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Due to its superior properties, erbium sesquioxide, Er,O3, is considered as an important material for
applications in various fields such as corrosion-resistant coating, electrical insulating coating, in
sensing membranes, semiconductor devices, as catalyst, and for applications in nuclear engineering. In
the open literature there is a lack of information about the preparation of Er,O3 nanoparticles using the
homogenous precipitation and subsequent calcination route. In this paper a facile method for the
synthesis of Er,Os; nanoparticles is suggested. The fabrication was carried out by using the
homogeneous precipitation of an erbium ions using sodium hydroxide followed by the calcination
process. The influence of: (i) the pH value (9-12) during precipitation process, and (ii) the calcination
temperature 300-700 °C on the structural and textural properties of the solids obtained will be
addressed. The thermal events accompanying the heat treatment of the dried parent was monitored
using thermogravimetric analysis (TGA). Various physicochemical techniques were used for
investigating the structure and morphology of Er,O3; nanoparticles. These include X-ray diffraction
(XRD), Fourier transform infrared (FTIR) spectra, filed emission scanning electron microscopy (FE-
SEM), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS).
Moreover, the electrical conductivity of the calcined samples with temperature was measured.

Keywords: nanocrystalline erbium oxide; Er,Os; erbium sesquioxide, electrical conductivity,
precipitation method; Er,O3 nanoparticles

1. INTRODUCTION

Due to their unique properties such as high dielectric constant, excellent chemical, thermal and
optical properties, rare earth sesquioxides are considered as promising candidates for versatility and
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multi-functionality applications. These include low temperature sintering, grain growth inhibitors,
superconductive applications, as phase stabilizers, solid oxide fuel cells, activators for preparation of
electron trapping luminescence materials, and for applications in nuclear engineering [1-3]. As
catalysts, Dy,03, H0,03, Er,03, Tm,03, Yb,03, Lu,O3 and Y,03 showed promising activity and
selectivity during vapor-phase catalytic dehydration of 1,4-butanediol to to 3-buten-1-ol [4,5] and 1,3-
butanediol to 3-buten-2-ol and 2-buten-1-ol [6].

Among the various rare earth sesquioxides, Er,Os is interesting because of its superior features
such as high dielectric constant (=14), high mechanical strength, high chemical and thermal stability in
contact with Si, wide band gap (~5.4 eV), substantial hardness and highly transparency in visible light
[7-10]. Therefore, Er,O3 is valuable material for applications in various fields. For instance, as
protective material and in corrosion-resistant coating [11,12], as electrical insulating coating material
[13], in sensing membranes for pH detection [14], and as alternative gate oxides to replace silicon
oxide in complementary metal oxide semiconductor devices [15,16]. It was shown that Er,O exhibits
a good catalytic performance during the oxidative dehydrogenation of ethane to ethylene [17].
Recently, it was shown that Er,O3 exhibits an excellent anti-permeability to hydrogen isotope to steel
or other metallic structures, which may cause the destruction of these materials. In this context,
Chikada et al. [18] investigated the deuterium permeation throughout Er,O3-Fe coatings. Their results
indicated that the incorporation of Er,O3 increased permeation reduction by a factor over 1000 due to
the crystallization of its inner layer and the oxidation of Fe-outer layer. Yang et al. [19] successfully
prepared homogeneous Er,Os; coatings on a CLAM steel substrate by sol-gel method. Permeation
experiments revealed that the Er,O3 coatings is a promising candidate for anti-tritium permeation in
fusion reactor [19].

Erbium oxides comprise stoichiometric, ErO and Er,O3, and non-stoichiometric, ErO; s,
oxides [20]. ErO can be transformed into Er,O3 as a result of annealing in poor vacuum [20]. ErO; »s is
obtained by the exposure of erbium films to air [20]. Bare Er,O3 exists in different polymorphic
structures. The cubic, C-phase, which is stable below 2600 K and is usually formed during preparation
of Er,O3 [8]. The hexagonal Er,03, H-phase, is obtained by the calcination of at temperatures higher
than 2600 K [8]. The monoclinic phase, B-phase, was obtained for the first time by the pressure-
induced C-phase transformation at high-temperature [20,21]. With respect to its magnetic properties,
below 3.4 K Er,0O3 is an antiferromagnetic with non-collinear structure [22]. Blanusa et al. [23]
reported antiferromagnetic <> paramagnetic transition of Er,O3 at 1.8 K or lower.

