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Abstract

:

As transport properties of doped ceria electrolytes depend significantly on the nature of the dopant and the defectivity, the design of new materials and devices requires proper understanding of the defect structure. Among lanthanide dopants, Yb shows some peculiar characteristics that call for a possible different defect structure compared to Gd and Sm conventional dopants, which could be linked to its poorer performance. For this purpose, we combine synchrotron and neutron powder diffraction exploiting the Rietveld and Pair distribution Function. By increasing its concentration, Yb produces qualitatively the same structural distortions as other dopants, leading to a domain structure involving the progressive nucleation and growth of nanodomains with a Yb2O3-like (C-type) structure hosted in a fluorite CeO2 matrix. However, when it comes to growing the C-type nanodomains into a long-range phase, the transformation is less pronounced. At the same time, a stronger structural distortion occurs at the local scale, which is consistent with the segregation of a large amount of oxygen vacancies. The strong trapping of VOs by Yb3+ explains the poor performance of Yb-doped ceria with respect to conventional Sm-, Gd-, and Y-doped samples at equal temperature and dopant amount.
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1. Introduction


Pure and doped cerium oxides have high catalytic oxygen exchange and charge transport properties. When doped with lower valent cations (e.g., trivalent rare earth cations, RE3+), Ce reduction is depressed and oxygen vacancies (VOs) are formed proportionally to the amount of RE dopant, giving Ce1−µREµO2−µ/2. Consequently, significant ionic conductivity is promoted, already at low temperature (500–700 °C) [1]. This allows doped ceria to be used as an electrolyte for solid oxide full cells. Since doped ceria exhibits ionic conductivity properties that are even greater than those of yttria-stabilized zirconia, nowadays it is being investigated and tested for application in low-temperature devices [2].



The transport properties of doped ceria depend significantly on the nature of the dopant, morphology, and defectivity [1]. Therefore, the design of new materials and devices requires proper understanding of the defect structure of the electrolyte. A number of reports and reviews exist about the description of defect structure in doped ceria [3,4,5]. It is nowadays accepted that the VOs formed in response to aliovalent doping are not randomly distributed in fluorite; they rather tend to cluster together, leading to a system significantly different from an ideal solid solution. This is evident when the doping amount is increased to values near the solubility limit. Approaching the transition to the sesquioxide RE2O3 phase, either hexagonal A (RE = La, Nd) or cubic C-Type for other RE elements is formed [6]. Among the different dopants, most literature reports focus on Gd, Sm, and Y, which provide the highest ionic conductivities [7]. Still, the investigation of other dopants can provide further understanding of the system, as not all the dopants behave the same when entering fluorite.



A direct correlation between ionic conductivity and size mismatch between dopant and host Ce4+ ion was already established in the 1990s [7,8], and confirmed by ab initio calculations as the balance between migration barrier for bulk diffusion and dopant-VO interactions [9]. The first X-ray absorption spectroscopy (XAS) investigations proved that the more the VOs are distributed randomly, the higher the value of ionic conductivity [10]. Indeed, XAS generally found VOs close to the dopant ions, Sm being the only exception [11,12,13] as it can be either NN or NNN of the VO [14]. In general, it has been proposed that the dopant is arranged as in its own oxide [15], even though a full structural model cannot be obtained by XAS alone.



