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The aim of this study is to investigate how the materials synthesized by both methods affect the luminescence and
electrical properties. Also, another purpose is to examine the effect of doping types on optics and conductivity. At the end of
the synthesis, X-Ray diffractometer (XRD) was used to examine the crystal structure and the possible different phases that
may occur, Raman spectroscopy analysis was used to obtain information about the symmetry properties of the formed
structure and the appearance of different vibration modes and the degradation (defect) formed in the structure.
Photoluminescence (PL) Spectroscopy measurements at room temperature were employed. The peaks in the excitation
spectrum at approximately 446 nm (°Iy — °Gg) correspond to the 4f-5d transition of the Ce® * ion. Specific surface area
analysis was performed using Brunauer-Emmett-Teller (BET). FE-SEM image was taken for morphological analysis of the
structure. The ionic conductivity of the pelletized powder ceramic undoped CeO, and La*", and Ho®* doped CeO, electrolyte
was measured by impedance spectroscopy. The temperature value of the Ce gsLag 190H0¢ 05O, sample synthesized by the high

conductivity hydrothermal method was found as 5.64x10™ Q.cm™ at 750 with the best conductivity result.
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1 Indroduction

Advances in materials science are quite fast and
remarkable. Functional nanomaterials have become
important. It is especially important that a material is
cheap, its toxicity is low and the wvariety of its
application area is wide. In materials science,
CeO, (cerium oxide) is an oxidized compound with
cubic fluorite crystal lattice, wide band gap and 4f
orbitals'?. Due to this feature, it has many application
areas. For example, i) ceramic electrolyte in solid
oxide fuel cells’, ii) antibacterial in biochemistry*, iii)
catalytic converter in automotive industry’, V)
photocatalysis in wastewater disposal® vi) optoelectronic
devices’. In addition, doping of rare earth elements
into CeO, provides the expansion and efficiency of
the mentioned applications. For example, in
photoluminescence studies, CeO, containing rare
earth elements absorbs strong light and transfers it
from oxygen ions to Ce' * ions®”. It shows a
characteristic emission feature according to the

*Corresponding authors:
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structure of the rare thoracic element that acts as an
activator. It is seen that RE-doped CeO, compounds
with red, orange and green emissions in litters
are used in imaging devices'®'?. In solid oxide fuel
cells, the electrolyte used as ceramic electrolyte is
desired to have high ionic conductivity and low
operating temperature””. The ionic conductivity of
pure CeO, compound is low. Furthermore, the
reduction of Ce*"/ Ce® at the operating temperature of
the fuel cell creates an unstable structure. It is known
that rare earth elements contribute to the CeO,
structure in order to increase conductivity and provide
stability'*"°.

The crystalline structural properties of the
compounds obtained in both fields of application are
important. The crystalline properties may vary according
to the synthesis methods of the compounds'®. The low
crystal size of the compounds obtained after the
synthesis method can increase the efficiency.
Different methods such as sol-gel'’, hydrothermal'®,
polymer pyrolysis method'’, microwave®, solid-state
method” are used to obtain the CeO, and CeO,
compounds.
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In this study, the conductivity and optical
properties of (La,Ho) doped CeO, compounds, which
have hardly been studied in the literature, were
investigated.( La,Ho) co-doped CeO, compound was
synthesized by both sol-gel method and hydrothermal
method. Also, the effect of synthesis methods on the
conductivity and emission characteristics of the
compounds obtained was investigated.

2 Materials and Methods

2.1. Powder synthesis

Undoped CeO, and CeggsLag o Hog ;0. compounds
were synthesized by both sol-gel and hydrothermal
methods. In both synthesis reactions, cerium (III)
nitrate hexahydrate (Ce (NO;);.6H,0), lanthanum
(II) nitrate hexahydrate (La (NO3);.6H,0), holmium
(II1) nitrate pentahydrate (Ho (NOs);.5H,0) were used
as starting compounds. In the sol-gel method, the
starting compounds, which were weighed in a
stoichiometric ratio, were dissolved in pure water.
Citric acid and ethylene glycol were added to it and it
waited for gel consistency at 80 °C. The gel-like
sample was dried at 120 °C for 12 hours. It was
ground and heat-treated at 800 °C for 12 hours. In the
hydrothermal method, the starting compounds were
dissolved in pure water and 6 M NaOH solution was
added dropwise. The creamy mixture was placed in an
autoclave in a teflon container. Reaction conditions
were set at 180 °C for 12 hours. The filtered sample
was washed with alcohol and distilled water. The
samples dried at room temperature were ground and
heat-treated at 800 °C for 12 hours.

