cerium oxide (ceria) NPs can be considered to be one of the most promising nanostructures
developed in the last two decades due to its oxide storage capacity based on reduction-oxidation (redox)
characteristics [1]. The formed oxygen vacancies inside the crystalline structure of ceria are adsorbing
centers for oxygen, radicals, and charged tiny metallic particles. Such vacancies are associated with the
formation of tri-valent cerium ions trap energy levels, which are optically active through a reduced
bandgap that is close to 3 eV. In addition, such tri-valent ions are responsible for visible fluorescence
emissions when excited through violet or near ultra-violet (UV) exposure and 5d—4f energy levels
transitions [2-5]. Hence, both the oxygen vacancies and optical fluorescence characteristics of ceria
lead to using the optical nanostructures in wide variety of applications such as optical sensors for
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water quality monitoring, biomarkers, and free radical scavengers in cancer treatments [6-8]. However,
there is still a lack of study regarding how to improve the optical fluorescence emissions of ceria NPs.
In this work, the fluorescence emissions of ceria nanoparticles can be enhanced by using different
plasmonic nanostructures, due to their importance in different applications, including solid oxide
fuel cells and electro-catalysis [9-11]. Our idea was to test the impact of optical coupling between
plasmonic nanostructures and ceria NPs in both excitation and emissions spectra. Here, we studied the
impact of different plasmonic nanostructures such as Au NPs, cadmium sulfide/zinc sulfide (CdS/ZnS),
and cadmium selenide/zinc sulfide (CdSe/ZnS) quantum dots (QDs) on the fluorescence emissions
intensity of ceria NPs. Au NPs, CdS/ZnS, and CdSe/ZnS QDs were selected with specific diameters to
have resonance wavelengths matched with both the excitation and emissions wavelengths of ceria
NPs, which were around 430 nm and 530 nm, respectively. Both plasmonic nanostructures have been
added to ceria NPs whether in-situ, meaning within the initial precursors of the chemical precipitation
synthesis process of ceria NPs, or post-treatment, which means to be added externally after the full
preparation of ceria NPs.

Then, the idea of our work was to check the best embedded plasmonic nanostructure along with
its condition, in-situ or post-treatment, to determine the enhanced fluorescence intensity of ceria NPs.
The impact of the best plasmonic nanostructure, from the fluorescence intensity perspective, on ceria
NPs was studied through the absorbance dispersion and correlated bandgap calculations. Then,
the fluorescence intensity was detected according to the added plasmonic nanostructures. Then, as an
application, the best optical plasmonic-embedded-ceria NPs were selected as optical sensing materials
for metallic tiny particles, such as iron, in aqueous media. This application is important for water
pollution monitoring using an optical quenching technique rather than a traditional electrochemical one,
which suffers from reference electrode fouling [12,13]. Based on intensity quenching, the Stern-Volmer
constant of the optimum selected plasmonic-ceria NPs, which indicates the sensitivity of quenching
sensing, has been calculated to optically detect the added iron quenchers [14].

2. Materials and Methods

2.1. Synthesis

Ceria NPs were synthesized using a chemical precipitation technique for both relatively low-cost
precursors and simplicity [15]. In detail, cerium chloride (Sigma Aldrich, St. Louis, MO, USA) of 0.5 g
was added into 40 mL of distilled water. Then, the solution was stirred for two hours at a rotation rate
of 500 rpm and a temperature of 50 °C for two hours at a stirring speed of 500 rpm. At the beginning
of stirring, 1.6 mL of ammonium hydroxide (ammonia) was added as a catalyst. After two hours of
warm stirring, the solution was stirred at the same rotation speed at room temperature overnight. This
long stirring process helped to break most of formed ceria nanorods into NPs. Moreover, the first
warming stage helped in converting cerium hydroxide into non-stoichiometric ceria NPs.