With the exception of Pr and Tb, which maintain a mixed valence state [11,16,17], the structural distortion around VOs has been found by Pair Distribution Function (PDF) studies to depend on the size mismatch between cations [18]. Cation size mismatch appears to also affect the dopant solubility limit into fluorite structure. Keeping in mind that reported solubilities are affected by the synthesis route, La doping can reach µ = 50%, maintaining long-range fluorite [19,20], while Yb is reported to enter fluorite up to µ = 40% [21]. However, it should be noted that slight C-type distortions from fluorite give rise to tiny superstructure peaks that can be easily missed unless recurring to synchrotron radiation (see [3] and references therein). Structural details about fluorite and C-type structures are discussed elsewhere [22] and will be recalled later. Structural evolution linked with heavy doping is an important factor to understand and to estimate the way defects interact at lower dopant concentration. Indeed, it was proved recently by PDF that for Y [23], Gd [22,24], and Sm [25], the fluorite to C-type transformation occurs via nucleation and growth of distorted C-type nanodomains that merge and percolate at a critical dopant concentration. This makes heavily doped ceria structure a hybrid between those of fluorite and C-type [5,26]. The presence of nanodomains with the structure of the dopant oxide was already observed by HRTEM for many different dopants (see e.g., [27,28,29]), although microscopy does not provide bulk structural information and no dopant-specific effects could be assessed. Interestingly, whereas the above diffractive investigations indicated that the transformation occurs without intermediate segregation of secondary phases, Yb and Lu are reported to form a biphasic system before transforming completely into a single cubic C-type phase [20,30,31,32]. The present investigation gives a complete description of the local and average structure of Yb-doped ceria as a function of composition and shows key differences with the other dopants. Powder diffraction data from synchrotron (XRPD) and neutron (NPD) were used to analyze data in both reciprocal (Rietveld) and real (PDF) space. NPD is particularly favorable because the weight of O–O correlations in the neutron PDF is far greater than in the X-ray PDF. Moreover, concerning the Yb-doped system, Yb possesses the highest neutron scattering length (12.43 fm [33]) among lanthanides, thus increasing the scattering contrast with Ce (4.84 fm [33]).




2. Results and Discussion


2.1. Long-Range Structure


CeO2 exhibits fluorite structure, space group Fm-3m with both Ce (4a, 0, 0, 0) and O (8c, ¼, ¼, ¼) in special position sites. Doping is accounted for by sharing the cation site and by randomly distributing VOs at the O site. Yb2O3, like other rare earth sesquioxides, at ambient conditions has C-type structure, space group Ia-3, with the cations split in two sites, Yb1 (8b, ¼, ¼, ¼) and Yb2 (24d, x~0, 0, ¼), and O ions slightly out of special position (48e x ~ 3/8, y ~ 1/8, z ~ 3/8). Partial substitution of Ce for Yb leads to occupation of the O2 site (16c, x ~ 3/8, x, x). C-type is closely related to fluorite. It can be described as a distorted fluorite where the ordering of VOs produces the doubling of cell axis (hence the occurrence of superstructure peaks in the diffraction pattern) and the shift of atomic coordinates described above. Especially in the case of X-ray, the value of the x coordinate of the M2 site (M = Ce, dopant) can be interpreted as the degree of C-type distortion: Only when x(M2) = 0, the atomic (cation) structure is fluorite; otherwise, the larger the shift of x(M2), the larger the C-type distortion.



Figure 1a displays the experimental XRPD patterns for different Yb content. Three main effects appear with increasing the amount of Yb. First, the shift towards high-Q of Bragg peaks, consistent with lattice shrinkage. Second, superstructure peaks evidence C-type ordering, as highlighted in Figure 1b. The (413) reflection is already observed for Yb375, even though with small intensity and large broadening, about four times broader than structure peaks. This phenomenon, consistent with the existence of anti-phase boundaries due to the nucleation and growth of C-type nanodomains starting on different sites, is consistent with the hierarchical structures already observed for Y, Gd, and Sm and described as C* [23,24,25]. Lastly, x(M2) is very close to 0 (−0.003), indicating that only a slight C-type distortion occurs. For Yb500, a full C-type structure is obtained.



Based on the changes in long-range structure, the solubility limit of Yb in ceria can be estimated around 0.35, though more compositional points could be taken to increase accuracy. At the same time, as shown in Figure 1c, increasing doping induces progressive and significant broadening of the structure peaks (see arrows). We examine peak broadening in terms of lattice strain and crystal size by carrying out Williamson–Hall (WH) analysis, whose results are shown in Figure 2.



All curves point roughly to the same intercept, with crystal size estimated in the order of 70–100 nm. Being aware of the limitations of the method when it comes to crystal size, the main result here is that microstrain is by far the most important contribution to peak broadening. In the inset of Figure 2, the estimated strain parameter ε as a function of μ is plotted, where μ is the amount of Yb in the sample. Since ε increases monotonically with the amount of Yb, we deem the origin of peak broadening to be compositional gradients across the material, which lead to a spread distribution (Δd/d) of the lattice parameter.



