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Lanthanide doped cerias, show fast oxide ion conduction and have applications as electrolytes in

intermediate temperature solid oxide fuel cells. Here, we examine the long- and short-range structures

of Ce1−xNdxO2−x/2 (0.05 # x # 0.30, NDC) using reverse Monte Carlo modelling of total neutron

scattering data, supported by measurements of electrical behaviour using a.c. impedance spectroscopy.

Three distinct features are evident in the local structure of NDC, viz.: clustering of Nd3+ cations,

preferred Nd3+-oxide ion vacancy association and oxide ion vacancy clustering with preferential

alignment in the h100i direction. Interestingly, the presence of preferential dopant cation–oxide ion

vacancy association is also observed at 600 °C, although diminished compared to the level at room

temperature. This suggests a continued contribution of defect association enthalpy to activation energy

at elevated temperatures and is reflected in similar compositional variation of high- and low-

temperature activation energies.
1. Introduction

Doped cerias, in particular those doped with lanthanides, are
excellent oxide ion conductors,1,2 and in the case of Gd-doped
ceria, are currently being used as electrolytes in solid oxide
fuel cells (SOFCs) operating in the intermediate-temperature
range (500–700 °C).3,4 Substitution of tetravalent Ce4+ by triva-
lent lanthanide (Ln) ions leads to the formation of oxide ion
vacancies to preserve electroneutrality (eqn (1)):

1
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Ln
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Ce þ
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O þ 3
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O (1)

The resulting solid solution is described by the formula
Ce1−xLnxO2−x/2. The conductivity of O2− ions is facilitated by
the presence of large concentrations of oxide ion vacancies in
the cubic uorite structure of these compounds. A marked
increase in the ionic conductivity of CeO2 occurs when Ce4+

(r = 0.97 Å)5 is substituted by ions with radii close to a critical
value of 1.038 Å, resulting in least distortion to the host lattice,
as evidenced by both experimental6 and simulation work.7 This
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critical radius (rc) is derived from the empirical formula based
on the work of Kim:6

dCe = 5.413 + (0.0220Dr + 0.0015Dz)m (2)

where dCe (in Å) is the lattice constant of the solid solution
member at room temperature, Dr (in Å) is the difference in ionic
radius (rd − rCe) of dopant (rd) and the host cation (rCe) in 8
coordination from Shannon's tables,5 Dz is the valency differ-
ence between the dopant and host cations (zd − zCe), and m is
the dopant concentration in mole percent. The least distortion
to the host lattice occurs when:

(0.0220Dr + 0.0015Dz) = 0 (3)

i.e. rc= 1.038 Å. Among the various dopant options, doping with
Nd3+ (r = 1.109 Å)5 results in total ionic conductivity values of
approximately 10−2 S cm−1 at 600 °C (e.g. 1.17× 10−2 S cm−1 for
the x = 0.15 composition).8

Although the total conductivity (s) of Nd-doped ceria (NDC)
is slightly lower than the best conducting systems, Ce1−xGdx-
O2−x/2 (GDC, s = 2.53 × 10−2 S cm−1 and 1.8 × 10−2 S cm−1 at
600 °C for x = 0.1 and x = 0.2 compositions respectively),9

Ce1−xSmxO2−x/2 (SDC, ranging from 1.1 × 10−2 to 4.5 ×

10−2 S cm−1 at 600 °C for x = 0.2),10–12 and Ce1−xYxO2−x/2 (YDC,
3.44 × 10−2 S cm−1 at 600 °C for x = 0.113),13 NDC shows lower
minimum activation energies (DE = 0.68 eV for x = 0.03)
compared to those of GDC (DE = 0.70 eV for x = 0.06), SDC (DE
= 0.72 eV for x= 0.1) and YDC (DE = 0.78 eV for x = 0.04) at low
temperature (below 350 °C).9,14,15 DE can be used as an indicator
J. Mater. Chem. A, 2024, 12, 10203–10215 | 10203
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of the interplay between the dopant ions and the mobile oxide
ion vacancies in acceptor doped oxides.16 This indicates NDC
exhibits an enhanced availability of mobile oxide ion vacancies
at lower temperatures.14,15 The variation of DE values with
dopant type and concentration is not only due to chemical
expansion/contraction of the lattice, but is also inuenced by
the development of complex associates,17–19 local ordering of
oxide ion vacancies,20,21 inter-vacancy repulsion,21 and nano-
scale phase separation.22 Kilner proposed that there is invari-
ably a defect structure transformation around compositions
with minimum DE.23 However, while conductivity and DE values
can shed light on the overall view of O2− ion transport in such
systems, obtaining details of short-range structure is still
challenging.24

Many studies have explored the local defect structure in
doped cerias using local structural probes. A Raman spectro-
scopic study of NDC compositions revealed the emergence of
disorder, particularly at elevated doping levels, evidenced by the
broadening and asymmetry of the F2g mode in compositions
with x $ 0.1.25 Further exploration by Ou et al.26 using electron
energy-loss spectroscopy (EELS) and selected-area electron
diffraction (SAED) on Ln-doped ceria (Ln = Sm, Gd, Dy, and Yb,
x = 0.15 and 0.25), indicated the formation of complex clusters
(associates) at high doping levels, which trap oxide ion vacan-
cies and suppress conductivity in the order of (Sm, Gd) > Dy >
Yb. In addition, the location of oxide ion vacancies in Ce1−x-
LnxO2−x/2 systems has been debated, with some researchers
suggesting they form near the host cation Ce4+,27 and others
asserting they are more likely near dopants such as La3+ and
Y3+.28,29 Despite these insights, atomic simulation studies imply
that the vacancy position relative to cations (either host or
dopant) is inuenced by the ionic radius of the dopant.7,30–32

However, these local probe studies, while enlightening, oen
provide insights only into specic aspects of the defect struc-
tures andmay not comprehensively elucidate the overall impact
of doping on the lattice structure and functionality of the
material.