Nanocrystalline materials possess an interesting physical and chemical properties, which are
different from their bulk counterparts, such as low density, smaller particles size, large surface area,
stability, etc. Several methods have been reported for the preparation of nano-crystalline Er,Os. In this
way, sphere-like Er,O3; nanoparticles were prepared by the sol-gel method [17,24] as well as the
glycothermal treatment of erbium acetate and subsequent calcination [25]. Irregular shape ultrafine-
Er,O3 nanoparticles were prepared by the thermal decomposition of erbium 2,4-pentadione complex
[23]. Radio frequency magnetron sputtering technique was used to prepare Er,Os thin films with
thickness of 200-1000 nm [26]. Homogenous precipitation and subsequent calcination method is a
simple, template-free, flexible and promising technique for the preparation of nanomaterials. This
method has been successfully used for the preparation of nano-crystalline PrsO1; [27], Dy,03 [28], and
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Th40O7 [29]. Accordingly, the idea of the present investigation seeks to prepare erbium oxide, Er,Os,
nanoparticles using the precipitation method employing NaOH as precipitant and subsequent
calcination at 500 °C. Preliminary experiments focused on the influence of the pH value (9, 10.5 and
12) on the morphology and crystallite size of the will obtained Er,O3 nanoparticles. For the Er,O3 with
lowest crystallite size, which was prepared using pH = 12.0, the study has been extended to investigate
the effect of calcination temperature on its structural as well as textural features at the temperature
range of 300-700 °C. Various characterization techniques have been employed including TGA, XRD,
FTIR, FE-SEM, TEM and XPS. Moreover, the electrical conductivity of the samples calcined at
different temperatures was measured.

2. EXPERIMENTAL

2.1. Preparation of Er,O3; nanoparticles

Analytical grade chemicals, commercial Er,O3, HNOg3, and NaOH, were the reagents employed
in the present investigation and they were used without further purification. Two series of Er,O3
samples were prepared using the precipitation method. In the first one, we have investigated the
influence of the pH value on the particle size of the obtained nano-crystalline Er,Os. Briefly, 2 g of
commercial Er,O3 was dissolved in dilute HNO3 with heating, which resulted in the formation of a
pale pink solution of Er(NO3)s. Then, NaOH (2 M) solution of was added dropwise to the Er(NO3);
solution with vigorous stirring until a pH value of 9.0 was reached. The pink precipitate obtained was
stirred for 30 min, then filtered using centrifuge, and washed with distilled water several times until the
pH value of the filtrate reached about. The pink solid obtained was dried at 40 °C for three days.
Finally, the dried product was calcined at 500 °C for 1 h. Two other samples were prepared using the
same procedure by keeping the pH during the precipitation process at 10.5 and 12. In the second series,
we have investigated the influence of the calcination temperature change, 300 -700 °C, on the phase
formation and the crystallite size of Er,O3; nanoparticles. The working procedure employed in the
preparation of this series was similar to that used of the former one, where a pH value was adjusted to
12.0 during the precipitation. The selection of pH value of 12.0 during the precipitation of the samples
of this series was attributed to the fact that this pH has led to the formation of Er,O3; with the smallest
crystallites size (vide infra).

