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Cerium Oxide;
The current research aims to present the structural characterization of Gd-doped ceria powders and sz qolinium:

ceramics, investigating the structural evolution resulting from cerium substitution with Gd across
the entire composition range from 0 to 100 mol.% Gd,0s. Ce;.«GdxO,.x» powders with varying Gd
contents (0 < x < 1) were synthesized using the ionic gelation method followed by thermal annealing.  XPS;

The resulting powders were subjected to high-temperature treatment to obtain ceramics.  cgramics.
Characterization methods included X-ray diffraction (XRD) to identify phase composition and

confirm the formation of Ce;.«GdxO,.x» solid solutions, infrared spectroscopy (IR) and scanning

electron microscopy (SEM) for structural and morphological studies, and X-ray photoelectron

spectroscopy (XPS) to evaluate the electronic structure. Comparative analysis of Gd-doped calcined . .
powders and sintered pellets revealed the impact of thermal treatment on the structural features of Article History:
the resulting solid solutions, elucidating the influence of gadolinium substitution. The novelty of this

lonic Gelation Method;

research lies in demonstrating the successful preparation of Ce;.«GdxO. solid solutions via an Received: 30 April 2024
alginate-mediated ion-exchange process and providing a detailed structural investigation over the  Revised: 28 August 2024
entire range of dopant concentrations. This assessment highlights the feasibility for further research

of these materials as suitable candidates for intermediate-temperature solid oxide fuel cells (IT- Accepted: 06 September 2024
SOFCs) or catalyst applications. Published: 01 October 2024

1- Introduction

Cerium oxide (CeO2) has provoked considerable attention in the recent years due to its unique properties and diverse
application areas, particularly in the field of green energy technologies, which are very relevant today [1]. The possibility
to modify its physicochemical properties through doping with different elements opens up opportunities for fine-tuning
important characteristics of CeO-based materials to meet specific application requirements, particularly in energy
conversion [2] and storage systems [3]. Extensive research has been directed toward studying the effect of doping CeO;
with various rare earth elements embedded into the cerium oxide lattice to enhance its performance as an electrolyte
material in solid oxide fuel cells (SOFCs) [4-8] and in particular such operating at intermediate temperatures (500-
700°C) (IT SOFCs), due to their high ionic conductivity in this temperature range [9, 10].

Among the investigated aliovalent dopants, gadolinium emerged as a promising candidate for improving the
functional characteristics of CeO,-based materials for the aforementioned applications. Substitution of Ce** with an
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appropriate amount of trivalent rare earth elements such as Gd** in the cationic sublattice creates oxygen vacancies
through charge compensation, promoting the diffusion of oxygen atoms in the CeO. crystal lattice. This contributes to
the increasing ionic conductivity of the obtained gadolinium substituted cerium oxides and facilitates their use as
electrolyte material for IT SOFC application [1, 11, 12].

Despite significant progress in the research results currently available in the literature focused on the study and
analysis of the general structural properties of Gd-doped ceria oxides, there remain some gaps related to the insufficient
availability of comprehensive analyses that correlate these properties with different Gd concentrations spanning the
entire range of compositions - from 0 to 100 mol. % rare earth dopant concentration. In general, the rare-earth-doped
cerium oxides obtained by the sol-gel method at a relatively low synthesis temperature (about 500 °C), compared to the
conventional high-temperature method (about 1300 °C), have not been sufficiently studied in a wide concentration range.
Moreover, the influence of subsequent heat treatment on the structural and electronic properties of such oxide materials
has not been extensively explored to date.

Considering the above, the aim of the present work is to fill these gaps by providing a detailed structural
characterization of Gd-doped CeO; powders and ceramics synthesized using an ionic gelation method, combined with
thermal treatment at different temperatures. The evolution of the structure as a function of Gd content, ranging from 0
to 100 mol.% Gd,0s3, and the impact of the performed thermal treatment are investigated and discussed.