Recent advances in the analysis of total scattering data
through the simultaneous examination of Bragg and diffuse
scattering, have allowed for a more holistic view of both long-
range and short-range structures.24,33 For example, a total
neutron scattering study on non-stoichiometric ceria (CeO2−d),
by Mamontov and Egami,34 identied the presence of Frenkel-
type defects, resulting in enhanced oxide ion mobility by
involving both interstitial oxide ions and oxide ion vacancies,
while Clark et al.35 using total X-ray and neutron scattering
along with X-ray absorption spectroscopy found local distortion
of the cubic Ce4+ site, with deviation of the Ce–O–Ce and O–Ce–
O bond angles from those of the ideal structure.

In addition to local coordination of cations, reverse Monte
Carlo analysis of total neutron scattering data can be used to
identify evidence of local ordering of vacancies. In the cubic
uorite structure of the doped cerias, vacancy pairs can be
aligned in h100i, h110i and h111i directions with respect to the
cubic coordination of the cation. Hull et al. identied a non-
random preference for h111i vacancy ordering in CeO2−d,36

with similar ordering in the YDC system.37 Interestingly, in the
10204 | J. Mater. Chem. A, 2024, 12, 10203–10215
latter study no evidence was found of preferred vacancy asso-
ciation with the dopant cations. Other total scattering studies
have revealed complex local structures in GDC38,39 and YDC,40

such as the formation of C-type structured Ce-rich or dopant-
rich nanoregions embedded in the cubic uorite matrix.

In the absence of existing reports on the local structure of
NDC, this study aims to characterise the differences between
average and local structures within the NDC system as functions
of composition and temperature. While it is assumed that the
average structure of the Ce1−xNdxO2−x/2.system is indistin-
guishable from other doped cerias such as GDC and YDC, it
cannot be assumed that the local structure is the same, for the
reasons discussed above. Utilising Reverse Monte Carlo (RMC)
analysis of neutron total scattering data, we unveil subtle local
phenomena, including cation clustering, preferential oxide ion
vacancy association and oxide ion vacancy ordering in this
doped ceria.
2. Materials and methods
2.1 Sample preparation

Samples of composition Ce1−xNdxO2−x/2 (x = 0.05, 0.10, 0.15,
0.20, 0.25 and 0.30) were prepared via a conventional solid-state
reaction, from the parent oxides, CeO2 (Aldrich, 99.9%) and
Nd2O3 (Aldrich, 99.9%). Stoichiometric molar ratios of these
oxides were mechanically ground together in a planetary ball
mill using ethanol as a dispersant for ca. 24 h. The dried
precursors were calcined at 1500 °C for 10 h, followed by sin-
tering at 1600 °C for 10 h in air.

For electrical measurements, the nal obtained powders
were blended with 0.5 ml of polyethylene glycol (Alfa Aesar) and
formed as pellets (10 mm in diameter and 2–3 mm thickness)
using a uniaxial press, followed by isostatic pressing at
400 MPa. The resulting pellets were subsequently placed on
platinum plates, sintered at 1600 °C for 5 h, and slowly cooled
down to room temperature over ca. 12 h. The sintered pellets
were then cut into rectangular blocks (5 × 3 × 2 mm3) using
a diamond saw for impedance spectroscopy measurements.
Platinum electrodes were applied on each polished surface by
cathodic sputtering.
2.2 Characterisation

The electrical behaviour of the studied compositions was
investigated by a.c. impedance spectroscopy using a fully
automated Novocontrol Alpha-A analyser with a ZG4 extension
interface from 10−1 to 106 Hz. The impedance spectra for each
composition were collected over two cycles of heating and
cooling ramps at selected stabilised temperatures from ca. 200
to 830 °C in 20 °C increments.

The crystal structure and phase purity of the synthesised
compounds were analysed using X-ray powder diffraction (XRD)
on a PANalytical Empyrean diffractometer tted with a PIXcel-
3D detector with Ni-ltered Cu-Ka radiation (l = 1.5418 Å).
Data were collected in at-plate Bragg–Brentano geometry over
the 2q range 5–125°, in steps of 0.01313°, with an effective count
time of 250 s per step. Elevated temperature XRD
This journal is © The Royal Society of Chemistry 2024
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measurements were recorded in air at room temperature and
from 100 to 850 °C, in steps of 50 °C, using an Anton Paar
HTK1200 high temperature stage on heating and cooling. Phase
identication and structural analysis were performed using the
GSAS suite of programs.41