2.2. Materials Characterization

The crystal properties of the synthesized
photocatalysts were examined X-Ray Diffraction
Method (XRD, Pananalytic Imperial). XRD pattern
measurements of all samples were made using a 0.02°
step angle in the range of 20 = 10-90°, at 40 kV and
40 mA. XRD powder pattern was indexed using
Diffrac Plus, Win-Metric programs, and unit cell
parameters were calculated. The surface morphology of
compounds was investigated by Field Scanning
Electron  Microscope (FE-SEM, Zeiss). BET
(Brunauer— Emmett-Teller) surface area measurements
were characterized via N, adsorption/ desorption
measurements (mmicrometric Gemini V). Raman
(WITec alpha 300 M") measurements were taken to
check the bonding structures and binding of
synthesized samples. Raman measurements were made
using a 532 nm wavelength laser. Measurements were

taken at 3 mW laser power. Impedance spectroscopy
was used in conductivity studies of the compounds
obtained. Optical properties were examined with a
Fluorescence spectrophotometer (HITACHI F-7100)
All PL measurements were performed in an open
atmosphere and at room temperature.

3 Results and Discussion

3.1. XRD analysis

The XRD pattern of samples is given in Fig.1.The
crystal size of the compounds was calculated from the
XRD powder pattern using the Debye-Scherrer
formula, which is given with Eq 1.
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Where A is the wavelength of the x-ray, 8 X-ray
diffraction angle, and £ is the width of the half-
peakheight in radians. The half-peak height width
(FWHM) value f was calculated from the XRD
pattern using the Topas program. The lattice
parameters (a = b=c) of the cubic system are
calculated using to the Miller indices (hkl) and the
interplanar spacing. The interplanar spacing (d) is
obtained from Bragg’s law. In the calculations, peaks
in the (111) (220) (311) plane were used. The change
in crystal size is due to the different synthesis method.
Crystal structure parameters are shown in Table 1.
The change in unit cell parameters of La-Ho doped
compounds is related to the ionic radii of the dope
elements. It has pure CeO, cubic crystal lattice.
During the synthesis reaction, some Ce*" ions in the
crystal structure are replaced by dope elements. As a
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Fig. 1 — X-ray diffraction pattern of undoped CeO, and Ceygs
LayHog 050, powder synthesized by sol-gel and hydrothermal
methods.
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Table 1 — Crystal structure properties.

Samples Lattice Space
parameters Group

a(A)
Undoped CeO, (hyd) 5.4127 Fm-3m
Ceq gsLag.10H0g,0s0, (hyd) 54518 Fm-3m
Undoped CeO, (s-g) 5.4159 Fm-3m
Cey.35L.20.10H00.0s02(s-g) 5.4400 Fm-3m

Volume Crystalline size
(nm)

Ay Mean value (111) (022) (113)
158.58 53.77 76.48 26.84 27.99
161.31 22.36 25.36 2221 17.98
158.86 29.76 32.18 26.84 27.98
160.96 21.45 17.89 22.17 23.09

Ce* replaced by M™

oM O Ce* @0+ OVy

Fig. 2 — Crystal structure of undoped CeO, and doped CeO,,

result, the main crystal structure is preserved and
oxygen vacancy are formed. Elements placed in the
lattice change the unit cell size. The ionic radii of the
elements are Ce 0.967 A, La’ " 1.15 A, Ho’ " 0.894 A,
respectively”. Since the radii of La’ * and Ho’* ions
are larger than Ce *', an increase in unit cell size has
been observed.

Oxygen hole formed in the crystal structure are
shown by the KérngVing equation®.

La,0; +Ho,05+ 2Ce, + 40, —> 2LaCe" + 2HoCe" +
VO.. +2 CeO, (2

The rare earth elements dope in the Eq.2. and as
shown in the Fig. 2 are replaced by Ce*" ions. And
after the reaction, oxygen ion hole are formed. It deals
with the properties of dope types from changes in the
lattice structure.

As can be seen in Table 1, although the synthesis
method is different, the cubic phase was obtained.
However, the cubic crystal lattice parameters were
changed. The sol-gel method reduced crystal size.

3.2. Raman Spectroscopy Analysis

Raman spectroscopy is a branch of vibrational
spectroscopy used in the evaluation of trace amounts
of samples as structural and sensitive. It provides
useful information about changes in the crystal
structure. Raman analyzes of the samples were
performed at room temperature, taken from several
points. All spectra of the samples are shown in
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Fig. 3 — Raman spectra of undoped CeO, and La*", Ho®* doped
CeO, samples synthesized by hydrothermal method.