2.2. Instrumentation

Thermogravimetric analysis of the dried parent (DTA/DTG) was conducted on a TA
instrument apparatus (model TGA-Q500) from ambient till 950 °C using a heating rate of 5 °C min*
in nitrogen flow (40 ml min™). FT-IR (4000-400 cm ™) was recorded on the Nicolet iS50 FT-IR
spectrometer using Attenuated Total Reflectance (ATR) sampling accessory. Phase analysis of the
Er,O3 nanoparticles was performed by powder XRD using Thermo-Scientific ARL X'TRA Powder
Diffractometer with Cu Ko radiation ( A = 1.5418 A). The surface morphology and the microstructure
were examined by (i) a field emission scanning electron microscope (JEOL model JSM-7600F)
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equipped with EDS (energy dispersive spectroscopy) system, and (ii) transmission electron
microscopy (TEM, model JEM1011). The X-ray photoelectron spectroscopy (XPS) analysis was
performed on a Thermo Scientific K-Alpha KA1066 X-ray photoelectron spectrometer, using a
standard dual-anode excitation source emitting monochromatic Al-Ko (1486.6 eV) radiation. The
electrical conductivity of the calcined Er,Os; nanoparticles was measured using Keithley 6517A
electrometer. In each run a 0.5 g of the sample powder was pressed between two silver electrodes (1.0
cm diameter), then placed in the conductivity Pyrex glass cell placed in a tube furnace, where its
temperature was controlled using a digital temperature controller. The conductivity values were
measured with the temperature.

3. RESULTS AND DISCUSSION

3.1. Characterization of the dried Er-parent

Fig. 1(a) shows the XRD pattern of the solid product dried obtained by the precipitation of Er®*
ions using NaOH at pH of 9.0. The pattern indicates the presence of one peak at 26 = 25.40° and two
other broader peaks at 260 = 27.50-38.0° and 38.0-70.0°. These observations indicates the amorphous
nature of the obtained material. Moreover, these reflections did not match with the standard JCPDS
cards for erbium hydroxide. FT-IR spectrum of the Er-parent (Fig. 1(b)) shows the presence of
absorptions at 670, 850, 1084, 1383, 1530, 1644 and 3450 cm ™. The absorptions at 1530, 1383, 1084,
850 and 670 cm* can be assigned to the vs, vi, V2, vs, v¢ normal vibrational bands for carbonate group
in erbium carbonate, respectively [30-32]. The two bands located at 1644 and 3450 cm™* can be
assigned to the O—H bending and stretching vibration modes, respectively [33]. This picture suggests
that the obtained parent is hydrated carbonate or hydroxy-carbonate of erbium. In this context,
different methods have been employed in the preparation of rare earth carbonates with various
structures. The common method utilized is the reaction of the carbonate or bicarbonate anions with an
aqueous solution of the rare earth ions [30-32,34]. Other preparation routes involve the reaction of
urea with an aqueous solutions of rare earth ions at ~ 90 °C [32] or the hydrolysis of these rare earth
trichloroacetates [34]. Yanagihara et al. [31] successfully prepared La**, Nd**, Sm*", Eu**, Gd**, Dy**
and Ho®>* normal carbonates by the reaction of the corresponding oxides suspensions of these ions
with CO, under supercritical conditions (68-240 atm). Concurrently, Caro et al. [35] prepared
holmium and erbium carbonates by the vigorous stirring of a water suspension of their oxide powders
under a CO, atmosphere. Michiba et al. [36] prepared a series of RE(CO3)OH, RE = La, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, and Er, hydrothermally in alkaline medium.

FE-SEM inspection of the dried Er-parent reveals the presence of a porous network covering
the surface of this solid, which exhibit cauliflower-like structure (Fig. 1 (c)). The relevant EDX pattern
of the Er-parent (Fig. 1 (d)) indicates that it is composed of Er, C, and O atoms with mass% ratios of
57.15:13.20:29.65, respectively. Accordingly, we may explain the formation of erbium carbonate as
expressed by the following equations:

NaOH - Na*+OH 1)
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Figure 1. XRD (a), FT-IR (b), FE-SEM (c) and EDX (d) of the dried Er-parent prepared by the
precipitation rout at pH of 9.0.