Powder neutron diffraction data were collected on the
Polaris diffractometer at the ISIS Facility, Rutherford Appleton
Laboratory, UK. Powdered samples were contained in 11 mm
diameter thin walled (wall thickness of ca. 0.1 mm) cylindrical
vanadium cans. Data sets corresponding to 1000 mA h of proton
beam current were collected at room temperature for total
scattering analysis. For the x = 0.20 composition, further data
were collected on heating in an evacuated furnace from 300 °C
to 850 °C, in steps of 50 °C. A total scattering data set was
collected at 600 °C (1000 mA h) with short collections (30 mA h) at
all other temperatures. Data for an empty thin-walled vanadium
can (400 mA h) and the empty instrument were used to correct
the collected data. Collected data were normalised against data
for an 8 mm diameter vanadium rod using the GudrunN so-
ware.42 Total scattering data sets, consisting of the neutron total
scattering structure function, S(Q), and the total radial distri-
bution function, G(r), were prepared by combining data from
back-scattering (average angle 146.72°), 90° (average angle
92.5°), intermediate-angle (average angle 52.21°), low-angle
(average angle 33.5°) and very low angle (average angle 24.75°)
detector banks, corresponding to the approximate d-spacing
ranges 0.04–2.6 Å, 0.05–4.1 Å, 0.73–7.0 Å. 0.3–48 Å and 0.13–13.8
Å, respectively.

Average structure analysis was carried out using a combined
Rietveld renement with X-ray and neutron data (back-
scattering and 90° detector banks) using the GSAS package via
the EXPGUI interface.41,43 The starting model comprised of
a standard cubic uorite in space group Fm�3m. Crystal and
renement parameters are summarised in Table S1.† For total
scattering analysis, the reverse Monte Carlo method was used to
t the S(Q) and G(r) functions with the RMCProle soware.44–46

The neutron Bragg data were used to constrain the long-range
order. In each case, a model based on the average crystal
structure determined by Rietveld analysis was used to generate
a starting model for the RMC analysis. The starting congura-
tions of ca.12k atoms, were based on 10 × 10 × 10 supercells of
the corresponding crystallographic subcell. To ensure statistical
signicance, in each case, ten parallel congurations were
generated, each with a random distribution of Nd atoms on the
cation site (corresponding to the 4a site in the subcell) and
a random distribution of vacancies on the anion site (corre-
sponding to the 8c site in the subcell), ensuring that the stoi-
chiometry of the composition was maintained. Ce/Nd and O/
vacancy swapping were performed throughout the calcula-
tions. Calculations were carried out under periodic boundary
conditions over 6 days, corresponding to over 5 × 107 moves.
Bond valence summation (BVS) constraints were applied during
calculations.47

The microstructure of the ceramic pellets was examined by
scanning electron microscopy (SEM, FEI Inspect-F Oxford).
Pellet surfaces were rst polished using abrasive papers, before
thermal etching at 1500 °C for 30 min. The measurements were
This journal is © The Royal Society of Chemistry 2024
performed at a voltage of 20 kV on samples that were carbon
coated.

Raman spectra were collected in backscattering geometry at
20 °C under ambient atmosphere using a Renishaw inVia Reex
spectrometer. The exciting laser at 633 nm (He–Ne laser) was
focused using a ×50 long working distance objective to the spot
which was about 1.5 mm in diameter with the laser power set to
about 5 mW to avoid laser-induced heating effects.

3. Results and discussion
3.1 Average structure analysis

The tted diffraction patterns (Fig. S1†) conrm that a cubic
uorite structure is maintained throughout the studied
compositional range, with no evidence of secondary phases, in
agreement with previous reports.48 Fig. 1a shows the composi-
tional expansion of the cubic lattice parameter with increasing
neodymium content within the Ce1−xNdxO2−x/2 (0.05 # x #

0.30) system at room temperature and is consistent with
Vegard's law as the smaller Ce4+ cations are replaced by the
larger Nd3+ cations. At rst glance these results appear to be in
contrast with those of Stephens and Kilner,14 but are in very
good agreement with those of Aneous et al.18 In the case of the
work in ref. 14, a positive deviation from Vegard's law was
observed, which the authors attributed to the formation of
defect complexes. The synthesis routes used in all three works
are different (a nitrate decomposition route in ref. 14 and an
oxalate sol gel route in ref. 18). However, the compositional
increment used in ref. 14 was very small at low x-values and the
curvature seen in the chemical expansion plot in that work was
mainly evident at these low x-values (<0.10). Therefore, while
small differences in the synthesis routes and sintering
temperature used in these studies might result in differences in
ion diffusion rates and lead to differences in dopant
distribution/homogeneity in the sample, it is more likely that
the studies are indeed consistent and that the positive deviation
to Vegard's law is limited to low doping levels.

The rened structural parameters in Table 1, reveal that the
amplitudes of the isotropic thermal parameters (Uiso) at room
temperature increase with increasing level of substitution,
reecting an increasing level of disorder. The rened oxygen
site occupancies are close to the theoretical values, assuming Ce
and Nd to be in the +4 and +3 oxidation states, respectively.
Fig. 1b shows Raman spectra for the NDC compositions in the
range 0.10 # x # 0.30. The spectra show a prominent peak
corresponding to the F2g mode at around 461 cm−1, associated
with symmetrical Ce–O stretching.25,49 The peak appears to
broaden with increasing level of substitution, reecting the
increasing level of disorder, as seen in the compositional vari-
ation of the isotropic thermal parameters. Additionally, the F2g
peak shows asymmetry, which can be attributed to the partial
substitution of Ce4+ ions by Nd3+ ions, with a secondary peak at
around 477 cm−1, which is tentatively assigned to Nd–O vibra-
tions, becoming more prominent with increasing level of
substitution (Fig. 1b inset).