Fig. 3-4. It shows a 462 cm' peak in the undoped
CeO, Raman spectrum. This shows the CeQ,, fluorite
cubic F, Raman active mode and belongs to the
Ce-O8 symbol. In Raman studies, it belongs to the
CeO, structure with the characteristic fluorite cubic
structure, F3m space group, approximately 440-465cm™
peak24’25 . As can be seen, the La,0; and Ho,O3; Raman
spectra used in the doping yielded peaks at different
points. However, the Raman spectra of the
compounds obtained after the doping process are
compatible with the CeO, structure. It confirms that
the additive elements are stabilized with Ce* in
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Fig. 4 — Raman spectra of undoped CeO, and La*", Ho’* doped
CeO, samples synthesized by sol-gel method.
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Fig. 5 — Nitrogen adsorption-desorption isotherms of La**, Ho**
doped CeO, samples.

crystalline structure. Results are in line with XRD
assessments.

The shift in the F2g wvalue in both synthesis
methods may indicate that an oxygen gap is formed in
the structure'®.

3.3. BET Analysis

BET analysis was performed to determine the surface
area properties of undoped CeO, and La®", Ho’* doped
CeO, samples synthesized by hydrothermal and sol-gel
methods. The specific surface area was estimated by
applying the Brunauer -Emmett-Teller (BET) equation
to the experimental N, isotherm using a micrometric-
Gemini IV analyzer. 30 mg of each sample was
degasificated for 24 h at 250 °C, and nitrogen
adsorption-desorption isotherm was analyzed through
the BET method. Fig. 5. shows the adsorption-

desorption isotherms of the samples. The curve is like
the type 3 isotherm curve in the IUPAC definition *°.
The adsorption isotherms of the first layer are defined as
type 3 adsorption heat, which is smaller than the heat of
condensation, and capillary condensation is less.
Adsorption isotherms in solids with very low adsorption
power are suitable for this type.

While the surface area of the compound produced
by sol-gel was 11.9290 m?/g, it was found to be
4.1219 m? / g in hydrothermal. The surface area of the
compound synthesized with sol-gel was larger.
Compared to the crystal size change obtained from
XRD, the results support each other.

3.4. Oxide fon Conductivity Measurement (Impedance
spectrum)

Conductivity behaviors of the samples were
examined with an impedance analyzer. Samples
synthesized by both methods were pressed before
conductivity measurement and sintered at 1350 °C for
12 hours. Sintered disc shaped samples were dyed
with silver paste to ensure good contact before
impedance measurements. It was dried at 100 °C. For
the measurement of each sample, 50 up to 400, after
400, it was terminated with 750 °C temperature
increase with 25 temperature increase. In the
measurements, data were taken in the frequency range
of 100 kHz-100 mHz. As software, a test program
was created with Power Sine software in the
PowerSuit program. When the conductivity graphs
were examined, it was observed that the grain and
grain boundary resistances of undoped CeO, sol-gel,
hydrothermal undoped CeO, and sol-gel La-Ho
samples were formed. The conductivity of the CeO,
ceramic electrolyte depends on the dope type and
amount, microstructure, sintering temperature and
time”’.In the hydrothermal La-Ho sample, only garin
resistance occurred. Conductivity values of the
synthesized samples are given in Table 2. It has been
found that the conductivity value of undoped CeO, is
low for both methods. It is expected that undoped
CeO, conductivity is low compared to doping™.
In order to examine the relationship between
conductivity and grain, the surface morphology of
pelleted samples was examined after conductivity
measurement. As can be seen in Fig. 6(a-c), the grains
are not fully formed at the temperature at which the
conductivity is measured at 500. Unwanted porosity
in the structure is high. This situation causes the total
resistance to increase. With doping and increasing
conductivity measurement temperature, both grain
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Table 2 — Conductivity results of samples.
Calcination Conductivity (750 °C)
Samples Methods Temperature(°C)) (Q.cm-1)m™)
Sol-gel 1350 °C, 12h 8.44x1071°
Undoped CeO, Hydrothermal 1350 °C, 12h 2.07x107"°
Sol-gel 1350 °C, 12 h 2.31x107"!
Ceo.55L20.10H00.0502 Hydrothermal 1350 °C, 12 h 5.64x10”
a undoped CeO, b undoped CeO,
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Fig. 6 — Nyquist curves of pure CeO, and La**, calcined at 1350°C, synthesized by sol-gel method, and Ho®" doped CeO, at 500-700°C

conductivity temperature.

and grain boundary conductivity were observed
Fig. 6(b-d). Since the grain and grain boundary
resistance effect decreased, the conductivity increased.

When we examine Fig. 7(a), it is seen that undoped
Ce0; has high resistance and low conductivity caused
by excess porosity at a conductivity temperature
of 500. Both grain and grain boundary show
conductivity. However, with the increase in
conductivity temperature, the resistance decreased
with the decrease of porosity in the structure Fig. 7(b).
As La, Ho doping and conductivity increase the
oxygen space, the resistance decreased Fig. 7(c). The
increase in the conductivity temperature increased the
conductivity. Compared to the hydrothermal method
sol-gel method, the size and structure of the formed
grains decreased the grain boundary resistance and
increased the total conductivity .

