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Abstract: Ceria nanoparticles have been recently used as an optical fluorescent material with visible
emission under ultraviolet excitation, due to the formation of trivalent cerium ions with corresponding
oxygen vacancies. This paper introduces the enhancement of both fluorescence emission and lifetime
through adding gold nanoparticles. The reason is due to possible coupling between the plasmonic
resonance of gold nanoparticles and the fluorescence emission of ceria that has been achieved, along
with enhanced formation of trivalent cerium ions. Both factors lead to higher fluorescence intensity
peaks and shorter fluorescence lifetimes. As an application, gold-ceria nanoparticles have been used
as an optical sensing material for lead particles in aqueous media based on fluorescence quenching.
Stern-Volmer constant of in-situ gold-ceria nanoparticles is found to be 2.424 M~!, with a relative
intensity change of up to 40% at 0.2 g/L.
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1. Introduction

There are different fluorescent nanostructures which can be used as optical nanosensors based on
fluorescence quenching mechanisms. One of the most efficient fluorescent nanostructures are cerium
oxide (ceria) nanoparticles, based on their visible fluorescence emission under ultraviolet excitation
in addition to their reduction-oxidation (redox) properties [1,2]. Ceria nanostructures can include
oxygen vacancies which can be adsorption centers for some quenchers such as tiny metallic particles.
Therefore, sensing of quenchers can lead to the variation of both fluorescence intensity and lifetime,
which can be used in a wide variety of applications, including biomedical treatment and environmental
monitoring [3,4]. The adsorbing centers inside ceria nanoparticles are found according to oxygen
vacancies (O-vacancies) associated to the formed trivalent cerium ions inside the crystalline structures
of non-stoichiometric ceria CeO,_y. The trivalent trap state of cerium ions is correlated to fluorescent
visible emission under ultraviolet emission related to 5d—4f energy level transitions [5-7]. Regarding
the fluorescence lifetime, it measures the time of the fluorophore, which here is trivalent cerium ion,
in the excitation state before returning back to the ground state [8]. Hence, fluorescence lifetime is
another property affected by various parameters within ceria nanoparticles through different quenchers
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which must be sensed [9,10]. In another point, adding some plasmonic nanostructures within ceria
such as gold nanoparticles can enhance the fluorescence emission due to the coupling between the
fluorescence emission of ceria and the plasmonic resonance of plasmonic nanostructures given the
overlap of both spectra. In addition, the added gold nanoparticles can lower the activation energy of
O-vacancies inside the crystalline structure of ceria, which can lead to more trap states of trivalent
cerium ions which are responsible for more fluorescence emission. Therefore, the idea of this paper is
to enhance the fluorescence emission by adding plasmonic gold nanoparticles in ceria nanoparticles
solution whether in-situ or post-synthesis. Then, both fluorescence intensity and lifetime will be
studied for ceria nanoparticles with and without added gold nanoparticles. Then, as an application,
our plasmonic-enhanced-ceria nanoparticles have been investigated as optical sensors for detecting
tiny metallic particles such as lead (Pb) due to its toxicity and the urgent need to detect it in a wide
range of applications [11]. The main idea is related to optical quenching of both fluorescence emission
intensity and lifetime due to the static adsorption of the quenchers by the formed oxygen vacancies
inside the ceria nanoparticles. Ceria nanoparticles will be synthesized using chemical precipitation
technique for its easier preparation procedure and cheap precursors. Ready-made gold nanoparticles
are added in both cases; in-situ during the initial precursors additions process, and post-synthesis
after the full preparation of ceria nanoparticles. Then, the synthesized plasmonic-ceria nanoparticles
have been characterized to measure their optical absorbance, direct allowed bandgap, fluorescence
emission intensity, and fluorescence emission lifetime. Then, we can decide which procedure of adding
gold gives a better fluorescence emission, whether in-situ or post-treatment. As an application, our
synthesized plasmonic-ceria nanoparticles are used as sensing material for tiny metallic particles
through the quenching of fluorescence emission intensity and the change in fluorescence lifetime.
Then, Stern-Volmer constants have been calculated which gives evidence to the sensitivity of the
plasmonic-ceria nanoparticles to optically detect the added quenchers [4].