The research direction towards elucidating the complex relationship between rare-earth dopant concentration and the
structural properties of the obtained solid oxides will contribute to the development of advanced ceria-based materials
with tailored properties such as improved oxygen storage capacity [13], redox properties [14, 15] and catalytic activity
[16-18] determining the possibilities of their use as materials for various technological applications.

The structure of the article is as follows: After the introductory section, the second part describes in detail the materials
and methods used in this study. To better visualize the experimental procedure, this section includes a flowchart of the
experimental process along with selected photos of the obtained materials. The results and their interpretation are then
presented in the discussion section, which provides a detailed insight into the structural characterization of the
synthesized materials. Finally, the last section summarizes the main conclusions and suggests potential future practical
benefits of our research.

2- Material and Methods

A flowchart of the experimental procedure with pictures of the products at each stage of the synthesis is presented in
Figure 1. Ce1-xGdxO2-x2 (0 < x <1) powders were synthesized by the ionic gelation (IG) method, which involves mixing
an initial solution of 2 wt% sodium alginate, low viscosity (CsH707) A(CsH7O7)BNa, (ThermoFisher Scientific Ltd., UK)
as a gelling agent, with preliminary prepared aqueous solutions of Ce(NOs3);.6H20, 99.99 % and Gd(NOs)s.6H-0,
99.99%, (Sigma-Aldrich, USA) in appropriate proportions, followed by thermal annealing of the resulting gel at a
temperature of 500 °C. The preparation procedure is described in details in Pezeshkpour et al. [19] and Wang et al. [20].
The obtained powder samples (referred to as low temperature samples (LT) further in the text) were pressed into pellets
(34 MPa) and sintered at 1400 °C for 3 h to produce ceramics (referred to as high temperature samples (HT) further in
the text).

The phase composition and the identification of Ce; xGdxO2.x2 solid solution formation were accomplished by X-ray
diffraction (XRD) using a Philips X-ray diffractometer PW 1030 with an X-ray source of Cu Ka radiation (A = 1.5406A)
and 0-20 Bragg-Brentano geometry. The scan step size was 0.03°, the collection time - 1s and the 20 range was 5-90°.
Interpretation of the diffraction patterns was carried out using the database PDF 2 - 2022, ICDD. The lattice parameters
were determined by peak profile and position fitting of the XRD data by Pawley method [21].

The morphology of LT and HT samples was characterized by scanning electron microscopy using Scanning electron
microscope PHILIPS SEM 515. The images were taken at 8 kV accelerating voltage using secondary electrons signal.

The basic structural units in the obtained materials were determined by Fourier-transform infrared spectroscopy using
Brucker Tensor 27 spectrometer. The samples were examined in the form of discs with a thickness of about 0.25 mm,
prepared by pressing a solid mixture of finely ground sample and KBr. The spectra were collected with 64 scans at a
resolution of 2 cm™, referring to the air as a background spectrum for better accuracy.

The electronic structure of the powders and ceramics was identified by X-ray photoelectron spectroscopy (XPS). The
measurements were performed by an ESCALAB MkII (VG Scientific, now Thermo Scientific) spectrometer equipped
with a double-anode MgKo/AlKa nonmonochromic X-ray source with excitation energies of 1253.6 and 1486.6 eV. The
energy scale was calibrated by normalizing the C1s line of the random hydrocarbons to 285.0 eV for electrostatic
charging of the sample. Binding energies were determined by measuring the O 1s, Ce 3d, Gd 3d, Gd 4d, and Na 1s
photoelectron peaks. Peak positions and areas were estimated by fitting a symmetric Gauss-Lorentz curve.
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Figure 1. Flowchart of the experimental procedure with pictures of the products at each stage of the synthesis

3- Results and Discussion
3-1- XRD Characterization

The XRD patterns of the Ce1-xGdxO2.x2 powders (LT samples) (0 < x < 1) are shown on Figure 3a. The observed
relatively broad peaks suggest a crystallite size of several tens of nanometers, which is related to the relatively low
temperature of post-treatment of the LT samples (500 °C). The broadening of the peaks with the increasing amount of
gadolinium indicates defects accumulation as a result of the incorporation of a trivalent element into the CeO; lattice. A
slight shift of the diffraction peaks of ceria towards lower 26 is observed across the entire concentration range.

