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1. Materials' structural and microstructural features

Fig. S1. (a) XRD and (b) SEM image of the GDC-10 ceramics samples, sintered at 1450 °C for 10 
hours in air. The XRD pattern is indexed with pure ceria [1].

The diffraction peak is getting broadened for the CDC powder pattern in Fig. 1a. It somewhat 

shifts towards lower 2θ angles with increasing calcium concentration, leading to the expansion 

and slight distortion of the crystal lattice structure. The average crystallite size (d) of the 

calcined powder is calculated from the Scherrer equation: , where λ is the 
𝑑 =

0.94𝜆
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Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2024



wavelength of Cu Kα radiation, β is the full width at half-maximum, and θ is Bragg's diffraction 

angle. The d value is around 50 nm for the CDC-2.5 sample, whereas other compounds have a 

value between 15-25 nm. The XRD profile for sintered pellets results in narrow and sharp 

peaks, which indicates high crystallinity due to particle grain growth at high sintering 

temperatures of 1450 °C for 10 hours. 

Table S1. The grain size and lattice constant of the CDC ceramics.

Sample ID Lattice Constant (Å) Grain Size (μm)
CDC-2.5 5.4123 4.8 ± 0.3

CDC-5 5.4165 3.5 ± 0.3

CDC-10 5.4174 4.5 ± 0.4

CDC-15 5.418 3.0 ± 0.4

  
Figure S2: The estimated lattice constant with respect to Ca concentration in Ce1−xCaxO2−x ceramics, 

showing an incremental behaviour up to x = 0.1. The lattice constant value is compared with the 

literature data of M. Momin et al. [3], V. Thangadurai et al. [4], and H. Arai et al. [5]. The slight 

difference is ascribed to the powder synthesis method, starting particle size, sintering conditions, and 

sample preparation. 

The lattice constant did not increase linearly with Ca2+ concentration and did not follow 

Vegard's law. A similar gradual non-linear increment of lattice constant was also reported for 

YbxCe1−xO2−δ, NdxCe1−xO2−δ, and YxCe1−xO2−δ systems [6][7]. 



Fig. S3: SEM images of the cold-fractured phase of the dense CDC ceramics samples.

The bulk density of the sintered samples was measured using the Archimedes method, above 

95% of the theoretical density. As observed in Fig. S3, the microstructure is dense and in line 

with the experimental density values. Only the CDC-2.5 sample shows a small percentage of 

intergranular pores. As assessed via the linear intercept method, the number-average grain size 

ranges between 3-5 μm (Table S1). The red circles in the CDC-15 sample confirm the presence 

of a secondary phase. An earlier publication reported a similar result, showing no composition 

variation within the segregated zone [2]. 



Fig. S4: A typical bright-field TEM image and characteristic Fast Fourier Transformation (FFT) images 
of the CDC-15 sample. The white region represents the grain boundary triple junction. The interplanar 
d spacing value is about ~3.15 Å and 1.63 Å for [111] and [113] planes. 

2. Mechanical properties

Fig. S5: (a) A typical displacement/load−time curve in the fast nanoindentation measurement for CDC-
5 samples at room temperatures. The inset illustrates the displacement under a constant hold segment, 
showing a primary creep response. (b) The load-displacement curve shows an increment of 
displacement at maximum load.

The mechanical properties of CDC ceramics samples were measured via the nanoindentation 

(NI) and ultrasound pulse-echo velocity (SV) method at room temperature. The 

nanoindentation depth is well formed, and no pop-ups or instabilities were observed during the 



measurements. Likewise, in rare-earth doped ceria compounds [8], all CDC ceramics exhibit 

noticeable primary creep during the load-hold phase in the NI measurement (see Fig. S5). The 

creep constant (A) was estimated from the time-displacement curve that follows the relation

, where  and  are the change of displacement and time, respectively, at  ∆𝑢 = 𝐴 (∆𝑡)1/3 ∆𝑢 ∆𝑡

constant loading [9].

