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Abstract 

The oxygen vacancy evolution and ion dynamics in the Dy doped nanoceria has been 

investigated with microstructural, optical and ionic conductivity study. The influence of Dy3+ 

ions on the microstructure, optical and ionic conductivity properties of these nanoparticles have 

been studied using X-ray diffraction, HR-TEM, EDAX, UV-vis, Raman and impedance 

spectroscopy. From Rietveld refinement of the XRD profiles, it has been found that, the oxygen 

vacancy, lattice parameter and Ce-O bond length increases with the Dy3+ ions concentration. The 

Rietveld analysis together with HR-TEM confirms the cubic fluorite structure with space group 

Fm3�m of all the samples. The EDAX spectra represent a good stoichiometry of different atoms 

in the samples. The direct band gap, calculated from UV-vis spectra, has shown a red shift with 

the concentration of Dy3+ ions. Raman spectroscopy study of the samples gave insight to 

vibrational properties and pointed to the fact that, the content of oxygen vacancy increased 

significantly with the doping concentration. The number of oxygen vacancy and their interaction 

with dopant cations strongly influence the electrical properties of Dy doped ceria. 
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1. Introduction: 

Ionic conductivity of ceria based solid solutions has been reported to be an order magnitude 

greater than that of yttrium-stabilized zirconia (YSZ) when it is in nanocrystalline form 1. Ceria 

based nanomaterials have also found their applications as catalytic support in automotive exhaust 

systems 2. Rare earths are praised as the treasury of materials due to their special optical, 

electrical and magnetic properties which are attributed to their particular electron configuration 3. 

When ceria is doped with rare earths, then substitution of Ce4+ in ceria by these trivalent cations 

distorts the lattice structure and generates oxygen vacancies 4, which permits high oxygen ion 

conduction. The oxygen vacancy concentration of CeO2 can be varied by varying dopant 

concentration 5. Rare earth doped ceria is also a good candidate as wave length converter of near 

UV photons to IR photons 6. A comprehensive knowledge of the crystal structure and a better 

understanding of the mechanism of ionic conduction are therefore required to develop a better 

electrolyte material. Hence, to use rare earth doped ceria as electrolyte materials, many 

researchers have studied the crystal structure, ordering of oxygen vacancies and diffusion path of 

these ionic conductors 7-10. The movement of these oxygen vacancies is influenced by their 

interaction with dopant cations. A relatively small concentration of point defects may affect the 

physical properties of these materials in very significant ways 11. Raman spectroscopy is an 
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essential tool to investigate this type of local structural distortion 12. The main difficulty for 

application of rare earth doped ceria in SOFC electrolyte is the creation of both electronic and 

ionic charge carriers at low oxygen partial pressures. The ionic conduction in rare earth doped 

ceria is dominated by the association between trivalent cations and oxygen vacancies. Among 

various rare earth doped ceria materials, ceria doped with Sm3+ and Gd3+ shows higher ionic 

conductivity because of their optimum radius and thereby a smaller association enthalpy 13,14. 

Recent studies 15 has also pointed out that Dy doped ceria may be a promising solid electrolyte 

material for applications in low temperature SOFCs. 

In our present work, Dy doped Ce1-xDyxO2-δ (0.0 ≤ x ≤ 0.5) nanoparticles were prepared by 

using the citrate auto-ignition method. The detailed microstructure and the optical properties of 

these nanoparticles were investigated. The effect of dysprosium doping on the evolution of 

oxygen vacancies with respect to microstructure, optical properties and the dependence of 

electrical conductivity on doping concentration and oxygen vacancies are discussed and 

correlated. 

2. Materials and Methods: 

The Dy doped ceria nanomaterials Ce1-xDyxO2-δ (0.0 ≤ x ≤ 0.5) were prepared by using 

low temperature citrate auto-ignition method. Ce(NO3)3, 6H2O (99.9%) and Dy2O3 (99.9%) were 

used as starting materials. The process of sample preparation has been described in our previous 

work 16. The as prepared powdered samples were annealed at 400oC for 2 h then again sintered at 

600oC for 6 h. During annealing/sintering the rise in temperature was in rate 5oC/min. and then 

materials were cooled down to room temperature by normal furnace cooling. To identify the 

crystal structure and phase purity of the samples, X-Ray diffraction profiles were recorded with a 

powder X-ray diffractometer (BRUKER, Model D8 Advance-AXS) using CuKα radiation[ 
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λ=1.5406 Å] from 2θ = 20° to 90° with step size 0.05o. The morphology of the sintered samples 

was examined using scanning electron microscopy (SEM) (Carl Zeiss SMT Ltd. SUPRATM 40). 