The interpretation of the diffractograms was performed using the PDF 2 - 2022 database, ICDD. The mineral Cerianite
(ICSD 98-002-9046, ICDD #PDF 01-073-6328), which crystallizes in a CaF, structure, was used as the initial structural
model. The lattice parameters, calculated using the Pawley method (as mentioned in the experimental section), and the
crystallite size values of the calcined samples (LT) are presented in Table 1. Based on these calculations, it was
established that in the concentration range 0.1 < x < 0.6, cerium-gadolinium oxide crystallizes in a face-centered (FC)
cubic lattice with space group Fm-3m. At x > 0.6, there is a transition from a face-centered to a body-centered (BC)
cubic lattice with space group la-3. It is evident that the incorporation of gadolinium into the CeO: lattice leads to an
increase in the lattice parameter, accompanied by a decrease in the average crystallite size, coinciding with the transition
from the FCC to the BCC lattice. This transition is associated with the expansion of the unit cell of the cubic lattice due
to the difference in the ionic radii of Ce** (0.97 A) and Gd®* (1.04 A). Therefore, it is reasonable to expect an increase
in the cubic lattice parameter of the fluorite-type phases upon the incorporation of Gd3*.

Literature data indicate that the transition from FC to BC lattice for this system becomes noticeable when the Gd,O3
content exceeds 40 mol. % [22]. It is evident that for the samples obtained by the ion gelation method, the cubic FC
lattice remains stable at x = 0.6. For the sake of clarity, Figure 3b presents the diffractograms for the concentration range
0.7 < x < 0.9, indicating the transition from the FCC to the BCC lattice. As shown in the figure, the appearance of
peaks characteristic to the la-3 space group is identified.

The aforementioned structural transition is illustrated in Figure 2, where structural models of CeO, (space group Fm-
3m) and Ceo.GdosO1.60 (Space group la-3) are depicted. The modeling of the structures was performed using VESTA 3
software, which allows for three-dimensional visualization of crystal, volumetric, and morphology data [23].

From the structural model presented in Figure 2(b), it can be seen that the replacement of Ce** with Gd** results in
deformation of the environment around the cations and oxygen atoms in the crystal lattice. Consequently, instead of a
perfect cubic 8-coordinated environment for the cerium ion (as indicated in Figure 2(a)), deformation occurs along the
cube diagonal.
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Table 1. Structural characteristics of Ce;.xGdxO-.x> powders and ceramics determined by peak profile and position fitting of XRD data

Sample LT HT

(empirical formula)

Space Group  Cell param. (A)  Auver. size (A) Space Group  Cell param. (A)

Ce0, Fm-3m 5.411(9) 86 Fm-3m 5.410(3)
CesGeo 10105 Fm-3m 5.418(3) 85,5 Fm-3m 5.417(1)
CensGeo 20100 Fm-3m 5.426(0) 76 Fm-3m 5.422(6)
Cen7Gdo 30165 Fm-3m 5.432(9) 71 Fm-3m 5.427(5)
Ce06G00.4O150 Fm-3m 5.436(7) 65 la-3 10.858(7)
CepsGdosO175 Fm-3m 5.444(0) 50 la-3 10.855(5)
Ce04GdoeO170 Fm-3m 5.451(6) 43 la-3 10.855(4)
CepsGelo 70165 la-3 10.89(6) 42 la-3 10.846(1)
Ce2GdoeO150 la-3 10.88(7) 39 la-3 10.836(0)
Ce1GdogO1s5 la-3 10.86(4) 68 la-3 10.824(5)

14.093(1)

Gd,05 la-3 10.82(5) 180 ci12im1 3.574(9)

8.764(1)

(a) (b)

Figure 2. Crystal structure model of: a) CeO2 (Fm-3m) in which cerium ions occupy the center of the cube formed by 8 oxygen
ions; b) Ceo.2Gdo.sO1.60 (1a-3) in which the cerium and gadolinium ions share the same crystallographic position and are again
located in an 8-coordinated oxygen polyhedron, representing a cube deformed along the volume diagonal (oxygen ions are
indicated in red).