The used plasmonic nanostructures were Au NPs, CdS/ZnS, and CdSe/ZnSQDs. Au NPs (Sigma
Aldrich, St. Louis, MO, USA) were selected with a diameter of 20 nm to have plasmonic resonance
wavelength overlapped with a fluorescence emissions wavelength of 530 nm. CdS/ZnS QDs (Sigma
Aldrich, St. Louis, MO, USA) was selected to have a resonance overlap close to 430 nm, and CdSe/ZnS
QDs (Sigma Aldrich, St. Louis, MO, USA) with a resonance close to 530 nm. We added all plasmonic
nanoparticles with a weight concentration ratio of 1:3 compared to the solution of ceria nanoparticles.
The different plasmonic nanostructures were added with two possibilities: in-situ which means to be
added with the initial precursors stage; or post-treatment, which was to be stirred with ceria NPs after
being synthesized.
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2.2. Materials Characterization

2.2.1. Optical Characterizations

Different samples of ceria NPs, whether they were pure or had embedded plasmonic nanostructures
in-situ/post-added, were optically characterized. The synthesized plasmonic-ceria NPs were characterized
based on both their fluorescence emissions intensity and their lifetime using a hand-made fluorescence
spectroscopy setup. In this setup, the solution of plasmonic-ceria NPs was exposed to violet excitation
from a laser module (Thorlab) with a relatively-narrow emissions spectrum centered at 430 nm. Then,
the fluorescent emissions intensity from the synthesized NPs was collected through a perpendicular
Newport Cornerstone 130 monochromator for minimum scattering and scanned over the visible spectrum.
Then, the detected signal which comes from the monochromator was detected using optical power
meter (Newport, 1918R) after being amplified by an Oriel photomultiplier tube (PMT Newport 77360).
The amplified emissions intensity was detected by a Newport Power meter 1918R. Based on the emissions
intensity of the different plasmonic-ceria NPs, the samples with the highest emissions intensity were
characterized through absorbance dispersion measurements using a dual-beam UV-Vis-NIR spectrometer
(PG 90+ spectroscopy) over a spectrum between 300-700 nm. Then, a direct bandgap could be calculated
from the Urbach-tail results of the absorbance dispersion spectrum. This was done to detect the impact
of added plasmonic nanostructures on the bandgap of ceria NPs.

2.2.2. Morphological Analysis

Images of some plasmonic-ceria NPs were obtained using a transmission electron microscope (TEM)
(JEOL, Tokyo, Japan) with an accelerating potential of 80 KV. X-ray Diffraction (XRD) analysis of the
synthesized NPs was measured using a Rigaku x-ray diffraction via Cu K« radiation (A = +0.145 nm).

2.3. Optical Sensing Application

As an application, different concentrations of iron tiny particles were added within the solution
with the best fluorescence intensity. The fluorescence intensity quenching was measured using the
fluorescence intensity setup. Also, fluorescence lifetime was detected for in-situ gold-ceria NPs at
530 nm for different iron particle concentrations. The used setup was a modified version of the
previously mentioned fluorescence intensity setup with an added optical chopper step (MC2000B,
Thorlab) and a chopping frequency of up to 10 kHz, to make a discrete excitation source. The total
integration time of the PMT was 22 ns, which was much smaller than the expected milliseconds
lifetime region, and consequently showed a negligible impact of PMT in the measured milliseconds
fluorescence lifetime of gold-ceria- NPs. In addition, both the rise and fall times of the optical pulses
generated from the optical chopper at 10 were detected and found to be around 0.5 ms.

3. Results and Discussions

Figure 1a shows the fluorescence emissions of ceria NPs at around 530 nm, under a violet excitation
of 430 nm, due to the formation of tri-valent trap states of cerium ions, which corresponded to 5d—4f
transition [5]. In addition, the plasmonic resonance emissions spectra of the used Au NPs is shown in
Figure 1b, and both CdS/ZnS, and CdSe/ZnS QDs are shown together in Figure 1c [16,17]. The cross-
section absorptions of plasmonic nanostructures show the wavelength resonance whether within the
excitation wavelength of ceria at 430 nm or in the visible emissions at 530 nm. Figure 2 shows the
fluorescence emissions of different samples of ceria NPs embedded with plasmonic nanostructures,
under a violet excitation of 430 nm. All plasmonic-ceria NPs show an enhanced fluorescence visible
emissions intensity compared to pure ceria NPs. That provides evidence of the optical coupling
between the plasmonic resonance wavelength of the plasmonic nanostructures in general within either
fluorescence excitation or the emissions spectrum region. However, the results show that Au NPs give
a better emissions intensity when coupled with ceria fluorescence compared to quantum dots.
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Figure 1. (a) Fluorescence emissions intensity of ceria nanoparticles with no added plasmonic
nanostructures under 430 nm excitation, and absorption spectra for (b) gold nanoparticles with a
plasmonic resonance wavelength of around 530 nm, (¢) CdS/ZnS with a plasmonic resonance wavelength
of around 430 nm, and CdSe/ZnS quantum dots showing the plasmonic resonance wavelength at
around 530 nm.
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Figure 2. Fluorescence visible emissions of different plasmonic-embedded-ceria NPs.
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Focusing on Au NPs as shown in Figure 2, the in-situ added Au NPs of 530 nm plasmonic
resonance wavelength show an enhanced fluorescence emissions peak, which was found to be higher
for added AulNPs as a post-synthesis of the same wavelength. Hence, the in-situ case may indicate that
an optical coupling between the plasmonic resonance wavelength of Au NPs with the fluorescence
emissions intensity spectrum of ceria NPs has a higher probability of occurring compared to a coupling
with Au NPs during post-treatment.