2. Materials and Methods

2.1. Materials Synthesis

The cerium oxide nanoparticles synthesis was performed using a chemical precipitation technique
for simplicity [12]. For each sample, cerium chloride (Sigma Aldrich, St. Louis, MO, USA, 0.5 g) has
been added to distilled water (40 mL) with ammonium hydroxide (1.6 mL) added as a catalyst. Then,
the solution is stirred at temperature of 50 °C for two hours at a stirring speed of 500 rpm, then the
stirring is continued for 24 h at room temperature. The first heating step is important to avoid the
formation of cerium hydroxide. After the full period of stirring, the sample is centrifuged and washed
with ethanol to remove any reacted cerium chloride. Gold nanoparticles (Sigma Aldrich) of 20 nm
diameter have been selected so that optical plasmonic resonance is in the same range of fluorescence
emission of ceria nanoparticles, as will be shown later in the Results section. Gold nanoparticles are
added in two ways: firstly added with the initial precursors before the stirring which we call it in-situ,
and the second way is to add gold nanoparticles as a post-synthesis step after the full synthesis of ceria
nanoparticles. In both modes of gold addition, a 1 mL solution of gold nanoparticles has been added
to the ceria solution. Thus, the technique which leads to the highest intensity of fluorescence emission
could be checked.

2.2. Materials Characterization

Ceria nanoparticles have been characterized with and without added gold nanoparticles.
The absorbance, which is helpful in direct bandgap calculations, is measured using a dual-beam
UV-Vis-NIR spectrometer (PG 92+, Lutterworth, England, United Kingdom) over a wavelength
range from 300 nm to 700 nm. The synthesized gold-ceria nanoparticles are then characterized
through a hand-made fluorescence spectroscopy setup. The experimental apparatus consists of
a fluorescence quartz cuvette, which contains the solution of ceria-gold nanaoparticles, is exposed to
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violet excitation from a light emitting diode (LED, Thorlab, Newton, NJ, USA) centered at 430 nm. Then,
the fluorescent emission from the synthesized nanoparticles is partially collected through a Cornerstone
130 monochromator (Newport, Irvine, CA, United States). The monochromator inlet is perpendicular
to the excitation source for minimum scattering and scanned over the spectrum region of 480 nm to
700 nm. Then, the scanned emission from the monochromator is amplified by an Oriel photomultiplier
tube (PMT Newport 77360, Irvine, CA, United States). The amplified emission intensity is detected by
a Newport Power meter 1918R. Regarding the fluorescence lifetime measurement, the fluorescence
intensity setup is modified to add an optical chopper (MC2000B, Thorlab, Newton, NJ, USA) with
a chopping frequency up to 10 kHz, following by the LED excitation source. However, the detection
part of the fluorescence intensity is exactly used in measuring lifetime, with total integration time of the
PMT is 22 ns, which is much smaller compared to the expected milliseconds lifetime region. For optical
detecting of tiny particles, different concentrations of lead (Pb) have been added in the solution of
the synthesized nanoparticles. Hence, the quenching of both fluorescence intensity and lifetime is
measured at different concentrations of metallic tiny particles. The synthesized nanoparticles are then
imaged using a TEM (JEOL, Peabody, MA, United States) with an accelerating potential of 80 KV, with
calculating the mean diameter using Image]J software. XRD analysis of the synthesized nanoparticles
is measured using a Rigaku x-ray diffraction via Cu K« radiation (A = +0.145 nm).

3. Results and Discussion

3.1. Materials Characterization

Figure 1a shows the fluorescence emission of ceria nanoparticles alone without adding gold
nanoparticles, under ultraviolet excitation of 430 nm. The added plasmonic gold nanoparticles have
the absorption spectrum as shown in Figure 1b. It shows that the plasmonic resonance in the range close
to 520 nm which a good match with the fluorescence emission of ceria nanoparticles. Figure 2 shows
the fluorescence emission spectrum of ceria nanoparticles with added gold nanoparticles whether
in-situ or post-synthesis. Compared to ceria nanoparticles, the in-situ added gold nanoparticles show
enhanced fluorescence emission peaks, which is found to be higher than the case of gold added
post-synthesis. That proves the possible coupling between plasmonic resonance wavelength of gold
nanoparticles with the fluorescence emission of ceria nanoparticles. Figure 3a shows TEM image
of in-situ gold-ceria nanoparticles with mean diameter of ceria nanoparticles around 10 nm along
with gold nanoparticles of 20 nm diameter. Figure 3b shows XRD pattern of gold-ceria nanoparticles
shows the peaks of cerium oxide with no peaks indicating the formation of gold oxide. From the first
stable peak of plane (111), ceria nanoparticles mean diameter can be re-calculated using Scherer’s
formula [13], and found to be ~10 nm which is compatible with what we obtained from TEM image.
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Figure 1. (a) Fluorescence emission intensity of ceria nanoparticles with no added gold; and (b)
absorbption spectrum of gold nanoparticles showing the plasmonic resonance wavelength around 520 nm.
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Figure 2. Fluorescence emission of gold-ceria nanoparticles in both cases of in-situ and post-

synthesis addition.