The X-ray diffraction patterns of the studied compositions as
a function of temperature are given in Fig. S2,†with the neutron
J. Mater. Chem. A, 2024, 12, 10203–10215 | 10205

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta07668g


Fig. 1 (a) Compositional variation of cubic lattice parameter in
Ce1−xNdxO2−x/2 (0.05 # x # 0.30), (b) Raman spectra for selected
compositions in the Ce1−xNdxO2−x/2 (0.10 # x # 0.30) system, with
deconvolution of the F2g peak for the x = 0.10 composition inset and
(c) thermal variation of cubic lattice parameter in Ce1−xNdxO2−x/2 on
heating (circles) and cooling (asterisks) in air. Error bars are smaller
than symbols used.
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diffraction patterns for the x = 0.20 composition on heating
shown in Fig. S3.† The thermal variation of the derived cubic
lattice parameter is shown in Fig. 1c for each composition.
Careful examination of the plots in Fig. 1c, reveals linear
thermal expansion up to around 400 to 600 °C, above which
there is a slight change in slope, with the volume at higher
temperatures larger than would be expected from a linear
10206 | J. Mater. Chem. A, 2024, 12, 10203–10215
extrapolation of the low temperature data. The plots on cooling
are indistinguishable from those on heating, conrming no
irreversible changes up to 850 °C. The observed trends in
thermal expansion/contraction suggest a small degree of redox
behaviour occurs at intermediate temperatures. In parallel
studies of the redox behaviour of the Ce0.8Nd0.2O1.9−d compo-
sition, we have found that around 3.5% of the cerium is redox
active over this temperature range.50
3.2 Local structure analysis

To obtain a comprehensive understanding of the defects in the
crystalline structure of the Ce1−xNdxO2−x/2 system, RMC
modelling of the total neutron scattering data was carried out.
The tted S(Q) and G(r) proles for the x = 0.20 composition at
room temperature and at 600 °C are presented in Fig. 2, as
a representative example, with the ts at room temperature for
other compositions given in Fig. S4.† Generally, the RMC
congurations exhibit a high level of agreement with the
experimental data, indicating that the overall structure is well-
reproduced. For the x = 0.20 composition, there appear to be
no obvious changes in the proles between room temperature
and 600 °C, apart from a broadening of the prole at the higher
temperature, reecting greater thermal motion. Fig. 3a and
b display the partial pair correlations, gij(r), for metal–oxygen
(M–O) and oxygen–oxygen (O–O) pairs for the x = 0.20 compo-
sition, measured at 25 and 600 °C, respectively, with those for
other compositions at room temperature given in Fig. S5.† All
compositions exhibit similar proles for M–O and O–O pairs.
For the x = 0.20 composition, the gij(r) proles at 600 °C are
broadened compared to room temperature equivalents,
reecting the situation in the G(r) proles.

Table 2 summarises the mean and mode contact distances
derived from the gij(r) proles for the studied compositions. The
former corresponds to the average distance up to the rst
minimum in the gij(r) prole, while the latter corresponds to the
rst peak maximum in the gij(r) prole. Nd–O contact distances
are generally found to be longer than the Ce–O contacts,
reecting the larger ionic radius of Nd3+. To allow comparison
with the average structure determined by Rietveld analysis, the
weightedmean andmodeM–O distances are also given in Table

2. In the average structure, the M–O distance is equal to
a

ffiffiffi

3
p

4
;

around 2.3 Å. Interestingly, while the mean values show
a general increasing trend (apart from a maximum at x = 0.20),
reecting, to some extent, that observed in the average structure
analysis, the mode values show a general decreasing trend up to
x = 0.25 (Fig. 3c). This difference between the mean and mode
values may be explained by considering that while substitution
of Ce4+ by larger Nd3+ ions results in a chemical expansion of
the lattice, as reected in the mean values, at a local level, some
oxide ions around Nd3+ cations are pushed away from their
ideal sites causing a shortening of the neighbouring Ce–O
distances. This is evident as increasing asymmetry in the gMO(r)
and gOO(r) distributions with increasing x-value (Fig. S5†).

The cation–cation “coordination” numbers can be probed
for evidence of dopant clustering in the form of non-random
This journal is © The Royal Society of Chemistry 2024
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Table 1 Refined structural parameters for compositions in the system Ce1−xNdxO2−x/2 derived from Rietveld analysis of X-ray and neutron
diffraction data. Estimated standard deviations are given in parentheses

x 0.05 0.10 0.15 0.20 0.20 0.25 0.30

Temp. (°C) 20 20 20 20 600 20 20
a (Å) 5.42325(6) 5.43249(5) 5.44108(5) 5.44974(3) 5.48639(15) 5.45818(4) 5.46692(4)
Ce/Nd Uiso (Å

2) 0.00419(4) 0.00531(5) 0.00666(6) 0.00837(6) 0.01531(9) 0.01045(7) 0.01238(8)
O Uiso (Å

