PREPARATION OF CERIUM PHOSPHATE NANOPARTICLES
AND CHARACTERIZATION OF THEIR STRUCTURE
DEPENDENT PROPERTIES

Ph.D. thesis

PETER PUSZTAI

Supervisor:

Dr. Zoltan Konya

Doctoral School of Chemistry
Department of Applied and Environmental Chemistry
Faculty of Science and Informatics

University of Szeged

Szeged
2015



1. Introduction

The emergence of nanotechnology dates back to the 20™ century. Since then, it
revolutionized electronics, energetics, chemical industry, medicine, water- and waste
treatment. Several promising laboratory and industrial scale achievements have already been
accomplished by using nanotechnology. For the widespread application of nanomaterials the
development of large scale, reproducible and efficient synthesis methods is of paramount

importance.

One dimensional (1D) nanomaterials have been investigated for more than two
decades, however, increasing attention has been focused recently on the examination of three
dimensional (3D) nano- and microstructures as well. 3D architectures gained scientific
interest due to their toxicity being lower than that of small nanoparticles, and their superior
performance in many applications as compared to their nanosized and bulk counterparts. For
the preparation of 3D nano- and microparticles time-, and energy consuming methods have
been suggested in the literature using surfactants, structure directing or capping agents to
control the morphology of the product.

The Department of Applied and Environmental Chemistry has a long history with 1D
nanomaterials. When 1| started my work with 1D and 3D cerium phosphate nanomaterials |
joined this stream of research of the Department. During my doctoral studies our goals were
(i) to develop cost-, time-, and energy-efficient methods for the preparation of cerium
phosphate nanostructures, (ii) to investigate their formation mechanism, and (iii) to examine
their structure dependent physical properties. In order to deepen our understanding of cerium

phosphate architectures the following particular topics were investigated:

1. Hydrothermal synthesis of cerium phosphate nanowires. The examination of the
nanowires’ recrystallyzation and growth process by Raman spectroscopy, nitrogen
adsorption-desorption  measurement, thermogravimetry and  high-resolution
transmission electron microscopy.

2. Cost efficient synthesis of hexagonal cerium phosphate nanowires and nanourchins.
Studies on the terbium doping of these nanostructures. Investigation on how the
different reaction parameters affect product morphology. The elucidation of the
growth mechanisms. The examination of structure-dependent photoluminescence

properties.



3. Room temperature synthesis of cerium phosphate spherulites using a flow reaction
system. Studies on the terbium doping of these nanostructures. Uncovering how
reaction parameters affect the product morphology and the development mechanisms.
Elucidation of the growth mechanisms. The examination of structure-dependent
photoluminescence properties.

4. The investigation of the thermal stability of hexagonal and monoclinic nanowires.

5. The examination of the room temperature proton conduction properties of hexagonal
and monoclinic nanowires under different relative humidity conditions. Studying how
the crystal structure and the surface chemical properties of the nanowires can

influence their proton conductivity.

2. Experimental

For the preparation of monoclinic cerium phosphate nanowires 60 mL of 0.033 M
cerium nitrate hexahydrate and 20 mL of 0.2 M phosphoric acid stock solutions were
prepared. Phosphoric acid was poured into the cerium nitrate solution under vigorous stirring.
The resulting suspension was transferred into a Teflon-lined stainless steel autoclave and put
into an electric oven to 200 °C for 4 h. The product was washed with distilled water and

ethanol several times by using a centrifuge.

For the preparation of hexagonal cerium phosphate nanourchins the 20 mL, 0.2 M
phosphoric acid was poured into the 60 mL, 0.033 M cerium nitrate solution under vigorous
stirring. For the preparation of hexagonal nanowires the phosphoric acid was added dropwise
(10 seconds/drop) instead of one portion to the cerium nitrate solution. For terbium doped
samples an appropriate amount of terbium nitrate was added to the cerium nitrate solution

ensuring [Ce**1:[Tb**] = 9:1 molar ratio.

For the preparation of cerium phosphate spherulites in a flow reaction system a square
shaped glass vessel with 14 cm long sides and an inlet hole at the bottom was used. For a
typical synthesis 2.3 mL of the precursor solution (a) was pumped (7 mL/h) into 60 mL of
precursor solution (b) previously poured into the glass vessel. Pictures were taken from the
growing precipitate disc at 3 seconds intervals. In order to investigate the structure dependent
photoluminescence properties of the spherulites an appropriate amount of terbium was doped
into their structure, ensuring [Ce**]:[Tb%**] = 9:1 molar ratio.