(b) 250

(111)

200

vy
=)

Intensity
(arb. units)

5 30 35 40 45 50 55 60 65 70
20 (degree)

Figure 3. (a) TEM image of in-situ added gold-ceria nanoparticles; and (b) XRD pattern of gold-

ceria nanoparticles.

In addition to the coupling between plasmonic resonance and fluorescence emission, the added
gold nanoparticles can help in better formation of trivalent cerium ions. The formation of Ce3*
ionization states correspond to a better probability of 5d—4f transition and consequently the
enhancement of fluorescence emission intensity. Figure 4a shows the absorbance dispersion of ceria
nanoparticles, with and without added gold nanoparticles, along with the corresponding bandgap
calculations in Figure 4b. Equation (1) describes how to calculate the allowed direct bandgap from the
linear region of the absorbance dispersion curves [14]:

&E = A(E — Eg)!/? ¢))

where o is the absorbance coefficient, A is a constant that depends on the effective masses of electrons
and holes in the material, E is the absorbed photon energy, and Eg is the allowed direct bandgap.
It can be observed that the in-situ added gold-ceria nanoparticles has lower bandgap closer to 3 eV,
compared to the post-treatment case or no added gold. That gives an evidence of the more +3
ionization states of cerium ions, associated with formation of oxygen vacancy, due to added gold
nanoparticles. That leads to shift the bandgap of non-stoichiometric CeO;_4to 3 eV bandgap range.
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The formation of more trivalent ions associated with more O-vacancies and higher fluorescence
intensity emission, is better in the case of in-situ addition more that the post-treatment case. That can
be another possible factor for enhancing the fluorescence emission, in addition to the possible coupling
between ceria fluorescence emission and plasmonic waves of gold nanoparticles. Both factors lead to
higher fluorescence intensity peaks.
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Figure 4. (a) Absorbance spectra; and (b) bandgap calculations of ceria nanoparticles with and without
added gold nanoparticles. The added gold is in both cases of in-situ and post-synthesis. The dotted
lines in Figure 4 b refer to the extensions of («E)? curves, which lead to bandgap values.

Another optical characteristic is shown in Figure 5 related to the fluorescence lifetime
measurement of ceria nanoparticles with and without added gold nanoparticles. It can be observed
that adding the plasmonic nanostructure reduced the emission lifetime from 4.6 ms in case of no added
gold up to 3.9 ms in case of in-situ added gold nanoparticles. The coupling between the plasmonic
resonance and fluorescence visible emission under ultraviolet excitation leads to smaller fluorescence
lifetime corresponding to higher emission intensity.
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Figure 5. Fluorescence lifetime of ceria and gold-ceria nanoparticles in both cases of in-situ and
post-synthesis addition.
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3.2. Fluorescence Intensity and Lifetime Quenching

As previously proved, in-situ gold-added-ceria nanoparticles showed the highest fluorescence
emission intensity compared to post-synthesis gold-ceria and pure ceria nanoparticles. Therefore,
we focus in this section on the application of in-situ gold-ceria nanoparticles as the main sensitive
host for tiny particles to be optically detected. Figure 6 shows the fluorescence intensity quenching of
gold-ceria nanoparticles with added increased concentration of lead tiny particles. It can be noticed
that the fluorescence intensity was reduced up to 40% of its initial emission intensity with added
concentration of lead of 0.2 g/L. To prove the mechanism of the quenching whether it is static or
dynamic, the absorbance dispersion spectra of gold-ceria nanoparticles are measured with added
variable lead concentrations, along with their corresponding bandgap calculations as shown in Figure 7.
Both absorbance and bandgap show red shift according to the increased concentration of added metallic
particles. That can be explained due to the static adsorption of the tiny particles with the help of the
charged oxygen vacancies associated with the more formed trivalent cerium ions, which have been
already increased due to the added in-situ gold nanoparticles. Hence, the quenching mechanism here
is dominantly static.