2) 0.00752(3) 0.00966(4) 0.01218(6) 0.01510(6) 0.0284(10) 0.01849(8) 0.02199(9)
O occupancy (rened) 0.991(1) 0.970(2) 0.950(2) 0.937(2) 0.950 0.919(2) 0.907(2)
O occupancy (theoretical) 0.9875 0.975 0.9625 0.950 0.950 0.9375 0.925
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cation distributions. Table 3 shows a summary of the
percentage cation–cation distributions compared to the
random distribution. It is evident from Table 3, that in each of
the studied compositions, the percentage of Nd–Nd nearest-
neighbour pairs is signicantly greater than the theoretical
value for a random distribution, consistent with a preference for
clustering of Nd3+ cations. Similar dopant cation segregation
has been identied in GDC using transmission electron
Fig. 2 Fitted (a and c) normalised total scattering structure factor S(Q) (wi
G(r) for Ce0.80Nd0.20O1.90 at (a and b) room temperature and (c and d) 600
line) profiles are shown.

This journal is © The Royal Society of Chemistry 2024
microscopy and is associated with nanodomain formation and
oxide ion vacancy ordering, with segregation occurring within
grains as well as grain boundaries.51 Since the total scattering
data combine both diffuse and Bragg scattering and cannot
readily distinguish between contributions from the grains and
grain boundaries, the question arises, as to whether segregation
of the dopant Nd3+ cations causes their accumulation in the
grain boundaries in the present system. As shown in Table 1,
th detail of fit at lowQ inset) and (b and d) total pair correlation function
°C. Experimental (red dots), calculated (black line) and difference (blue
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Fig. 3 Selected partial pair correlation functions for the x = 0.20 composition at (a) 25 °C and (b) 600 °C; (c) comparison of compositional
variation of M–O (Ce/Nd–O) distances (Å) at room temperature from Rietveld analysis and weighted mean and mode M–O distances (Å) to the
first coordination shell derived from final RMC configurations in the Ce1−xNdxO2−x/2 system.

Table 2 Mean and mode metal–oxygen distances (Å) derived from final RMC configurations compared to those from Rietveld analysis in the
system Ce1−xNdxO2−x/2. Standard deviations across 10 parallel configurations are given in parenthesesa

x 0.05 0.10 0.15 0.20–RT 0.20–600 °C 0.25 0.30

Type Mean Mode Mean Mode Mean Mode Mean Mode Mean Mode Mean Mode Mean Mode

Ce–O 2.3575(2) 2.322(2) 2.3589(4) 2.316(1) 2.3581(8) 2.301(3) 2.373(1) 2.300(3) 2.392(2) 2.292(4) 2.3568(5) 2.281(3) 2.3539(9) 2.326(2)
Nd–O 2.448(3) 2.401(7) 2.483(3) 2.417(8) 2.467(4) 2.376(4) 2.497(3) 2.370(9) 2.534(5) 2.41(1) 2.478(1) 2.369(32) 2.4589(6) 2.360(3)
M–O 2.3620 2.32595 2.3713 2.3261 2.3744 2.31225 2.3978 2.314 2.4204 2.3156 2.3871 2.303 2.3854 2.3362
M–O(R) 2.34834(2) 2.35234(2) 2.35606(1) 2.35981(1) 2.37568(5) 2.36346(1) 2.36724(1)

a The rst minimum in the respective gij(r) pair correlation function was taken as a cut off to calculate mean values; M–O values are derived using
a stoichiometry weighted mean, M–O(R) values are from Rietveld analysis.

10208 | J. Mater. Chem. A, 2024, 12, 10203–10215 This journal is © The Royal Society of Chemistry 2024
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Table 3 Percentage nearest neighbour distributions for different
atom/vacancy (V) pairs from final RMC configurations in the Ce1−x-
NdxO2−x/2 system compared to the theoretical values for random
distributions

M–M

x Ce–Ce Ce–Nd Nd–Ce Nd–Nd Theor. M–M

0.05 95.9(2) 4.1(2) 79(3) 21(3) 95 : 5
0.10 90.9(1) 9.1(1) 82(1) 18(1) 90 : 10
0.15 85.8(3) 14.2(3) 80(2) 20(2) 85 : 15
0.20 (RT) 82.4(6) 17.6(6) 70(2) 30(2) 80 : 20
0.2 (600 °C) 81.0(3) 19.0(3) 76(1) 24(1) 80 : 20
0.25 75.9(2) 24.1(2) 72.2(7) 27.8(7) 75 : 25
0.30 71.6(5) 28.4(5) 66(1) 34(1) 70 : 30

M–O/V

x Ce–O Ce–V Nd–O Nd–V Theor. M–O/V

0.05 98.88(4) 1.12(4) 96.4(7) 3.6(4) 98.75 : 1.25
0.10 98.33(6) 1.67(6) 90.1(5) 9.9(5) 97.5 : 2.5
0.15 97.2(1) 2.8(1) 91.4(6) 8.6(6) 96.25 : 3.75
0.20 (RT) 96.9(1) 3.1(1) 87.6(4) 12.4(4) 95 : 5
0.2 (600 °C) 96.29(7) 3.71(7) 90.1(3) 9.9(3) 95 : 5
0.25 95.73(5) 4.27(5) 88.0(1) 12.0(1) 93.75 : 6.25
0.30 94.0(2) 6.0(2) 89.1(4) 10.9(4) 92.5 : 7.5