TGA thermograph of the dried Er-parent is shown in Fig. 2. The first weight loss step in this
thermograph extends from ambient till around 195 °C and maximized at 93 °C. The obtained weight
loss in this step is amount to 12.05 %. This step plausibly could be related to the dehydration of erbium
hydroxy-carbonate. Accordingly, the formula ErOHCO3-1.25H,0 can be proposed and the dehydration
of this parent could proceed as follows:

2ErOHCO3:1.25H,0 — 2ErOHCO3+25H,0 (6)
2ErOHCO; — EI‘zo(COQ,)Q + H,O

Fig. 2 shows the presence of a consecutive steps, which are maximized at 232 °C and 534 °C.
These steps are accompanied by a total weight loss of 15.78 %, which is close to that 16.5 %
anticipated to the removal of CO, molecules according to:

Er,0(CO3); — Er,0,CO3+CO, (8)
Er,0,CO3 — Er,O3 + CO,
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Figure 2. TGA thermograph of the dried erbium parent prepared at pH = 9.0.

3.2. Effect of pH

To gain insight to the effect of pH on the morphology and crystallite size of Er,Os;
nanoparticles, a combined XRD, FE-SEM, TEM and XPS analyses have been performed. XRD
patterns of Er,O3 nanoparticles prepared at different pH values and calcined at 500 °C are presented in
Fig. 3. Inspection of this figure reveals that all the three samples exhibit similar XRD patterns.
Moreover, all the obtained reflections in these patterns can be indexed as crystalline cubic Er,O3
(JCPDF file 77-0777). The magnified part of the strongest reflection (20 at 29.11 — 29.29) in Fig. 3
reveals a shift of that reflections towards left with the pH value of the preparation increase i.e. 20
decreases. Table 1 lists the diffraction data for the Er,O3 samples prepared at pH values of 9.0, 10.5
and 12.0 and calcined at 500 °C. From the inspection of these data it appears that all the diffraction
peaks exhibit 20 shift with the pH value increase. The extent of this 20 shift increases with the pH as
well as 20 increase. The Bragg Equation (2 d sin # = n ) indicates that decreasing & value results in
the increase of the inter-planar distance (d). Table 1 indicates that the observed shift in the 20 values
towards lower values is accompanied by an increase in the corresponding inter-planar distances. In
other words, increasing the pH value during the samples preparation is accompanied by a lattice
expansion of the prepared Er,O3; nanoparticles. This finding indicates the sensitivity of Er,O3 to the
pre-synthesis treatments. In the literature there are several papers reporting the lattice expansion of
Er,O3 as a result of the pre- and post-synthesis treatments. For instance, an inter-planar distance
increase was reported upon increasing the Er,O3 mole % in the ZrO,-Er,O3 [37] and ThO,-Er,03 [38]
systems. More recently, a lattice expansion of Er,0O3; was obtained after high-temperature deuterium
permeation experiments [39]. The crystallite size of the three Er,03; samples was estimated using
Sherrer equation, d = 0.9 A / B cos 6, where A is the X-ray excitation wavelength, B is the experimental
full width at half maximum for the strongest reflection (26 at 29.11 — 29.29) and @ is the Bragg angle.
The calculated sizes were 21, 23 and 19 nm for the samples prepared at pH values of 9.0, 10.5 and
12.0, respectively.
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Figure 3. X-ray powder diffraction patterns of Er,O3 prepared at pH = 9 (a), 10.5 (b) and 12 (c) and
calcined at 500 °C.

Table 1. JCPDS and experimental data h k I, diffraction peak positions, inter-planer distance (d) values
of the cubic Er,O3 prepared by the precipitation method at pH values of 9.0, 10.5, and 12.0 and
calcined at 500 °C.

(h k1) Sample preparation pH value
i diiar 9.0 10.5 12.0

[o] ' [nmj 29exp. d exp. 2eexp. d exp. 26exp. d exp.