Table 1 list the results of synchrotron Rietveld refinements. Up to μ = 0.250, the structure is fluorite and a large increase in mean square displacement parameters (msd) is observed. This points to the occurrence of static disorder, i.e., ions occupying different absolute positions in different crystallographic cells, leading to a broader distribution of the electronic cloud and resulting in increased decay of the peak intensity as a function of the scattering angle [34].



The presence of a static contribution to the msd can be easily demonstrated by recording the temperature evolution of msd with the equivalent not-disordered form; in this case, CeO2. The temperature evolution of msd for CeO2, Yb125, and Yb250, estimated from NPD Rietveld refinements, is shown in Figure 3. Both cation and O sites (Figure 3a,b, respectively) shift rigidly towards high values of msd, thus confirming that static disorder increases with Yb concentration. The square root of the static contribution of msd leads to an average shift of atomic positions of approximately 0.05 and 0.08 Å for samples Yb125 and Yb250, respectively.




2.2. Local Structure—Neutron


Figure 4 reports the experimental neutron (Figure 4a) and X-ray (Figure 4b) PDF curves, while Table 2 shows selected interatomic distances computed by direct analysis. The first two signals in NPD PDF correspond to M–O and O–O distances, which in CeO2 occur at approximately 2.34 Å and 2.70 Å, respectively. By adding Yb, the M–O pair shrinks, according to lattice contraction, while O–O expands. This is not consistent with a fluorite atomic arrangement where all ions occupy special positions. In fact, lattice contraction would shrink all atom pairs.



This effect was already observed in Y-doped ceria and ascribed to the relaxation of O ions towards VOs, which increases the average O–O interatomic distance [18,35]. This model was first proposed for doped ceria by molecular dynamics [36]. Similar effects were observed on other systems [37].



Such a relaxation can be modeled by creating a 2a × 2a × 2a supercell with a VO and allowing the nearby O ions to relax towards it. Details of this “cluster” model are described in [18]. Because of geometrical constraints, this model can be applied only up to the composition Yb250. In fact, by further increasing the dopant concentration, some O ions are forced to be first neighbor of two different VOs, thus making the model unfeasible. Refinements accounting for O relaxations are shown in Figure 5 and compared with modelling with simple fluorite cells. The refined parameters are reported in Table 3.



Allowing O relaxations improves the fit significantly, especially for Yb250 where the most VOs are present. The relaxation of cations away from the VO was tested as well, but, as it failed to improve fits with respect to the fluorite model, a different mechanism for cations disordering must be applied. The magnitude of the O relaxation (~0.18 Å) is nearly invariant with doping. However, within the 63 O ions in the supercell, only part of the O ions is relaxed (six for every VO in the supercell), leading to an average shift of ~0.035 Å of Yb125 and ~0.07 Å for Yb250. These values are slightly smaller than those derived from static disorder estimated in the reciprocal space (~0.05 and ~0.08 Å, respectively). This discrepancy suggests that O disorder may be more complex than the simple relaxation of O ions towards an VO, especially because isolated VOs are assumed. Indeed, a signal on the high r side of the O–O peak, corresponding to the O–O distance in Yb2O3, becomes apparent already for Yb250 and grows with Yb-doping. Again, this effect was observed upon Y-doping [23] and found to be consistent with the complex ordering of VOs resembling the structure of C-type.




2.3. Local Structure—X-Ray


Experimental X-PDF curves are shown in Figure 4b. By increasing the amount of Yb, the first peak (M–O) contracts, consistent with NPD results. No O–O is observed according to the weak scattering form factor of O compared to Ce and Yb. The second main peak in the X-PDF corresponds to M–M pairs, plus a negligible contribution from O–O pairs. By increasing Yb-doping, the M–M contracts monotonically. In Yb2O3, this peak corresponds to the shorter of two M–M pairs. The longer one at ~4.1 Å is, surprisingly, evident even for Yb250. Like the expansion of the O–O pair observed by NPD PDF, the presence of a second M–M distance is not allowed in a fluorite atomic arrangement. As found previously by Allieta et al. [38], this demonstrates the occurrence of C-type ordering induced by dopant–dopant pairs. Figure 6 reports the fit of X-ray PDF of the doped samples, using either a single structural model—fluorite or C-type according to the structure determined by Rietveld (panels on the left)—or allowing the coexistence of the two phases at the local scale (panels on the right). The two-phase model significantly improves the fit, especially in the region featuring M–M distances. Similar results were already observed in ceria doped with Y [23,35], Sm [25], Gd [24,39], Bi [40], Zr [41], Pr, Tb [16], and La [42]. This is also consistent with recent absorption spectroscopy study, where a bimodal distribution of bond lengths was observed in Y- and Sm-doped ceria compounds [43]. As to lower dopant concentrations, the small magnitude of the peak at 4.1 Å, which is comparable to the nearby ripple, hinders the correct estimation of the C-type fraction. However, in view of the progressive evolution of msd and according to previous investigations on other dopants [23,25,39], we believe that C-type ordering occurs already for smaller concentrations.