The stability of the FCC lattice over a broader concentration range could be attributed to: (1) the presence of linear
defects, which act as compensatory centers around which Gd** ions accumulate; and (2) the compensation of Gd®* charge
by sodium impuirities, the presence of which was confirmed by XPS and IR analyses (see below). These sodium ions do
not have a specific location in the crystal lattice and their corresponding phase cannot be identified by X-ray phase
analysis due to their relatively low concentration.

The diffractograms of the sintered ceramic samples (HT) are presented in Figure 4. As shown in the figure, high-
temperature treatment of the Ce1.xGdxO2-x2 powders leads to the sharpening of the XRD peaks, indicating an increase in
the crystallinity of the ceramic structure (Figure 4a). Figure 4b demonstrates the appearance of new diffraction peaks
associated with the formation of a body-centered cubic (BCC) cell as the gadolinium content increases.
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Figure 3. XRD patterns of Ce1-xGdxO2-x2 powders (LT samples): a) in the entire composition range; b) in the range 0.7 < x < 0.9
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Figure 4. XRD patterns of the Ce1.xGdxO2x2 samples thermally treated at 1400 °C and subsequently powdered: a) in the
entire composition range; b) in the range 0.4 <x<0.9.

Evidently, the structural transformation from the Fm-3m to la-3 space group occurs at x = 0.4 in the HT samples,
whereas in the LT powders, this transition occurs at x > 0.7. The coherent size of the crystallites in the LT samples,
which is on the order of a few nanometers, indicates the presence of numerous structural defects in their crystal lattice.
These defects contribute to the stabilization of the CaF-type lattice over a wider range compared to what is observed in
the HT samples. Judging from the full-width at half-maximum (FWHM) of the diffraction peaks, the coherent crystallite
size in the HT samples is at least two orders of magnitude larger, although its exact value could not be determined due
to peak broadening being very close to or even matching the instrumental broadening of the X-ray diffractometer used.
The absence of sodium impurities in the crystal lattice, as evidenced by FTIR and XPS spectral analysis of the HT
samples (see sections 3-3 and 3-4), facilitates the migration of other ions and accelerates the transformation of the crystal
structure.

3-2-SEM study

The cross-section morphology images of Ce;xGdxOz.x2 ceramic pellets sintered at 1400 ° C are shown in Figure 5.
The SEM analysis reveals a clear trend in the microstructural evolution of these ceramics with increasing of the Gd
content. Specifically, the SEM images illustrate how the grain size and porosity change as a function of Gd doping,
supporting the observed trend in the material’s microstructural development. This trend confirms the assumption of the
structural changes occurring and highlights the influence of Gd content on the densification and overall microstructure
of the ceramics.

The SEM micrograph of the undoped CeO, ceramic sample (x = 0) clearly visualizes the rather non-compact
microstructure characterized by grains with poorly formed boundaries as well as the presence of large intergranular
pores. This indicates that the material has not achieved full densification, which may affect negatively its mechanical
properties and ionic conductivity. As the Gd content increases to x = 0.3, there is a noticeable improvement in grain
boundary formation. The particles begin to exhibit more defined shapes and the pore size distribution becomes more
uniform. This intermediate level of doping suggests a partial enhancement in the densification of the material. The
substitution of Ce by Gd up to x = 0.5 leads to the formation of more tightly packed irregularly shaped particles and also
to a decrease in the size and number of intergranular pores. The observed significant reduction in particle size and more
compact grain structure at this substitution level can be related to the structural transformation from Fm-3m space group
to la-3 occurring in the ceramic samples at this additive concentration. This assumption is consistent with the results
obtained from the XRD analysis as shown in Table 1 (HT samples). At higher doping level of x = 0.7, the SEM
micrograph shows a further reduction in particle size and visualizes greater uniformity of grain shape and size. However,
the microstructure still contains pores, suggesting that complete densification of the material structure has not been
achieved. This insufficiently compact structure of the obtained ceramics could be related both to the specificity of the
ionic gelation method that we used for the synthesis of the powder samples, and it could also be due to the insufficiently
high pressure applied during the pressing of the ceramic pellets, subject to the present analysis.
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The assumption of a correlation between SEM observations and structural XRD data supports the hypothesis that Gd
doping improves the structural properties of CeO, ceramics, tuning and optimizing them for potential desired

applications.