  
Fig. S6: Room temperature (a) creep constant and (b) Young's modulus of calcium-doped ceria 
ceramics as a function of dopant concentration under fast and slow loading, with a maximum load of 
150 mN. The creep constant (Fast) and Young's modulus value of undoped ceria are taken from 
Korobko et al. [9] and Varenik et al., [10], respectively. 
As can be seen in Fig. S6a, a large difference in creep rate constant (A) occurs between the 

fast (15 mN/s) and slow (0.15 mN/s) load conditions, which meaningfully underlines the effect 

of the load speed on creep magnitude. The origin of the creep mechanism in cerium oxide is 

attributed to the time-dependent lattice complex (7O-CeCe- ) reorientation under the �̈�𝑂

anisotropic mechanical stress field [8][11]. As the lattice response is time-dependent, at fast 

loading, i.e., the time required for lattice reorientation is higher than the given load rate. 

Accordingly, the lattice rearranges during the load-hold phase, leading to creep deformation. 

Whereas at slow loading, the time scale for loading is considerably slow concerning lattice 

reorganization time, resulting in a reduction of deformation during the hold phase. It is 

interesting to note that creep is suppressed with calcium concentration (an increase in the  �̈�𝑂

concentration) for 0.025 < x < 0.1. This observance agrees with the previous experimental 

result, suggesting that increased oxygen vacancy concentration accelerates point defect 

rearrangement, alleviating the indenter's mechanical pressure [11]. However, increased A value 

at higher doping, e.g., CDC-15, is due to the formation of the excessive dopant-vacancy cluster 

and a possible transition of fluorite to a double fluorite structure. Considering the indentation 

depth (700-800 nm) and the grain size of the materials, it is highly expected that the grain 

boundaries insignificantly influence creep. Compared to CDC compounds, the GDC-10 



compound has a reported creep constant value of 18 nm/s1/3, obtained using a similar 

methodology (rapid loading) [12][13]. This result indicates that the CDC is less anelastic than 

the GDC. As expected, the creep behavior affects Young's modulus derived from NI (Fig. S6b), 

revealing considerable differences between fast and slow modes. More specifically, a large 

deviation is observed for CDC-15. The magnitude of Young's modulus in slow measurement 

is approximately 15-70 GPa higher than in fast mode, depending on the dopant content. 

Young's modulus shows a declining trend with calcium concentration agreeing with the 

theoretical prediction since the dopant (Ca) increases the average bond length. i.e., lattice 

constant, and reduces the chemical bond number [14]. On the contrary, the early work of Yan 

et al. [15] shows that calcium-doped ceria does not demonstrate considerable change in 

Young's modulus concerning Ca concentration. These authors emphasized that CDC undergoes 

phase segregation and has to be viewed as a composite of Ca-rich and Ca-poor phases. Young's 

modulus of GDC-10 is 210 GPa, measured in fast loading mode [7][12]. 

Fig. S7: Uncorrected and porosity-corrected (a) Young's and (b) shear modulus, as calculated from 
sound velocity (SV) measurements, and (c) Hardness estimated from the nanoindentation method of the 
CDC ceramics. The data of undoped ceria is taken from Varenik et al. [10].

The longitudinal and shear sound velocities were measured with accuracy better than 0.25% 

from pellet height, and the ultrasound time of flight was measured using a transducer attached 

to the pellets with high viscosity commercial honey without additional force, as described in 

[10][16]. The two models, static and dynamic, are explained in detail in the Supplementary file 

of Ref. [10]. The mechanical properties results, as determined by sound velocity (SV) 

measurements, are revealed in Fig. S7, highlighting the absence of microcracks in the samples. 

As expected, the shear and Young's moduli monotonically decrease with calcium 

concentration. Moreover, Young's modulus calculated from SV measurements is slightly 

smaller than NI's. The nano hardness value is higher in the fast measurement than in the slow 



one. However, the calcium dependency on the hardness value cannot be confirmed because of 

the large statistical uncertainty in the CDC-10 and CDC-15 samples.

3. Electrochemical properties

 
Fig. S8: (a) Comparison of frequency-dependent dielectric loss tangent of the CDC samples at 350 °C. 
(b) Frequency-dependent dielectric loss tangent plot at 250 °C for the CDC-5 compound, illustrating 
two relaxation peaks associated with grain interior (bulk) and grain boundary. 

Table S2. The capacitance and relaxation frequency of the CDC samples at 300 °C.