In this respect, Yb behaves the same as other dopants. Having refined the relative amount of the two phases in the model, the local structural distortion can be quantified by the fraction of C-type at the local scale (C-frac). Comparison with other systems (data summarized in [25]) with µ = 0.250 reveals that C-frac observed here for Yb (0.30) is significantly larger than for Gd (0.20), Sm (0.23), and Y (0.24), which points to a larger local C-type distortion.



The spatial extent of the structural distortion can be estimated through box-car refinements, i.e., by monitoring the structural evolution as a function of the interatomic distance. In this respect, the relationship between fluorite and C-type facilitates the analysis, as described elsewhere [44], by focusing on the x(M2) structural parameter. Assuming negligibility of the O contributions, the average size of C-type regions embedded in a fluorite matrix corresponds to the r value at which x(M2) goes to zero. Results of box-car refinements are shown in Figure 7.



The r-dependent evolution of x(M2) suggests that both Yb250 and Yb375 have a local structure consisting of C-type domains hosted in a long-range fluorite matrix. In both materials, the C-type domains extend ~9 nm. For Yb500, however, x(M2) does not vary significantly and the structure can be defined as fully C-type. Domain size in Yb250 is smaller than in samples of ceria doped with the same concentration of Y, Sm, and Gd, which feature 10–12 nm domains estimated with the same method [23,24,25].



In other doped ceria systems, increasing the dopant concentration leads to a clear increase of domain size and to the formation of a long-range C-type structure. This effect is softened for Yb. By increasing doping up to Yb375, the C-type domain size does not increase and percolation is achieved as the concentration of Yb forces domains to meet and coalesce in a percolation path [24]. In the framework of previous PDF investigations on other dopants, the hierarchical structure of Yb375 can be defined as C*. From µ = 0.375 on, further C-type distortion is inhibited. The main reason lies in that the fluorite to C-type domain mechanism is held together by the close affinity between (i) the two crystallographic structures involved, and (ii) the two metal species. Artini et al. [26] proposed cation compressibility as a requirement to form a stable C-type phase, i.e., the ability of a dopant to accommodate the size mismatch-induced pressure change. Increasing the size mismatch between dopant and host Ce4+ ions, especially in the case of small lanthanides with reduced compressibility, will increase the energy of the domain structures, thus limiting their growth and making more favorable the long-range segregation of an Yb-rich phase.



To rationalize the difference in domain size between Yb and other dopants, one has to consider that the concentration of VOs is defined by electroneutrality and should be, therefore, invariant with the nature of the lanthanide dopant as long as it is trivalent. The larger C-type fraction value observed for Yb implies a larger local C-type distortion, consistent with regions with a higher density of VOs. As the distribution of VOs is spatially limited, the C-type nanodomains have smaller size in the case of Yb compared to other dopants. When dealing with conventional dopants such as Gd3+ and Sm3+, which are bigger than Yb3+ and have a similar size to Ce4+, nanodomains can grow more easily. The strong trapping of VOs by Yb3+ explains the low ionic conductivity detected for Yb-doped ceria with respect to Sm, Gd, and Y-doped samples at equal T and dopant µ.