[°] [nm] [°] [nm] [°] [nm]

211 20.63 4.301 20.60 4.308 20.54 4.320 20.42 4.345
222 29.34 3.041 29.29 3.046 29.23 3.052 29.11 3.065
400 34.00 2.634 33.91 2.641 33.85 2.645 33.73 2.655
440 48.87 1.863 48.77 1.865 48.71 1.867 48.53 1.874
622 58.03 1.588 57.94 1.590 57.88 1.591 57.64 1.597

liter. = literature, exp. Experimental, d = inter-planar distance

Fig. 4 depicts the surface morphology of Er,03 samples prepared at pH = 9.0-12 and calcined
at 500 °C as investigated by FE-SEM. All the three samples show a porous morphology resulting from
the gases (H,O and CO;) emerging during the calcination process. Similar morphology is exhibited by
the two samples prepared using pH = 9.0 and 10.5, which are characterized by the presence of irregular
shaped particles, which contain foam-like structures distributed among them. The sample prepared at
pH = 12.0, on the other hand, consists of agglomerations of nearly sphere-shaped particles, which

contain narrower pores.
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Figure 4. FE-SEM photographs of Er,O3 prepared at pH = 9 (a), 10.5 (b) and 12 (c) and calcined at
500 °C.

The relevant TEM nanographs of these Er,03 samples are presented in Fig. 5. The image of the
sample prepared at pH = 9.0 (Fig. 5 (a)) shows a nano rod-like crystals with uniform diameters (9-13
nm) and lengths in the range 35-100 nm. Increasing the pH value to 10.5 during the preparation
procedure clearly results in the production of nano rod-like Er,O3 crystals with larger dimensions as
shown in Fig. 5(b). A dramatic morphological change was obtained upon increasing the precipitation
pH value to 12 (Fig. 5(c)). Obviously, such treatment induces a rod-like — sphere-like transformation.
The obtained particle have diameters in the range 7-13 nm. This morphology difference between the
samples prepared at different pH value clearly indicates the high sensitivity of Er,O3 nanoparticle to
the pre-synthesis conditions.

The XPS spectra were performed to examine the chemical surface composition and oxidation
state of the prepared Er-samples. The obtained Er 4ds;, and O 1s XPS spectra of the Er,O3; samples
being prepared at different pH values are presented in Figs. 6(A) and 6(B), respectively. Fig. 6(A)
reveals two characteristic spectral features Er 4ds,,. The firs one appears at binding energy close to 169
eV, which is close to that (168.3-169 eV) reported for Er,O3 sesquioxide [14,40-44]. The second
feature appears at 175.00 eV, which is shifted to 179.46 eV on increasing the pH to 12.0. Due to the
insufficient information about the XPS spectra of erbium carbonate in the literature and from the fact
that various RE oxides tend to form surface carbonates, by reaction with CO,, on the exposure to
atmospheric air [45,46]; we may relate this feature to Er** in erbium surface carbonate. The O 1s
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spectrum of the Er,O3; sample prepared at pH = 10.5 (curve b in Fig. 6(B)) shows two peaks at 532.48
and 538.22 eV. This first one could be attributed to Er—O groups [41,44], whereas the second
component is close to that ascribed to C-O species [46]. Increasing the pH value during the Er,03
preparation shifts these two peaks to 533.51 and 541.14 eV, respectively. On the other hand,
decreasing the preparation pH value to 9.0 leads to a merge of these two component in one broad peak
at BE value of 535.56 eV.

100 nm

—~

Figure 5. TEM pictures of Er,03 prepared at pH =9 (a), 10.5 (b) and 12 (c) and calcined at 500 °C.

3.3. Effect of calcination temperature

In this section we will present the results of changing the calcination temperature on the
physico-chemical properties of Er,O3; prepared using pH = 12.0, which possesses the smallest
crystallites size. The XRD patterns of the erbium precursor calcined at the temperature range of 300—
700 °C are shown in Fig. 7. Heating the Er-precursor at 300 °C leads to the formation of an amorphous
solid material. Calcining the Er-precursor at 400 °C is accompanied by an emergence of new
reflections match well with those of the cubic Er,03 (JCPDF file 77-0777) with lattice constant “a” of
10.5360 nm. Further raise in the calcination temperature till 700 °C leads to an increase in the intensity
of all reflection due to Er,0O3 phase.
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Figure 6. Er 4ds, (A) and O 1s (B) XPS spectra of the Er,O3 samples being prepared at pH = 9.0 (a),

10.5 (b), and 12.0 (c).