3



Phase transition of the samples was examined by X-ray diffractometry, Raman, and
infrared spectroscopy. [Ce**]:[Tb**] molar ratio, and potential impurities in the samples were
determined by energy dispersive X-ray spectroscopy. The morphology and the nanoscopic
features of the particles were investigated by transmission and scanning electron microscopy.
The structural stability of the samples was monitored by thermogravimetric measurements.
The pore structure and the specific surface area of the particles were examined by nitrogen
and water vapor adsorption-desorption methods. The protonation/deprotonation properties of
the samples were investigated by potentiometric titration, the amount of surface acidic centers
were determined by temperature programmed ammonia desorption. The relative humidity
dependent proton conduction properties of the nanowires were examined by impedance
spectroscopy and isothermal transient ionic current method. The photoluminescence

properties of the samples were investigated by fluorimetry.

3. New scientific results

1. Investigation of the growth properties of monoclinic cerium phosphate nanowires
under hydrothermal conditions.

1.1 Asimple, fast hydrothermal synthesis was developed for the preparation of monoclinic
cerium phosphate nanowires by the optimization of previous methods published in the
literature. The average diameter of the nanowires was 15.7 + 7 nm with an aspect ratio
of 40-60.

1.2 The morphological and structural evolution of the nanowires was examined by
HRTEM, Raman spectroscopy, nitrogen adsorption-desorption and thermogravimetric
measurements. The development of monoclinic nanowires commenced from
hexagonal urchin-like nanostructures obtained by the admixture of the precursor
solutions. Under hydrothermal conditions the nanourchins broke up into nanorods
from which micrometer long nanowires developed by the so-called
dissolution/recrystallization process in 3—4 hours.

1.3 A Raman spectroscopic study revealed monoclinic P—O vibrations in the spectrum of
the hydrothermally treated sample for 1 h. Hexagonal P—O bands entirely disappeared
from the Raman spectrum of the sample treated hydrothermally for 2 h, though TG
measurement still showed 0.5 % structural water indicating the incomplete

recrystallization of the nanowires. According to Raman spectroscopic and TG



2.1

2.2

2.3

measurements 3—4 h was necessary for the complete recrystallization of the nanowires.
Until 1 h the average diameter and specific surface area values of the nanowires
changed markedly. Afterwards the specific surface area values of 2—4 h samples
slightly decreased, while the average diameters fluctuated around ~15 nm. The
standard deviation values of average diameters increased steeply until 2 h. Afterwards
they started to decrease. These findings could be explained on the basis of the HRTEM
study of the hydrothermally treated sample for 1 h, in which the coalescence of the
nanowires along the (100) facets was observed. At the early stage of particle growth
two simultaneous thickening mechanisms took place. The nanowires thickened by the
traditional layer-by-layer fashion and also by the coalescence of adjacent nanowires
along the (100) facet, implying the marked increase of standard deviation. With
increasing synthesis time more coalescence occurred, hence the standard deviations

decreased.

Ambient temperature preparation, terbium doping and structural stability test of
hexagonal cerium phosphate nanowires and nanourchins.

A simple ambient temperature synthesis was developed for the preparation of
hexagonal cerium phosphate nanourchins. The average diameter of the urchins and the
constituting nanorods were 373 + 39 nm and 5.6 £+ 1.7 nm, respectively.

Micrometer long hexagonal cerium phosphate nanowires were prepared with an
average diameter of 9.8 + 4.0 nm by the dropwise addition of the phosphate precursor.
The nanowires tended to form bundles with an aspect ratio of 40—60.

The growth process of the nanowires was examined by time monitored synthesis. This
approach could not be applied in the case of nanourchins due to their instantaneous
formation, hence the core of an opened up nanourchin was examined by HRTEM,
searching for structural features related to their growth mechanism. For the formation
of nanowires and nanourchins a modified dissolution/recrystallization process and the
seeding and radiating mechanism was proposed, respectively. The influence of
[Ce**]:[PO,*>] molar ratio, precursor addition rate and order on the product
morphology was also investigated. It was found that only the precursor addition rate
affected significantly the fundamental morphology (nanourchin or nanowire) of the

nanostructures.