3. Materials and Methods


Ce1−µYbµO2−µ/2 samples with µ = 0, 0.125, 0.250, 0.375, and 0.500 were produced using a modified Pechini sol–gel procedure, as described in [45]. Ce(NO3)3·6H2O (99%) and Yb(NO3)3·5H2O (99.9%) were dissolved into water in due proportions; then an excess of citric acid (99%) and ethylene glycol (≥99%) was added to the solution. A polymeric gel was obtained after water evaporation upon heating and stirring. The gel was burned at 500 °C for 3 h after 3 °C/min ramp rate in a Nabertherm ashing furnace. The products were pressed uniaxially and annealed at 900 °C for 3 days. Hereafter, samples will be named as “Yb”, followed by the corresponding μ Yb amount. Commercial Yb2O3 (99.9%) was used as the reference undoped materials. All chemicals were bought from Sigma-Aldrich (Milan, Italy) and used as received.



Synchrotron diffraction data were collected at the high resolution powder diffraction beamline (ID22) of the ESRF, Grenoble, France. The powdered samples were filled into 0.7 mm polyimide (kapton) capillaries and spun during acquisition at a temperature of 90 K. X-ray wavelength was λ = 0.32635 Å. PDF data were recorded with the same high-resolution setup and wider 2θ scans, in order to reach Qmax = 25 Å−1.



NPD data were collected at the ILL (Grenoble, France) [46] on samples contained in V cans, placed into a cryostat. As for reciprocal space analysis, data were collected from 5 to 300 K at the D20 instrument, working at λ = 1.3593 Å, recording patterns upon heating every 25 K on samples Yb125 and Yb250 and every few K for CeO2. The d4c instrument was exploited for obtaining PDF data on all the specimens, with incident neutron wavelength λ = 0.4975 Å to achieve Qmax = 23.5 Å−1. PDF data were collected at 90 K, to minimize thermal motion consistently with synchrotron datasets, and reduced using the proprietary software of D4c beamline [47].



Rietveld refinements of both X-ray and neutron datasets were performed with the software GSAS [48]. X-ray PDF data were reduced using pdfgetX2 [49], correcting all scattering contributions except the coherent scattering from the sample (capillary, absorption, Compton, fluorescence, etc.). Modelling of PDF data was performed via PDFgui [50]. Size and strain estimation was carried out by using the Williamson–Hall approach [51], where crystal size D and lattice strain ε are derived according to the following equation:


βcosθ=λD+4εsinθ



(1)




where β is the integral breadth of the diffraction peak.




4. Conclusions


The average and local structure evolution of ceria specimens with different Yb loadings was investigated, coupling synchrotron and neutron diffraction. Up to µ = 0.250, long-range fluorite structure is maintained, even though evidence of static disorder is clear. C-type local ordering is suggested by the observation of further M–M distances in X-ray PDF, and longer O–O pairs by neutron. The extent of the C-type distortion is approximately 10 nm. This picture recalls the one already observed for many other dopants. However, by further increasing Yb doping, the C-type distortion is less pronounced. The C-type domains do not grow further, with the local scale distortion being more important than for other dopants. The size difference between Yb+3 and Ce+4 becomes so important that a mixed Ce–Yb C-type is destabilized, consistent with the long-range phase separation reported in the literature.
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Figure 1. (a) Experimental synchrotron XRPD patterns as a function of Yb loading shifted along y-axis. Squares highlight angular region described in following panels. (b) Evidence for appearance of superstructure peaks (411), (332), and (413) by increasing Yb doping. (c) Example of (311) and (222) reflections (in fluorite setting). 
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Figure 2. Williamson–Hall plots for different compositions. The inset reports the evolution of the lattice strain with the Yb concentration. 
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Figure 3. Msds computed from Rietveld refinements of temperature resolved NPD patterns for (a) cation and (b) oxygen sites. 
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Figure 4. (a) Neutron and (b) X-ray experimental Pair Distribution Function (PDF) curves at 90 K. The dashed line in panel (a) is a guide to the eye for a second O–O pair; the one in panel (b) stands for a second M–M pair. 
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Figure 5. PDF refinements against neutron data of specimens Yb125 (top panels) and Y250 (bottom panels) by using a simple fluorite model (left panels) and a modified model accounting for relaxations (right panels). Empty circles: Experimental data; red solid line: Calculated; blue solid line: Difference curve. 
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Figure 6. Modelling of X-ray PDF data on three compositions using long-range (panels a, c, and e) and two-phase model (panels b, d, and f). Empty circles: Experimental data; red solid line: Calculated; blue solid line: Difference curve. 
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Figure 7. x(M2) from box-car refinements performed on X-ray PDF. 
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Table 1. Structural parameters returned by Rietveld refinements and Williamson–Hall analysis of synchrotron data at 90 K. Msd parameters are in Å2 units.
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	μ (≤ 0.250)
	0
	0.125
	0.250