The microstructural analysis at high magnification were performed by placing the particles in a 

formvar-carbon coated 300 mesh copper grid with the help of transmission electron microscope 

(JEOL, Model JEM- 2010) operated at 200 kV. The TEM micrographs were further analyzed 

using Gatan microscopy suite. The compositions of the samples were evaluated from energy 

dispersive X-ray analysis (Hitachi S-3500). Ultraviolet–visible (UV–vis) absorption spectra were 

taken at room temperature in the wavelength range 200–1100 nm using Shimadzu spectro-

photometer (Model-1800). Raman spectra of the materials were recorded at room temperature in 

a Triple Raman Spectrometer (Jobin-Yvon Horiba T64000) equipped with a TE cooled charge 

coupled-device detector and an Olympus microscope using He-Ne laser at 632.817 nm line as 

the excitation source in the wave number range 200-800 cm-1.For electrical measurements, 

cylindrical pellets were prepared from sintered powder by uniaxial pressing in a 10 mm diameter 

stainless steel die. The pellets were covered on both sides with conductive graphite paste to make 

the electrodes. The electrical measurements were performed using two probe methods in air. A 

LCR meter (HIOKI, Model 3532-50) interfaced with PC was used to collect the electrical data in 

the frequency range 42Hz-5MHz and in the temperature range 250-550oC. 

 

3. Results and discussion: 

3.1. X-Ray diffraction analysis and Rietveld refinement: 

Fig. 1(a) shows the XRD pattern of the Ce1-xDyxO2-δ (x=0.00 – 0.50) samples. It may be found 

that, when ceria is doped with Dy, there is no noticeable change in the diffraction pattern i.e. any 

evaluation of additional peak due to Dy is absent. This ensures the complete dissolution of Dy 
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into the ceria lattice. The observed peaks in the XRD pattern were well indexed and consistent 

with the reference data [JCPDS file: 34-03940]. The observed Bragg reflection peaks confirmed 

the cubic fluorite structure of the samples. We have plotted the maximum intensity peak (111) 

with the concentration of Dy in Fig. 1(b). It can be seen from Fig. 1(b) that the peak shifts 

towards the lower angle side with doping concentration x. This shift of (111) peak clearly 

indicates the lattice expansion with Dy content in the ceria lattice. 

To obtain the microstructural information of the samples, we have performed the Rietveld 

analysis of the XRD data using MAUD 2.33 software, which is specially designed to refine 

simultaneously both the structural and microstructural parameters through a least square method. 

Fig. 1(c) and (d) show the refined XRD pattern obtained from Rietveld analysis for the samples x 

= 0.20 and x = 0.50 respectively. The shape of the diffraction profile is fitted with a pseudo-

Voigt function (it is described by Gaussian + Lorentzian functions with refinable degree of 

mixing) with asymmetry because it takes care of individual for the both particle size and strain 

broadening of the experimental data 17. The angular dependence of the peak full width at half 

maximum (FWHM) is described by Caglioti’s formula. The background of each XRD profile is 

fitted using a polynomial of degree 5. The difference between observed and simulated diffraction 

pattern was minimized using Marguardt least-squares procedure. This minimization was carried 

out by using the reliability index parameter such as weighted residual error (Rwp), expected error 

(Rexp) and goodness of fit (GoF) 18-20. These parameters are defined as: 

Rwp=� ∑����	,����,��
∑����	,��Bkgn�          (1) 