To study more features about the impact of added Au NPs on ceria NPs, Figure 3a shows the
absorption spectroscopy analysis of ceria NPs, with and without added plasmonic nanostructures,
along with the corresponding bandgap calculations in Figure 3b. Equation (1) illustrates the relationship
between the allowed direct bandgap and linear region of the absorbance dispersion due to the Urbach
tail phenomenon [18]

«E = A (E - Eg)'? 1)

where o is the optical absorbance, A is a material-dependent constant related to effective masses of
electrons and holes, E is the absorbed photon energy, and Eg is the allowed direct bandgap. It can be
observed that the in-situ added gold-ceria NPs gives the biggest reduction of ceria bandgap closer to
3 eV, compared to whether there are other plasmonic-added cases or pure ceria Au NPs. This provides
evidence that the in-situ Au NPs with coupling impact of fluorescence emissions causes more tri-valent
ionization states of cerium ions, associated with the formation of oxygen vacancy. In turn, this shifts
the bandgap of non-stoichiometric CeO,_ to the 3 eV bandgap range. Therefore, that contributes to
the results of highest fluorescence emissions intensity found in Figure 3, due to the formation of more
tri-valent ions associated with more O-vacancies. Therefore, the added in-situ Au NPs can help to
provide a better formation of tri-valent cerium ions, which correspond to a better probability of 5d—4f
transition and consequently leads to a higher fluorescence emissions intensity. Hence, the formation of
more tri-valent cerium ions can be another possible factor for enhancing the fluorescence emissions,
in addition to the possible coupling between ceria fluorescence emissions and plasmonic waves of
Au NPs. Both factors together contribute to a higher fluorescence intensity peak. Figure 4a shows a
transmission electron microscope (TEM) image of in-situ gold-ceria NPs, as an example. The mean
diameter of ceria NPs is around 10 nm, along with Au NPs with a 20 nm diameter. Figure 4b shows an
XRD pattern of gold-ceria NPs and the peaks of cerium oxide, with no peaks indicating the formation
of gold oxide. By using the first stable plane of ceria crystalline structure (111), the ceria NPs’ mean
diameter was verified using the TEM image with mean diameter of ~10 nm.

20
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Figure 3. (a) Absorbance spectra, and (b) bandgap calculations of ceria NPs with and without added
Au NPs. The added gold is in both cases of in-situ and post-synthesis.
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Figure 4. (a) TEM image of in-situ added gold-ceria nanoparticles, and (b) XRD pattern of gold-ceria NPs.