Also, their conductivity behavior can be evaluated
by the crystal properties given in Table 2. The crystal
size and lattice parameters of La-Ho doped wrist
synthesized by hydrothermal method are large.
Compared to the sol-gel compound, the movement of
oxygen ions in the crystalline structure becomes
easier and the resistance decreases.

When the conductivity results were evaluated,
it was expected that the sol-gel method had a
positive effect, but the opposite was true. One reason
for this is that the high grain boundary resistance
decreased the total conductivity. In addition, when the
surface images of the compound produced by
hydrothermal synthesis after 1350 °C sintering are
examined, pores are seen. The porous structure may
cause electronic conductivity to contribute to total
conductivity.
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Fig. 7 — Nyquist curves of pure CeO, and La>", calcined at 1350°C, synthesized by hydrothermal method, and Ho> doped CeO, at 500-
g yq p

700°C conductivity temperature.

Fig. 8 — FE-SEM images of samples synthesized by sol-gel method a-b) undoped CeO,, c-d) CejgsLag Hog o50,.

3.5. Microstructures (FE-SEM)

The FE-SEM technique was used to observe the
micro and morphological structure properties of the
sample and to determine the distribution of the grains.

After the impedance analysis of pure CeO, and
Cegss5L.ag 1Hog0sO, powder sample synthesized by sol-
gel and hydrothermal method, FE-SEM images are
shown with density and grain. As seen in Fig 8 & 9,
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Fig. 9 — FE-SEM images of samples synthesized by hydrothermal method a-b) undoped CeO,, c-d) Ce gsLag Hog ¢5O.

the particles show a more homogeneous distribution
after sol-gel synthesis. The porosity is quite low.

3.6. Photoluminescence (PL) studies

The excitation and emission spectra of La’",
Ho*"doped CeO,samples synthesized by sol-gel and
hydrothermal method is shown in Fig .10. The
excitation bands centered at ~300 nm and ~438 nm
were observed in the samples under 538 nm emission.
The excitation band at 300 nm is originated from the
charge transfer band (CTB). The excitation band at
438 nm can be attributed to the transition from °Ig
state to the *Gg states of Ho“ions. Additionally, Fig.
10 shows the room temperature emission spectra of
the La’™ and Ho’" ions doped CeO, phosphors
synthesized by sol-gel and hydrothermal method
under a 438 nm excitation. Both samples exhibit
intense green and relatively weak near-infrared
emission bands, which are originated from the
5Sz—> 518 transition (~538 nm) and crystal defects
emission (~800 nm), respectively”>’. In Fig. 10, the
excitation and emission bands of La*" ions were not
observed. Thus, it can be said that most of the
excitation energy is captured Ho’'ions. In other

6000

Ho-doped hydrothermal synt.
Ho-doped sol-gel synt.
5000 4 438 nm
538 nm
::: 4000 4 Excitation Emission
(0]
-~
2 3000
[0
o)
g 2000
1000
297 nm
04

200 300 400 500 600 700 800 900
Wawelenght / nm

Fig. 10 — Excitation and emission spectra of La®", Ho**doped
CeO,samples synthesized by sol-gel and hydrothermal method.

words, there is no energy transfer between La’" ions
and Ho’" ions. In addition, when the excitation and
emission intensities of the samples synthesized by the
sol-gel method and hydrothermal method are
compared, it is seen that the luminescence intensity of
the sample synthesized by the hydrothermal method is
higher than the other. In this case, we can say that the
hydrothermal method gives better luminescence
intensity for La*"and Ho®" co-doped CeO,.
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4 Conclusions

In this study, cubic phase compounds were
obtained with both methods. The crystals of the
compounds obtained by the sol-gel method were
smaller in size and the surface area was larger. At the
selected sintering temperature, the diffusion rate was
insufficient in the compound obtained by the
hydrothermal method and pores were formed. The
high total conductivity results for the hydrothermal
method may have been due to the contribution of the
porous structure to the electronic conductivity. Also
in this study, the excitation and emission spectra of
La**, Ho*" doped CeO, samples synthesized by sol-gel
and hydrothermal method are compared. For both
samples, the excitation bands centered at ~300 nm
and ~438 nm and the °S,— Iz (~538 nm) and crystal
defects (~800 nm) emission bands were observed.
Although both phosphors have same luminescence
spectra, the luminescence intensity of La’" and Ho®"
doped CeO, samples synthesized by the hydrothermal
method is higher than the other phosphor.
Such luminescent materials can be wused for
optoelectronic applications where mainly green
emission is desired.
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