O/V–M

x O–Ce O–Nd V–Ce V–Nd Theor. O/V–M

0.05 95.10(3) 4.90(3) 85(3) 15(3) 95 : 5
0.10 90.73(6) 9.27(6) 60(2) 40(2) 90 : 10
0.15 85.65(10) 14.35(10) 65(2) 35(2) 85 : 15
0.20 (RT) 81.53(9) 18.47(9) 50(2) 50(2) 80 : 20
0.2 (600 °C) 80.91(7) 19.09(7) 60(1) 40(1) 80 : 20
0.25 76.46(3) 23.54(3) 51.6(6) 48.4(6) 75 : 25
0.30 71.1(1) 28.9(1) 56(2) 44(2) 70 : 30

O/V–V/O

x O–O O–V V–O V–V Theor. O/V–V/O

0.05 98.90(4) 1.10(4) 82(3) 18(3) 98.75 : 1.25
0.10 97.87(5) 2.13(5) 82(2) 18(2) 97.5 : 2.5
0.15 96.57(4) 3.43(4) 84(1) 16(1) 96.25 : 3.75
0.20 (RT) 95.78(5) 4.22(5) 85(1) 15(1) 95 : 5
0.2 (600 °C) 95.48(4) 4.52(4) 89.2(6) 10.8(6) 95 : 5
0.25 94.29(3) 5.72(3) 87.5(6) 12.5(6) 93.75 : 6.25
0.30 93.08(7) 6.92(7) 86.0(9) 14.0(9) 92.5 : 7.5
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the Rietveld renement using the Bragg data, which do not
contain a diffuse scattering contribution from the grain
boundaries, gave oxide ion site occupancies close to the theo-
retical values, suggesting that the compositions of the grains are
equal or close to that of the theoretical stoichiometry, with no
evidence for segregation of Nd3+ at the grain boundaries.

A summary of the nearest-neighbour “coordination”
numbers for different atom pairs in the system is given in
Table S2.† At room temperature, the numbers of oxide ions
surrounding Nd3+ cations are consistently lower than those
around Ce4+ ions, as also reected in the numbers of oxide
This journal is © The Royal Society of Chemistry 2024
vacancies around each type of cation, with Nd3+ cations sur-
rounded by signicantly more vacancies than Ce4+. On heating
the x = 0.20 composition, this apparent preference in vacancy
association is diminished at 600 °C, with percentage vacancy
distributions between the two cations closer to the random
distribution values. This is consistent with the proposed
theories around vacancy–dopant clustering in doped cerias,
particularly at lower temperatures.14–19 Modelling studies on
dopant–vacancy association in doped cerias by Wei et al.52 and
Nakayama and Martin31 have shown that for large dopant
cations the dopant–vacancy association energy is lower for
next-nearest-neighbour vacancies, while for small cations it is
lower for nearest-neighbour vacancy positions. However, there
is some discrepancy over where the crossover point between
large and small cations occurs, with Wei et al. indicating that
this occurs at Gd3+, while for Nakayama and Martin the
nearest-neighbour dopant–vacancy association energy for
Nd3+ is still marginally lower than that for next-nearest-
neighbour association, with only the very large La3+ cation
showing the reverse trend. Both studies used a 2 × 2 × 2 CeO2

supercell but differed in the vacancy/dopant concentration
used, with Wei et al. using a model equivalent to 6.25 mol%
substitution, involving two dopant cations and a single
vacancy, while for Nakayama and Martin a single dopant
cation and a single vacancy were used in the model with
charge balance achieved by adding an extra electron to the
lattice. Interestingly, Wei et al. found that for nearest neigh-
bour placement of the two dopant cations the crossover point
shied to Pm3+, i.e. just before Nd3+. This suggests that in the
case of clustered dopants, as observed here, nearest neighbour
dopant–vacancy association for larger cations is much more
favourable than for isolated dopants.

The vacancy distributions in the nal RMC congurations
were examined for evidence of vacancy clustering. As described
by Hull et al.,36 pairs of vacancies can be aligned in three
different directions with respect to the cubic coordination
environment of the cubic close packed cations in the uorite
structure, i.e., h100i, h110i, and h111i aligned pairs. These pairs
are readily distinguished by the spatial distances between them

as
a
2
;

a
ffiffiffi

2
p

2
and

a
ffiffiffi

3
p

2
; respectively (Fig. 4a). As previously

demonstrated, the expected ratio for randomly distributed
h100i, h110i, and h111i aligned vacancy pairs is 1 : 2 : 1.3 in an
ideal uorite structure.53,54 Fig. 4b shows a plot of the partial
pair correlation functions for O–O and vacancy–vacancy pairs
from the nal RMC congurations for the x= 0.10 composition.
Compared to the O–O plot, which represents the random
distribution, the vacancy–vacancy distribution shows a clear
deviation from the random situation with a preference for the
shortest correlation corresponding to the h100i pair alignment.
Table 4 presents the ratios of h100i, h110i, and h111i aligned
vacancy pairs for all the studied compositions derived from the
nal RMC congurations. The values reveal signicantly fewer
h110i vacancy pairs than would be expected from a random
distribution. Additionally, there are fewer h111i vacancy pairs
than expected. The results suggest a preference for h100i
alignment of oxide ion vacancy pairs across the compositional
J. Mater. Chem. A, 2024, 12, 10203–10215 | 10209
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Fig. 4 (a) The possible alignments of oxide ion vacancy pairs in the fluorite structure of Ce1−xNdxO2−x/2, with characteristic vacancy–vacancy
distances indicated, (b) gOO(r) and gVV(r) partial pair correlation functions for x = 0.10 composition from final RMC configurations and (c)
a representative final RMC configuration for Ce0.8Nd0.2O1.9 at room temperature showing three types of local structure features as indicated.
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range. This is in contrast to the situation observed in CeO2−d,36