The magnified section of the strongest Er,O3 reflection (Fig. 7) shows a gradual shift towards
higher 26 values with the calcination temperature raise. The diffraction data for the calcined Er,O3
samples are listed in Table 2. It is obvious that all the diffraction peaks are shifted towards higher
values as a result of raising the calcination temperature. Table 2 shows that the calculated inter-planar
distance (d) decreases as the calcination temperature and the 26 increased. The Sherrer-estimated
crystallite size values were 17.5. 19.0, 19.8 and 23.0 nm for the Er,0O3 samples calcined at 400, 500,

600 and 700 °C, respectively.

Table 2. JCPDS and experimental data h k I, diffraction peak positions, inter-planer distance (d) values
of the cubic Er,O3 prepared by the precipitation method at pH value of 12.0 and calcined at

400, 500, 600 and 700 °C.

Sample calcination temperature [°C]

(h k1 204, d it 400 500 700

[°] [nm] 26exp. d exp. 29exp. d exp. 29exp. d exp. 26exp. d exp.

[’] [nm] ] [nm] [’] [nm] ] [nm]

211 20.63 4.301 20.36 4,358 20.42 4.345 20.54 4320 | 20.60 4.308
222 29.34 3.041 28.99 3.077 29.11 3.065 29.29 3.046 | 29.31 3.044
400 34.00 2.634 33.67 2.659 33.73 2.655 33.91 2.641 | 33.98 2.636
440 48.87 1.863 48.47 1.876 48.53 1.874 48.77 1.865 | 48.83 1.863
622 58.03 1.588 57.58 1.599 57.64 1.597 57.88 1591 | 57.94 1.590

lit. = literature, exp. Experimental, d = inter-planar distance
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Figure 7. X-ray powder diffraction patterns of Er,O3 prepared at pH = 12 calcined at 300 °C (a), 400
°C (b), 500 °C (c), 600 °C (d) and 700 °C (e).

Fig. 8 depicts the FE-SEM photographs of erbium samples calcined at 400 and 700 °C. Fig.
8(a) reveals that the 400 °C calcined sample possesses a porous morphology resulting from the gases
evolved during the calcination process. Moreover, the particles of this sample show an irregularly
shaped agglomerates.

210000 1S0OkVSEl CEMAR SEM WD 4.2

210000 1SOkVSEl CEMAR SEM WD 4.2

Figure 8. FE-SEM photographs of Er,O3 prepared at pH = 12 and calcined at 400 °C (a) and 700 °C
(b).
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100 nm 100 nm

Figure 9. TEM photographs of Er,O3 prepared at pH = 12 and calcined at 400 °C (a) and 700 °C (b).

Raising the calcination temperature to 700 °C (Fig. 8(b)) is associated with an elimination of
the inter-particles voids and the formation of aggregates with flake-like morphology. TEM nan-graph
of the 400 °C calcined sample (Fig. 9(a)) reveals that it is composed of welded sphere-like particles
with diameters in the range 16—19 nm. Similar morphology is exhibited by the 700 °C calcined sample
(Fig. 9(b)), where larger particles (18-31 nm) can be observed.