Sample ID Cbulk (F) Cg.b.(F) fbulk (Hz) fg.b. (Hz)

CDC-2.5 1.5 · 10−11 3.0 · 103

CDC-5 2.8 · 10−11 5.5 ·10−09 40 · 104 10 · 103

CDC-10 3.0 · 10−11 2.2 · 10−08 50 · 104 3.0 · 103

CDC-15 2.5 · 10−11 4.5 · 10−09 35 · 104 5.5 · 103

Fig. S9a displays the characteristic impedance plot, i.e., Nyquist plot (ρ' vs ρ" characterized by 

frequency) of CDC samples, examined at 300 °C. The impedance data were fit with an 

equivalent circuit model, comprising a series of RQ subcircuits, where R and Q 

correspondingly denoted as the resistor and constant phase element. As noticed, all investigated 

samples, excluding CDC-2.5, reveal two well-defined semicircles at high and intermediate 

frequencies, respectively, attributed to bulk (grain) and grain boundary polarization according 

to the brink-layer model. The low-frequency arc (tailed feature) is associated with the 

electrode-electrolyte interface, expressing a partial non-blocking behaviour. In this work, the 

electrode effect is not relevant for further discussion. As evidenced in Fig. S9a, the CDC-5 and 

CDC-10 duo exhibit comparable bulk resistivity, whereas roughly twofold larger resistivity is 

estimated in the CDC-15 sample. Moreover, they display distinct grain boundary resistivity. 



The blocking barrier effect on charge transport is characterized by the grain boundary blocking 

factor ( ) where [17]. The estimated is in a non-blocking nature 𝛼𝑔.𝑏.
𝛼𝑔.𝑏. =  

𝑅𝑔.𝑏.

𝑅𝑏𝑢𝑙𝑘 +  𝑅𝑔.𝑏. 𝛼𝑔.𝑏 

in the materials. The ~0.35 for CDC-10 is considerably higher than of the CDC-15 sample 𝛼𝑔.𝑏.

( ~0.2). However, this outcome does not agree with the microstructure analysis, as CDC-𝛼𝑔.𝑏.

15 displays strong local segregation of calcium at the grain boundaries/triple points. Such a 

difference highlights that the ion-blocking effect is not a mere geometrical parameter of grain 

but attributed to the solute drag effect during diffusion, accounting for the combined 

contribution from the purity of the starting powders, dopant segregation, nanodomains 

formation, microcracks, etc. For the case of the CDC-2.5 sample, a single semicircle is 

observed, corresponding to overlapped bulk and grain boundary contribution. Accordingly, the 

blocking effect cannot be distinguished, and only the total resistivity is assessed. As expected, 

with the rise of temperature, the impedance response moves towards the origin, i.e., a decrease 

of resistance (R). From the impedance data, bulk/grain, grain boundary, and total ionic 

conductivity are estimated and shown in Fig. S9b-d as a function of temperature. The bulk 

conductivity ( ) is calculated with the following formula, , where t is the pellet 𝜎∞
𝜎∞ =  

1
𝑅∞

𝑡
𝐴

thickness, and A is the electrode area.  denotes the bulk resistance. The grain boundary 𝑅∞

conductivity ( ) is computed using the formula, , assuming that the 𝜎𝑔.𝑏. 
𝜎𝑔.𝑏. = (

𝜏∞.

𝜏𝑔.𝑏.
) 𝜎∞

dielectric constant of the bulk and grain boundary is identical.  is the relaxation time, 𝜏

 where f is the frequency. The activation energy of charge migration for bulk and 
𝜏 = 𝑅𝐶 =

1
2𝜋𝑓

grain boundary is reported respectively as ~0.85 and ~1.10 eV, underlining no substantial 

variation with the response to nominal calcium concentration. The startling conclusion is that 

the secondary CaOx phase, thought to be an isolating phase, does not impact the total ionic 

conductivity. The total conductivity is significantly low in the CDC-2.5 sample, whereas the 

other compositions illustrate a similar value analogous to the reference GDC-10 sample. A 

single activation energy furthermore highlights that no change of charge transport pathway 

associated with oxygen vacancies as a function of temperature is observed [18].



     
Figure S9: (a) Illustration of typical geometry normalized Nyquist plots (ρ' vs ρ") of CDC ceramics at 
300 °C, measured in ambient air. The distinct arcs refer to the impedance responses of bulk/grain and 
grain boundary and electrode. The temperature-dependent Arrhenius plots of (b) bulk, (c) grain 
boundary, and (d) total electrical conductivities of the CDC ceramics. Note that grain boundary 
conductivity is the effective conductivity of a single-grain boundary. The reference CDC-5 and GDC-
10 data is taken from Ref. [19] and Ref. [20]. 
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