x=0.0

Figure 5. SEM pictures (cross section) of Ce1.xGdxOz-x2 samples, thermally treated at 1400 °C

3-3-FTIR Characterization

The infrared spectra of the Gd-doped CeO, powders (LT) and ceramics (HT), shown on Figure 6(a, b), are
characterized by well pronounced band in the range 250 - 640 cm%, arising from the Ce-O and Gd-O stretching vibrations
[24, 25]. This broad band becomes narrower in the ceramic samples, which could be explained by the high degree of
crystallinity that is achieved as a result of the high temperature treatment. The observed weak band at around 880 cm*
could be ascribed to the formation of Na,COs [26]. The band disappears after the heat treatment at 1400 °C. The latter
can be explained by the thermal decomposition of Na,COs into CO, and Na,O, which takes place above 800 °C [27].
When temperature rises above 1275 °C, sodium oxide sublimates [28] explaining the absence of sodium in the final
high-temperature material. The absorption band in the range 1360 - 1590 cm™* most probably originates from C=0
vibrations issued by the carboxyl groups of the sodium alginate after decomposition during the thermal treatment at 500
degrees [26, 29].

The absorption band at around 3500 cm™ is assigned to the O-H stretching vibrations, probably arising from adsorbed
moisture [30]. After calcination, most of the infrared absorption bands due to carbon-oxygen bonds disappear and only
low-intensity O-H and metal-oxygen bond bands are detected.

| Ce-Gd, LT (500°C) | | Ce-Gd, HT (1400 °C) |
2 Ce-0, Gd-O
Ce0,6d-0 coi c0 oH e
/\\ M L or
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Figure 6. Infrared spectra of Ce1xGdxO2-x2: &) LT samples; b) HT samples

3-4- XPS Analysis
Figure 7 (a, b) presents Ce 3d photoemission spectra of Ce1xGdxOa-xs.
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Figure 7. Ce 3d core-level spectra of Ce1-xGdxO2-x2: @) LT samples; b) HT samples

There are six clearly visible peaks that are characteristic of CeO; and they correspond to three pairs of doublet lines
which are due to different Ce 4f level occupancies in the different final electronic states of Ce**.

The deconvolution of the Ce 3d spectra was performed using the notations “v” and “u” introduced by Burroughs et
al. [31] as presented in Figure 7. The components denoted as “v” correspond to the Ce 3ds levels, while those denoted
as “u” are assigned to the Ce 3dsp levels. The doublets labeled v-u and v"-u” are attributed to the mixed Ce3d%4f202p*
and Ce3d%4f02p° final states of Ce**. The doublet v'"-u"" arises from the Ce3d°4f°02p® final state of Ce**. Components
Vo-Ug and v'-u’ correspond to Ce3d%4f202p°® and Ce3d°4f'02p8 final states of Ce®*, respectively. To detect the presence
of Ce®, the Ce 3d spectra were fitted with five pairs of doublet lines. Ce** was fitted with three doublets, with the Ce
3ds, component positions being: v at 882.4 eV, v at 888.4 eV, and v'" at approximately 898.0 eV. The two additional
doublets for Ce3* have binding energies for Ce 3ds;: Vo at 880.2 eV and v’ at 885.0 eV. Peak position constraints are
+0.3 eV. The “u” components (Ce 3dz2) are shifted by 18.4 eV to higher binding energies compared to the corresponding

[T}

v’ components, with the intensity ratio Au/Av being 2/3.