Fig. 10 shows the XPS spectra of the Er,0O3 samples obtained by calcining the Er-precursor at
400 and 700 °C for 1 h. Inspection of the Er 4dsj, spectra shown in Fig. 10(A) reveals the following
two points: (i) erbium sesquioxide as well as erbium carbonate coexist on the surface of the 400 °C
calcined sample as judged from the appearance of the two peaks at 169.66 and 178.63 eV,
respectively, and (ii) the 700 °C calcined sample showed the persistence of the peak due to erbium
sesquioxide and the disappearance of the peak due to erbium carbonate. In this context, our XRD data
(Fig. 7) indicated that Er,O3 is the only phase detected for the samples calcined at the 400-700 °C
range. The detection of erbium carbonate for the 400-500 °C calcined sample is not surprising, since
XPS is a surface technique whereas XRD is a bulk analysis tool. The XPS spectra of the O 1s level for
the 400 and 700 °C calcined samples are shown in Fig. 10(B). Spectrum (a) in this figure shows two
peaks at BE values of 532.38 and 541.00 eV. Following the previous assignments for the XPS data
presented in Fig. 6(B), these two peaks could be related to Er—O [41,44] and C-O [46] species,
respectively. Calcining the Er-precursor at 700 °C has led to the disappearance of the peak at 541.00
eV, which indicates a dissimilar oxygen bonding environment to that of the 400 °C calcined material.
In other words, the surface of the 700 °C sample contains Er,O3 phase only, where erbium carbonate is
completely decomposed. This finding is a further confirmation for the 541.00 eV peak to erbium
carbonate phase. Electrical conductivity measurement was performed as an additional tool to
characterize the 300-700 °C calcined samples. The experiments were carried out at the 200-500 °C
range. In Fig. 11, the natural logarithm of the ¢ as a function of the calcination temperature plots are
shown at various measuring temperatures.
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Figure 10. Er 4ds;; (A) and O 1s (B) XPS spectra of the Er,O3 samples being prepared at pH = 12.0
and calcined at 400 °C (a) and 700 °C (b).

The obtained results show that the mode of conductivity variation with the pre-treatment
temperature is the same for all the measured temperatures (200-500 °C). The picture shown in Fig. 11
can be understood taking into account the previously discussed characterizations results. Maximum
conductivities are exhibited by the 300 °C calcined sample. A drop in the conductivity can be observed
as result of calcining the Er-precursor at 400 °C. This drop corresponds to the Er,O3 phase formation,
which was confirmed by the XRD measurements (Fig. 7). In other words, the amorphous erbium
carbonate, which is the constituent of the 300 °C calcined sample, is characterized by higher
conductivity of the erbium sesquioxide. It is known that the oxides that crystallize in the fluorite
structure (such as stabilized ZrO, and ThO,) exhibit O> ion conduction. It was reported that the rare
earth oxides with type-C structure can be considered as a modified fluorite structure. Erbium
sesquioxide is the common known solid oxide, which has the rare earth type-C structure up to 2280 °C
[47].

Yo et al. [48] demonstrated that the electrical conductivity of erbia increase with both the
temperature and the oxygen partial pressure. Won et al. [37] reported a conductivity decrease upon
increasing the Er mol % in the ZrO,-Er,O3 system. Fig. 11 shows that further raise in the calcination
temperature till 700 °C is accompanied with a continuous conductivity decrease.
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Figure 11. Variation of Inc with the calcination temperature for erbia prepared using pH = 12.0 and
calcined at the 300-700 °C.

This behavior can be understood taking into consideration: (i) the fact that increasing the pre-
treatment temperature results in a continuous elimination of the traces of erbium carbonate as indicated
by XPS analysis, and (ii) the increased crystallite size of Er,O5; during the calcination temperature
raise. In agreement, a conductivity decrease was reported up on increasing the calcination temperature
of PrgOy;1 from 600 to 700 °C [27] and for Dy,03 from 500 to 700 °C [28]. This conductivity lowering
was correlated with the obtained grain size decrease. Concurrently, higher conductivities at lower
sintering temperatures were reported for Y,03-doped CeO, ceramic [49].

4. CONCLUSIONS

In this contribution, we reported a simple and straightforward method, which involves the
precipitation of erbium ions using sodium hydroxide, for the shape- and size-controlled synthesis of
Er,O3 nanoparticles in high yield. It was found that the precipitation pH value as well as the
calcination temperature are the key factors that controls the morphology, crystallite size, the electrical
conductivity of the obtained Er,O3. Increasing the pH value during the precipitation has led to rod-like
— sphere-like morphology transformation together with an increase in the inter-planer distances.
Increasing the calcination temperature is accompanied by a crystallites size increase and a decrease in
both the inter-planer distance and the electrical conductivity of the obtained solids.
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