As an application, we have used our synthesized plasmonic-added-ceria NPs as an optical
sensing material for the detection of metallic tiny particles in water, such as iron. The in-situ gold-
added-ceria NPs was previously proved to have the highest fluorescence emissions intensity compared
to post-synthesis gold-ceria, quantum dots-embedded-ceria, and pure ceria NPs. Therefore, we focus
in this section on the application of in-situ gold-ceria NPs as the main sensitive host for the optical
detection of tiny metallic iron particles. Figure 5 shows the fluorescence intensity quenching of in-situ
gold-ceria NPs with an added increased concentration of iron tiny particles. It can be noticed that the
fluorescence intensity was reduced, or quenched, to less than 40% of its initial emissions intensity with
an added concentration of iron of up to 0.2 g/L. The fluorescence lifetime was also detected according
to the variation of sensed tiny particle concentrations, as shown in Figure 6. The fitted data of the
fluorescence lifetime of in-situ gold-ceria NPs was found to be 0.42 ms, 0.30 ms, and 0.23 ms for iron
particles with concentrations of 0, 0.03, and 0.15 g/L, respectively. Therefore, the lifetime was decreased
by up to approximately 55% of the initial lifetime at concentrations of iron quenchers of up to 0.15 g/L.
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— 0.10 g/L
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z
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£ 04
02
200 450 500 550 600 650 700
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Figure 5. Fluorescence intensity quenching of in-situ gold-ceria NPs due to increasing iron particle
concentrations “in g/L”.
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Figure 6. Fluorescence intensity lifetime variation of in-situ gold-ceria NPs due to increasing iron
particle concentrations.

Based on the intensity change as shown in Figure 5, the relative change in the fluorescence emissions
intensity at different iron concentrations is described in Figure 7, according to the Stern-Volmer
relation [19]

I/l =1+ Ksy [Q] )

where both I, and I are intensity peaks of fluorescence emissions in the absence and presence,
respectively, of the iron tiny particles quenchers, Kgy is the Stern—Volmer quenching constant which
indicates the sensitivity of gold-ceria NPs in detecting the iron using a fluorescence quenching
mechanism [14], and [Q] is the iron quencher concentration. Figure 7 shows relatively linear behavior
between the relative intensity and the quencher concentration at lower than 0.1 g/L, then the relation
starts to be non-linear. In the linear region, the value of the calculated Kgy is 8.6 M1 for in-situ
gold-ceria NPs due to the iron quencher, compared to 3.6 M~! for ceria NPs only. While the optical
sensitivity of gold-ceria nanoparticles to metallic iron tiny particles is higher than for pure ceria, it is
also less linear.

T
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Figure 7. Relation between relative fluorescence intensity peak and variation of iron tiny particle
concentrations for both gold-ceria nanoparticles and pure ceria nanoparticles “as a control sample”.
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To verify whether the optical quenching mechanism is static or dynamic, the absorbance dispersion
spectra of gold-ceria NPs was measured at different added iron tiny particles’ concentrations, along with
their corresponding bandgap calculations as shown in Figure 8. Both the absorbance and bandgap
show a blue shift due to an incremental concentration of added metallic particles up to a 3.6 eV bandgap
at a 0.2 g/L quencher concentration. That indicates the dominant static adsorption nature of tiny
particles due to oxygen vacancies inside gold-ceria NPs. In dynamic quenching, the quenchers are
reducing the fluorescence emissions intensity but without being part of the sensing material, which
corresponds to no change in absorbance and bandgap. However, as shown in our work, the absorbance
becomes changed, which corresponds to an adsorption of quenchers inside the sensing material.
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Figure 8. (a) Absorbance dispersion curve of in-situ gold-ceria NPs at different iron concentrations,
and (b) the corresponding bandgap calculations.

4. Conclusions

In this work, the optical characteristics of ceria NPs have been studied due to the addition of
different plasmonic nanostructures. We have selected Au NPs and QDs using plasmonic resonance
wavelength selection through overlapping with both excitation and the emissions spectra of ceria NPs.
It has been found that in-situ Au NPs provide the best enhancement of ceria fluorescence emissions,
compared to post-added gold or added QDs, regardless of whether they are in-situ or post-added.
Based on absorbance and bandgap analysis, Au NPs contribute to improving the formation of tri-valent
cerium ions with associated O-vacancies, in addition to the coupling between the plasmonic resonance
of gold and fluorescence emissions of ceria. Based on their fluorescence enhancement, ceria-gold NPs
are used as an optical sensor for iron tiny particles in aqueous media through a fluorescence quenching
mechanism with a Stern-Volmer constant of 8.6 M1, which is 2.4 times more effective than pure ceria
nanoparticles. The quenching mechanism was found to be static based on absorbance dispersion
measurements and corresponding bandgap calculations, which shows the change in the bandgap of
gold-ceria NPs due to being adsorbed iron tiny particles.
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