The amount of Ce* in % is calculated by the formula:

A
Ce3*[%] = Zee®* « 100% &)
X Acesd
where Y, A3+ is the sum of the v°, u’ v’ and u’ intensities and ) Ac,34 is the sum of the intensities of all ten Ce 3d
components. The percentage values of the calculated quantities are given above the corresponding curves in Figure 7 (a,
b).

Obviously, the calculated percentage of Ce*" increases with the gadolinium content in both powders and ceramics,
with a higher Ce*" content observed in high-temperature (HT) samples compared to low-temperature (LT) ones.
Surprisingly, in the low-temperature sample with x = 0.7, the amount of Ce** is the lowest. However, this observation
might be misleading due to the reduced quality of the spectrum caused by the low cerium concentration. In contrast, the
high-temperature sample with the same composition shows much more pronounced Ce*" signal contributions. This is
likely due to the formation of a more defect-free, homogeneous, and more ordered crystalline structure.

The O 1s spectra are shown in Figure 8(a, b). For the low-temperature (LT) samples, the O 1s spectra can be fitted
with at least two distinct peaks (Figure 8a). The component with the lowest binding energy (BE) of 528.8-529.5 eV
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corresponds to Ce-O and Gd-O bonds (lattice oxygen, OL-M-O). The O 1s component with a BE around 531-532 eV
is attributed primarily to non-lattice oxygen (defect oxygen, OD), which arises from the creation of oxygen vacancies
and defects in the crystalline structure. This component may also include contributions from adsorbed oxygen,
impurities, or residuals from preparation procedures, such as cerium and gadolinium carbonates, OH-groups, etc. Peaks
at BE > 532 eV are associated with adsorbed water from the atmosphere. Additionally, the Auger peak of sodium
impurities, observed only in LT samples, is evident. This finding supports the FTIR observations. After high-temperature
sintering (Figure 8b), the peak corresponding to lattice oxygen (OL) becomes the dominant and narrower peak,
indicating the removal of residual products and the formation of a more homogeneous and well-defined crystalline
structure.

The analysis of the oxidation state of gadolinium across the entire concentration range indicates that it remains in
the 3+ oxidation state, as evidenced by the 3d (BE = 1187 ¢V) and 4d (BE ~ 143 ¢eV) levels. However, a notable
difference from pure oxidized gadolinium is the reduced binding energy of approximately 1 eV for the lower peak. This
shift suggests a modification in the local environment around gadolinium, which provides evidence for its incorporation
into the ceria lattice.

o, Ols-LT
0 —
E 2
3 c
Ko} =)
s o
2 s
2 >
8 ‘»
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- 2
£
533 536 534 532 530 528 526 524 538 536 534 532 530 528 526 524
Binding energy, eV Binding energy (eV)
(@) (b)

Figure 8. O 1s spectra of Ce1.xGdxOz2-x2: &) LT samples; b) HT samples

4- Conclusion

The impact of Gd doping in Ce1xGdxO2x2 (0 < x < 1) solid solutions prepared by ionic gelation method with
subsequent thermal treatment was determined over the entire range of gadolinium concentrations. It was found that the
employed method for gadolinium incorporation in the ceria lattice yields stabilization of the crystal structure over a
wider concentration range compared to alternative synthesis techniques. This was proven by the identified structural
transformation from Fm-3m to la-3 space group, with specific gadolinium concentration threshold at x > 0.4 in the HT
samples and x > 0.7 in the LT powders.

An evolution in the particle size was also observed, manifesting as a significant reduction in size with the increasing
of gadolinium content.For the first time, high-temperature ceramics were prepared using powders synthesized by a low-
temperature approach characteristic of the ionic gelation method. It provides new insights into the potential of the ionic
gelation technique for creating advanced ceramic materials with enhanced thermal stability.

The results included in this study indicate the utility of gadolinium doping to modify the structure and, respectively,
properties of CeO; ceramics in order to facilitate state-of-the-art applications. For example, development of electrolyte
materials for solid oxide fuel cells, where the presence of Ce3* contributes significantly to improving ionic conductivity,
facilitating oxygen reduction, and reducing cell operating temperatures.
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