and YDC,37 where using similar methodology as well as molec-
ular dynamics simulations, a preference for h111i ordering was
noted and is more akin to the situation observed in doped
bismuth oxide uorites.53,54 While, the location of a second
vacancy in the h100i direction might be thought of as energet-
ically unfavourable due to electrostatic repulsion between the
10210 | J. Mater. Chem. A, 2024, 12, 10203–10215
effective positive charges of the vacancies, as discussed above,
the results also show evidence of preferred dopant–vacancy
association and that the preference for h100i ordering over the
random distribution may be associated with the minimisation
of local strain around the dopant cation. It should be noted here
that the RMCmethod of analysis does not take into account the
energetics of the system, it merely models the physical total
This journal is © The Royal Society of Chemistry 2024
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Table 4 Ratios of numbers of vacancy pair in different alignments
compared to that for a random distribution of vacancies, as deter-
mined from final RMC configurations in the Ce1−xNdxO2−x/2 system

x h100i h110i h111i

0.05 1 1.44 0.83
0.10 1 1.13 0.70
0.15 1 1.32 1.03
0.20 1 1.12 0.65
0.25 1 1.11 0.86
0.30 1 1.20 1.02
Random 1 2 1.30
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scattering data. Interestingly, the observed vacancy pair align-
ment preference in the current work may be more reective of
the likely diffusion pathway. For example, Yashima et al. iden-
tied h100i and h110i directions as possible oxide ion diffusion
pathways in YDC using maximum entropy methods (MEM)
based on neutron diffraction data.55 Additionally, diffusion
paths in the h100i directions have been observed in the scat-
tering amplitude distribution of other uorite-type structured
materials such as Bi1.4Yb0.6O3 (ref. 55) and a-AgI,56 while
molecular dynamics and Monte Carlo simulations on CaF2,
reveal the jump probability in particular directions follows the
order h100i, h110i and h111i.57

Fig. 4c shows a projection of a representative nal RMC
conguration for Ce0.80Nd0.20O1.90 at room temperature.
Various types of clusters can be observed within the depicted
conguration. The presence of two or three closely situated blue
dots indicates the formation of Nd3+ clusters (highlighted by the
black dotted circle in Fig. 4c). Additionally, it is notable that
oxide ion vacancies (black circles) tend to be in the vicinity of
the Nd3+ cations, illustrating dopant cation–oxide ion vacancy
association (highlighted by the white dotted circle). Finally, the
presence of multiple black dots in close proximity to each other
is indicative of oxide ion vacancy clustering (as represented by
the green circle).
3.3 Ionic conductivity

SEM images of thermally etched pellet surfaces of the studied
compositions are shown in Fig. S6,† along with the corre-
sponding grain size distribution histograms. The largest
average grain size (ca. 10 mm) and lowest porosity was achieved
in the x = 0.05 pellet. The other compositions showed similar
levels of porosity and grain size (ca. 5 mm).

At lower temperatures, depending on composition, two semi
circles could be identied in the impedance spectra corre-
sponding to the bulk and grain boundary responses at high and
low frequencies, respectively (Fig. S7a†). However, at higher
temperatures, for compositions with x > 0.10, the bulk response
moved out of the frequency window (Fig. S7b†) and therefore
only a total resistance could be extracted. Arrhenius plots of the
separate bulk and grain boundary conductivities are given in
Fig. S8.† It is evident that the bulk conductivity at lower
temperatures decreases with increasing level of substitution
while the grain boundary conductivity generally shows the
This journal is © The Royal Society of Chemistry 2024
opposite trend. The general trends are in agreement with the
work of Stephens and Kilner.14

To allow for an analysis of the trends in conductivity across
the compositional and thermal ranges studied, it is more
helpful to use the total conductivity, i.e., bulk + grain boundary.
Fig. 5a depicts Arrhenius plots of total conductivity for
compositions in the Ce1−xNdxO2−x/2 system. The data presented
correspond to the 2nd cooling ramp. All plots show departure
from ideal Arrhenius behaviour, each exhibiting two linear
regions one at higher temperatures and one at lower tempera-
tures, with a transition at around 500–600 °C. Interestingly, for
the lowest studied x-value composition (x = 0.05) the high
temperature region has a higher activation energy than at low
temperatures, while the situation is reversed for compositions
with x $ 0.10. Fig. 5b graphically summarises the variation of
low- and high-temperature activation energies in the Ce1−x-
NdxO2−x/2 system, with values tabulated in Table S3.† A
minimum in the low temperature activation energy is seen at x
= 0.20, with a value of 1.06 eV. Interestingly, the high temper-
ature activation energy drops signicantly from 1.65 eV to
0.85 eV between x = 0.05 and x = 0.15, above which composi-
tion it uctuates around 0.9 eV. The variations in conductivity in
the high- and low-temperature regions can be examined using
the values of total conductivity at the characteristic tempera-
tures of 300 °C (s300) and 800 °C (s800), which are shown in
Fig. 5c and d, respectively. It can be seen that the low temper-
ature conductivity exhibits a maximum at x = 0.20 (4.7 ×

10−6 S cm−1), while that for the high temperature data occurs at
x = 0.15 (3.8 × 10−2 S cm−1). As reected in the variation of the
high temperature activation energy, the high temperature
conductivity values remain fairly constant over the composi-
tional range 0.15 # x # 0.30.