2.4

2.5

3.1

3.2

Recrystallization of hexagonal nanowires was investigated by a thermal stability test.
Structural characteristics of the calcined samples were examined by XRD, Raman and
IR spectroscopy, nitrogen adsorption-desorption and HRTEM. Nanowires could keep
their morphology up to 800 °C, while at 1000 °C the wire-like structure collapsed and
amorphous particles were formed. In contrast to morphology, the crystal structure of
the nanowires started to rearrange at a much lower temperature (400-600 °C). It was
also demonstrated that spectroscopic techniques can indicate much smaller changes in
the crystal structure than X-ray diffractometry which showed pure hexagonal phase for
the sample calcined at 400 °C.

Terbium doped nanourchins and nanowires were prepared by the methods presented
here, then their thermal stability and structure dependent photoluminescence properties
were examined. 10 % terbium increased significantly the stability of the
nanostructures. Pure nanowires entirely recrystallized into monoclinic phase at 600 °C
in 1 h, while the terbium doped samples had to be calcined for 8 h at 600 °C for the
complete phase transition. As-prepared nanowires had 13-22 % higher luminescence
intensity (depending on wavelength) than their nanourchin counterparts, which can be
explained by the higher structural water content of nanourchins (2.6 % for nanourchins
and 1.8 % for nanowires), since structural water can effectively quench Th*" emission.
In the case of calcined samples nanourchins had 19-25 % higher luminescence
intensity than their nanowire counterparts. Luminescence intensity was much higher
for the as-prepared samples than for the heat-treated ones (by approx. x6 for
nanourchins and x9 for nanowires). This difference can be explained by the partial
oxidation of Ce** to Ce**, which can effectively quench Th** emission.

Investigation of the formation and terbium doping of hexagonal cerium
phosphate spherulites in flow reaction system.

Cerium phosphate spherulites were prepared at ambient temperature without the use of
structure directing agents.

It was found that the pumping order of the precursor solutions played a significant role
in determining the growth mechanism of the spherulites. When phosphoric acid was
pumped into the cerium nitrate solution, 1.6 + 0.4 um sized spherulites were formed,
while reverse pumping order promoted the formation of 2.6 = 0.3 um size spherulites.

The origin of the spectacular structural differences between the spherulites was
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3.3

4.1

4.2

4.3

investigated by HRTEM. According to our HRTEM study the spherulites in the first
case were developed by the seeding and radiating process, while their counterparts
were formed by crystal splitting. The different growth mechanisms of the spherulites
implied the development of different structural features.

Spherulites developed by seeding and radiating process exhibited 30-35 % higher
photoluminescence intensity than their counterparts formed by crystal splitting. This
difference can be attributed to the formation of crystal defects during the crystal

splitting process, which can effectively quench the particles’ luminescence intensity.

Examination of structure dependent proton conduction properties of hexagonal
and monoclinic cerium phosphate nanowires

Ambient temperature proton conduction properties of hexagonal and monoclinic
cerium phosphate nanowires were examined for the first time.

The structural and surface chemical properties of the nanowires were investigated by
XRD, nitrogen and water vapor adsorption-desorption, potentiometric titration and
temperature programmed ammonia desorption techniques. The net proton
(0.074 mmol/g), and ammonia consumptions (0.58 mmol/g) for hexagonal nanowires
were ~2.3 times higher than for monoclinic nanowires (0.034 mmol/g and
0,25 mmol/g, respectively). After the normalization to specific surface areas
(143.5m?/g for hexagonal, and 62.0 m?/g for monoclinic) identical values were
obtained, indicating a crystal structure independent surface acidic center density for
both nanowires.

Ambient temperature proton conductivity was measured by IS and ITIC methods
under different relative humidity conditions. When conductivity was plotted against
relative humidity hexagonal nanowires showed 1.5 times higher conductivity than
their monoclinic counterparts, especially at low RH%. With increasing relative
humidity, the difference between the nanowires decreased, then entirely disappeared at
100 RH%. An opposite tendency was observed when conductivity was plotted against
the adsorbed amount of water. In this case, monoclinic nanowires exhibited ~2.5 times
higher conductivity than hexagonal ones, especially at low adsorbed amounts. After
conductivity was normalized to the number density of surface acidic centers, and the
adsorbed amount of water was normalized to the specific surface area of the

nanowires, the originally distinct curves collapsed into a master curve. Relaxation
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times plotted against adsorbed amount of water showed similar characteristics than the
conductivity vs. adsorbed amount of water plot. The identical dependence of
relaxation times on conductivity implies a common origin of conduction, and their
interdependency suggests that we simply observe the same process from different
perspectives. These results indicated a crystal structure independent conduction

mechanism in cerium phosphate nanowires.
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