—Pb= 0g/L
Pb=0.05 g/L
R 08 —Pb=0.075 g/L
z —Pb=0.1 g/L
g —Pb=0.2 g/L
£ 0.6
ﬁ
3
é 04
Lz
0.2}
0 1 L L
450 500 550 600 650

A (nm)

Figure 6. Fluorescene intensity quenching of in-situ gold-ceria nanoparticles at different Pb concentrations.
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Figure 7. (a) Absorbance dispersion; and (b) bandgap calculations for gold-ceria nanoparticles at
added Pb concentrations to prove the static mechanism of the sensing.
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Based on the intensity change as shown in Figure 6, the relative change in the fluorescence
emission intensity at different Pb concentrations is described in Figure 8. The linear relation is analyzed
by the Stern-Volmer equation [15]:

I/I'=1+Ksy[Q] 2

where I, and I represent the peak intensities of the steady-state fluorescence in the absence and
presence, respectively, of the lead particles quenchers, Kgy is the Stern—Volmer quenching constant
which is an indication for the sensitivity of the nanostructure to optically detect the quencher [16],
and [Q] is quencher concentration; which here is the lead particles. Figure 8 shows relatively linear
behavior between the relative intensity and the quencher concentration. The value of the calculated
Ksy is 2.424 M~! for in-situ gold-ceria nanoparticles according to the lead quencher, compared to
1.645 M~! for ceria nanoparticles only. That proves the enhancement of sensitivity by around 50% due
to the coupling with plasmonic gold nanoparticles.
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Figure 8. Stern-Volmer calculations of relative quenched fluorescence intensity at different Pb
concentrations hosted by the sensing material of gold-ceria nanoparticles.

Figure 9 shows the quenched fluorescence lifetime change according to the sensed tiny particles.
It is obvious that the fluorescence lifetime has been decreased with added lead tiny particles due to the
static quenching of gold-ceria nanoparticles due to the lead quencher. In concentrations up to 0.3 g/L,
the lifetime is decreased up to 65% of initial lifetime.

— Pb=0glL

— Pb=0.03glL

— Pb=015glL
Pb=0.3 g/L

ot
o

=
'Y

I (arb. Units)
=
=

=
[

0 0.2 04 0.6 0.8 1 1.2
T (ms)

Figure 9. Fluorescene lifetime change of gold-ceria nanoparticles due to different concentrations of
lead quencher.
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4. Conclusions

In this work, the fluorescence emission of ceria nanoparticles has been improved by adding
in-situ gold nanoparticles. Ceria nanoparticles with visible emission under ultraviolet excitation
have been doped with gold nanoparticles which have a plasmonic resonance wavelength close to
the peak fluorescence emission of ceria. The impact of adding gold nanoparticles, whether in-situ or
post-synthesis, are found to increase fluorescence intensity and decrease fluorescence lifetime compared
to ceria nanoparticles only. Gold nanoparticles contribute in improving the formation of trivalent
cerium ions with associated O-vacancies, in addition to the coupling between plasmonic resonance
of gold and fluorescence emission of ceria. Based on the fluorescence enhancement, ceria-gold
nanoparticles are used as optical sensor for lead tiny particles in aqueous media through fluorescence
quenching mechanism with Stern-Volmer constant of 2.424 M~!. The quenching mechanism is found
to be static based on absorbance dispersion measurements.

Author Contributions: Conceptualization, N.S.; Methodology, N.S., E.S. and LK.; Resources, N.S.; Data Curation,
E.S.; Writing-Original Draft Preparation, N.S.; Writing-Review & Editing, N.S., E.S. and L.K.; Visualization, E.S.;
Supervision, N.S. and LK.; Project Administration, N.S.; Funding Acquisition, N.S.

Funding: The project was funded “partially” by Kuwait Foundation for the Advancement of Sciences under
project code: PR17-15EE-01.

Acknowledgments: The authors would like to thank Mohamed Salah for his support in initiating the optical
fluorescence setup at Kuwait College of Science and Technology (KCST). Also, the authors would like to thank
KCST administration for logistic support along with offering some chemical facilities inside Lab Nanotechnology
and Photonics (LNP) at KCST.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Quaranta, M.; Borisov, S.M.; Klimant, I. Indicators for optical oxygen sensors. Bioanal. Rev. 2012, 2, 115-157.
[CrossRef] [PubMed]

2. Feng, N.; Xie, ].; Zhang, D. Synthesis, characterization, photophysical and oxygen-sensing properties of
a novel europium(Ill) complex. Spectrochim. Part A 2010, 77, 292-296. [CrossRef] [PubMed]

3. Rzigalinski, B.A.; Meehan, K.; Davis, RM.; Xu, Y,; Miles, W.C.; Cohen, C.A. Radical nanomedicine.
Nanomedicine 2006, 1, 399-412. [CrossRef] [PubMed]