At lower temperatures, the local structure profoundly inu-
ences the activation energy, mainly due to oxide ion vacancies
being trapped through dopant–oxide ion vacancy
association.14–19 Two main phenomena contribute to the acti-
vation energy; rstly, the migration enthalpy which will be
affected by the size of bottlenecks and the polarisability of the
cationic framework and secondly the defect association
enthalpy. The continuous increase in lattice parameter with
increasing x-value, as seen in Fig. 1a, would be expected to lower
the activation energy (at least up to an optimum value), while
the increasing oxide ion vacancy concentration would be ex-
pected to increase activation energy due to an increased
dopant–oxide ion vacancy association. However, the data in
Table 3 show that the percentage of vacancies preferentially
associated with Nd3+ cations, rapidly reaches a value of 40% at x
= 0.10 and uctuates between 35 and 50% at higher vacancy
concentrations. This is consistent with the compositional vari-
ation of defect association enthalpy presented by Stephens and
Kilner which shows a minimum at relatively low x-value.14 The
observed rapid drop in low temperature activation energy
suggests that the rst process dominates the activation energy
value at low temperatures, but that a minimum in activation
energy is rapidly achieved at relatively low x-values, where the
dopant–oxide ion vacancy association becomes more prom-
inent. The data in Table 3 also conrm the presence of preferred
J. Mater. Chem. A, 2024, 12, 10203–10215 | 10211
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Fig. 5 (a) Arrhenius plots of total conductivity for studied compositions; compositional variation of (b) low and high temperature activation
energies (DELT and DEHT, respectively), (c) conductivity at 300 °C (s300) and (d) conductivity at 800 °C (s800).
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dopant–oxide ion vacancy association at 600 °C for the x = 0.20
composition, although not as signicant as at room tempera-
ture, and thus the observed similar trend in the high tempera-
ture activation energy can be explained in the same way as that
at low temperature. Similar trends in high- and low-temperature
activation energies were also seen by Stephens and Kilner, but
with a minimum activation energy at around x = 0.05.14 In the
present case this minimum seems to be shied to higher x-
values.
4. Conclusions

The structure of compositions in the Ce1−xNdxO2−x/2 (0.05 # x
# 0.30) system has been studied, at both long- and short-range
levels. A defect uorite structure is maintained throughout the
compositional range studied, with rened vacancy concentra-
tions close to theoretical values, assuming Ce and Nd to be in
the +4 and +3 oxidation states, respectively. Vegard's law
appears to be followed in the compositional range studied, but
this does not exclude the possibility of a positive deviation from
linearity at lower x-values, as previously reported. Indeed, the
RMC results indicate clustering of Nd3+ cations which would be
consistent with such a deviation.

In addition to dopant cation clustering, a preference for
oxide ion vacancy association with the Nd3+ cations is observed
in the RMC results. This preference increases rapidly between x
10212 | J. Mater. Chem. A, 2024, 12, 10203–10215
= 0.05 and x = 0.10 as vacancy/dopant concentration increases.
On heating, the preference is diminished somewhat, but is still
present at around 600 °C. The presence of such dopant–oxide
ion vacancy association has an important inuence on the
activation energy for conductivity in the system, particularly at
low temperatures. As seen generally in doped cerias, the
Arrhenius plots of total conductivity for NDC show two linear
regions one at high temperature and one at low temperature,
with different activation energies. Both high and low tempera-
ture activation energies show a signicant decrease up to
around x = 0.15, associated with the migration enthalpy
decreasing as the lattice chemically expands. However, as the
oxide ion vacancy concentration increases, the inuence of
dopant–oxide ion vacancy association increases, leading to
a minimum in low temperature activation energy at around x =
0.20, correlated with a maximum in the low temperature
conductivity. The continued presence of preferred oxide ion
vacancy association with the Nd3+ cations at 600 °C suggests
a continued contribution of the defect association enthalpy to
activation energy in the high temperature region and is re-
ected in similar compositional variation of high- and low-
temperature activation energies.

The third feature evident from the RMC analysis is the
presence of vacancy clustering. A non-random preference for
vacancy pair alignment in the h100i direction is observed. This
appears to contrast the situation in pure ceria and YDC, but is in
This journal is © The Royal Society of Chemistry 2024
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agreement with the situation in bismuth oxide based uorites
and in fact lies along one of the diffusion pathways identied in
YDC. The study highlights the potential pitfalls of assuming
that systems with similar average structures will have similar
local structures and consequently, it can be expected that
differences will also be present in the ionic transport mecha-
nisms, particularly at lower temperatures where dopant–oxide
ion vacancy association has a signicant inuence.
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