	space group
	Fm-3m
	Fm-3m
	Fm-3m



	a/Å
	5.40475(3)
	5.39803(3)
	5.38427(5)



	msd(M)/Å2
	0.00135(3)
	0.0043(7)
	0.0083(3)



	msd(O)/Å2
	0.00368(1)
	0.0067(8)
	0.0113(8)



	msd mean/Å2
	0.00138(9)
	0.00442(1)
	0.00836(0)



	R(F2)
	0.0242
	0.0173
	0.0301



	RP
	0.0553
	0.0288
	0.0264



	ε/Δd/d
	0.000062(8)
	0.00041(2)
	0.00129(5)



	DV/nm
	247(10)
	92(4)
	123(15)



	μ(>0.250)
	0.375
	0.500
	1



	space group
	Ia-3
	Ia-3
	Ia-3



	a/Å
	10.73049(1)
	10.68752(0)
	10.42843(7)



	x(M2)
	−0.0037(9)
	−0.0125(4)
	−0.03241(2)



	x(O1)
	0.37729(4)
	0.37729(4)
	0.3910(3)



	y(O1)
	0.14326(6)
	0.14326(6)
	0.1523(3)



	z(O1)
	0.37775(3)
	0.37775(3)
	0.3809(3)



	x(O2)
	0.37230(2)
	0.37230(2)
	-



	msd11(M1)
	0.014(7)
	0.024(1)
	0.00190(6)



	msd12(M1)
	0.000(5)
	0.010(9)
	-



	msd11(M2)
	0.004(2)
	0.008(4)
	0.00150(4)



	msd22(M2)
	0.017(4)
	0.004(4)
	≡msd11(M2)



	msd33(M2)
	0.017(9)
	0.026(3)
	≡msd11(M2)



	msd23(M2)
	−0.004(2)
	−0.006(4)
	-



	msd(O1/O2)
	0.006(1)
	0.014(7)
	0.0023(5)



	Uave
	0.0134(6)
	0.0148(1)
	0.00160(2)



	R(F2)
	0.0392
	0.0323
	0.0147



	RP
	0.0242
	0.0292
	0.0392



	ε/Δd/d
	0.00202(7)
	0.0031(2)
	-



	DV/nm
	67(7)
	77(17)
	-
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Table 2. Selected interatomic distances from neutron and X-ray, computed by direct analysis of PDF curves.
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μ

	
Neutron

	
X-ray




	
M–O Distance (Å)

	
O–O1 Distance (Å)

	
O–O2 Distance (Å)

	
O–O Relative Intensity

	
M–M1 Distance (Å)

	
M–M2 Distance (Å)

	
M–M Relative Intensity






	
0

	
2.341

	
2.702

	
-

	
-

	
3.826

	
-

	
-




	
0.125

	
2.323

	
2.697

	
2.875

	
0.098

	
3.807

	
4.122

	
0.047




	
0.250

	
2.306

	
2.683

	
2.870

	
0.231

	
3.783

	
4.081

	
0.141




	
0.375

	
2.296

	
2.687

	
2.865

	
0.272

	
3.728

	
4.101

	
0.171




	
0.500

	
2.284

	
2.669

	
2.864

	
0.378

	
3.675

	
4.090

	
0.290




	
1

	
2.233

	
-

	
2.851

	
-

	
3.472

	
3.936

	
0.493
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Table 3. Results of the refinements of neutron PDF curves.
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Model

	
Yb125

	
Yb250




	
Fluorite

	
Cluster

	
Fluorite

	
Cluster






	
a

	
10.766(5)

	
10.770(5)

	
10.724(6)

	
10.747(7)




	
msd(M)

	
0.0064(7)

	
0.0060(8)

	
0.0105(10)

	
0.0073(10)




	
msd(O)

	
0.0056(7)

	
0.0056(8)

	
0.0142(14)

	
0.0136(15)




	
O shift/Å

	
0

	
0.178

	
0

	
0.185




	
Rw

	
0.091

	
0.069

	
0.177

	
0.103
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