4. Shehata, N.; Azab, M.; Kandas, I.; Meehan, K. Nano-Enriched and Autonomous Sensing Framework for
Dissolved Oxygen. Sensors 2015, 15, 20193-20203. [CrossRef] [PubMed]

5. Shehata, N.; Meehan, K.; Jain, N. Control of oxygen vacancies and Ce™3 concentrations in doped ceria
nanoparticles via the selection of lanthanide element. J. Nanopart. Res. 2012, 14, 1173-1183. [CrossRef]

6. Skala, T.; Tsud, N.; Prince, K.C.; Matolin, V. Formation of alumina-ceria mixed oxide in model systems.
Appl. Surf. Sci. 2011, 257, 3682-3687. [CrossRef]

7. Shehata, N.; Meehan, K.; Hassounah, I.; Hudait, M.; Jain, N.; Clavel, M.; Elhelw, S.; Madi, N. Reduced
erbium-doped ceria nanoparticles: One nano-host applicable for simultaneous optical down- and
up-conversions. Nanoscale Res. Lett. 2014, 9, 231. [CrossRef] [PubMed]

8. Chorvat, D.; Chorvatova, A. Multi-wavelength fluorescence lifetime spectroscopy: A new approach to the
study of endogenous fluorescence in living cells and tissues. Lasers Phys. Lett. 2009, 6, 175-193. [CrossRef]

9.  Lakowicz, J.R. Principles of Fluorescence Spectroscopy, 3rd ed.; Kluwer/Plenum: New York, NY, USA, 2006.

10. Marcu, L. Fluorescence lifetime techniques in medical applications. Ann. Biomed. Eng. 2012, 40, 304-331.
[CrossRef] [PubMed]

11.  Lead in Drinking-water. Available online: http://www.who.int/water_sanitation_health/dwq/chemicals/
lead.pdf (accessed on 4 June 2018).

12.  Chen, H.; Chang, H. Homogeneous precipitation of cerium dioxide nanoparticles in alcohol/water mixed
solvents. Colloids Surfaces A Physicochem. Eng. Asp. 2004, 242, 61-69. [CrossRef]

13.  Cullity, B. Elements of X-ray Diffraction, 1st ed.; Addison-Wesley Publishing Company Inc.: Reading, MA,
USA, 1956.

14. Pankove, J. Optical Processes in Semiconductors, 1st ed.; Dover Publications Inc.: New York, NY, USA, 1971.


http://dx.doi.org/10.1007/s12566-012-0032-y
http://www.ncbi.nlm.nih.gov/pubmed/23227132
http://dx.doi.org/10.1016/j.saa.2010.05.025
http://www.ncbi.nlm.nih.gov/pubmed/20541455
http://dx.doi.org/10.2217/17435889.1.4.399
http://www.ncbi.nlm.nih.gov/pubmed/17716143
http://dx.doi.org/10.3390/s150820193
http://www.ncbi.nlm.nih.gov/pubmed/26287211
http://dx.doi.org/10.1007/s11051-012-1173-1
http://dx.doi.org/10.1016/j.apsusc.2010.11.107
http://dx.doi.org/10.1186/1556-276X-9-231
http://www.ncbi.nlm.nih.gov/pubmed/24940173
http://dx.doi.org/10.1002/lapl.200810132
http://dx.doi.org/10.1007/s10439-011-0495-y
http://www.ncbi.nlm.nih.gov/pubmed/22273730
http://www.who.int/water_sanitation_health/dwq/chemicals/lead.pdf
http://www.who.int/water_sanitation_health/dwq/chemicals/lead.pdf
http://dx.doi.org/10.1016/j.colsurfa.2004.04.056

Sensors 2018, 18, 2818 90f9

15. Chu, C; Lo, Y. A plastic optical fiber sensor for the dual sensing of temperature and oxygen. IEEE Photonics
Technol. Lett. 2008, 20, 63-65. [CrossRef]

16. Iosin, M.; Canpean, V.; Astilean, S. Spectroscopic studies on pH- and thermally induced conformational
changes of bovine serum albumin adsorbed onto gold nanoparticles. J. Photochem. Photobiol. A Chem. 2011,
217,395-401. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1109/LPT.2007.912568
http://dx.doi.org/10.1016/j.jphotochem.2010.11.012
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials Synthesis 
	Materials Characterization 

	Results and Discussion 
	Materials Characterization 
	Fluorescence Intensity and Lifetime Quenching 

	Conclusions 
	References