G.O.F = �∑����	,����,��
���          (2) 

where Yo,n and Yc,n are respectively the observed and calculated data at point n, Bkgn, is the 

background at data point n, N is the number of data points, P is the number of parameters and 
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wnis the weighting factor given to data point n. In counting statistics, this last factor is given by 

wn=1/σ(Yo,n)
2, where σ(Yo,n) is the error in Yo,n. Both Rwp and GoFare good global indicators of 

the refinement process, since the numerators of these factors contain the residual function which 

is being minimized. A rather good refinement is represented by low values of these parameters: 

Rwp around 0.10 for XRD in a conventional diffractometer, and GoF around 1 21. In all 

refinements GoF is between 1.1 and 1.2 which indicates the goodness of refinement. Different 

Reitveld parameters like Rexp, Rwp and GoF for each XRD profile are enlisted in Table 1. We 

have evaluated the effective particle size (D) and r.m.s. strain (<ε2>1/2) using the Popa model 22. 

Other structural parameters as lattice parameter, Ce-O bond length, atomic position and 

occupancies were calculated which are given in Table 1. 

The Rietveld analysis indicated the cubic fluorite structure of each sample with space group 

Fm3�m. In this structure cerium ions occupy the vertices and face of cubic unit cell. Each cerium 

ion (Ce4+) is co-ordinated with eight oxygen ions (O2-) arranged in perfect cube while each 

oxygen ion is surrounded by four cerium ions in tetrahedral arrangement. This structure is often 

described as cubic closed packing of cerium ions with oxygen ions occupying all tetrahedral 

holes 23. The crystal structure of pure ceria is shown in Fig. 2(a). All the cerium ions (Ce4+) are 

situated at the 4a site with the atomic co-ordinate (0,0,0) and oxygen ions (O2-) are at the site 8c 

corresponding to the (1/4, 1/4, 1/4) position. All the ions positions are fixed during the whole 

refinement process. Generally the fluorite structured ceria, when doped with a trivalent cation 

like Dy3+, one oxygen vacancy is formed for every two trivalent cations for charge neutrality and 

represented by the Kröger-Vink notation: 

Dy2O3 + 2CeO2  →  2Dy��′  + 3O�� + V�••       (3) 
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Here Dy��′  indicates one Ce4+ site occupied by Dy3+ ion and V�•• represents the oxygen vacancy. 

The defect structure of the doped ceria is shown in Fig. 2(b). Here the occupancy of Ce4+ ions in 

the 4a site and O2- ions in 8c site of undoped ceria is 1 (Table 1). In doped ceria, the occupancy 

of Ce4+ ions decreases with the doping concentration and the occupancy of dopant ions (Dy3+) in 

4a site increases. The occupancy of O-2 ions at 8c side decreases with doping concentration of 

Dy3+ ions, which indicates more number of oxygen vacancies. The formation of these oxygen 

vacancies were confirmed in earlier studies 24-27. Fig. 3 shows the variation of lattice parameter 

of Ce1-xDyxO2-δ (x=0.00 – 0.50) samples as a function of total dopant concentration (x). It can be 

seen that, the lattice parameter increases with dopant concentration which is due to the fact that, 

ionic radius of Dy3+ (1.027Å) is greater than the ionic radius of Ce4+ (0.97Å). It can be seen from 

Fig. 3 that, for Ce1-xDyxO2-δ system, the lattice parameter increases linearly with the increase of 

Dy3+ concentration upto x = 0.25 following Vegard’s law 28. After x = 0.25 lattice parameter of 

the system Ce1-xDyxO2-δ also increases linearly but the rate of increase is different. Using a least-

square fitting algorithm a linear relationship was obtained between lattice parameter (a) and 

dopant concentration (x). These can be represented as, 

a ( x, 0 ≤ x ≤ 0.25 ) = 5.39771 + 0.04369x       (4) 

and   

a ( x, 0.3 ≤ x ≤ 0.5 ) = 5.40451 + 0.01847x       (5) 

Similar results were also found earlier for Ce1-xGdxO2-δ (0.05 ≤ x ≤ 0.4) system 29. In the present 

study, the slower increase of lattice parameter at higher concentration (x > 0.25) can be attributed 

to the effect of the interaction between dopant cations and oxygen vacancies which tend to 

contract the unit cell 30. As the oxygen vacancy increases with doping concentration x, at higher 

doping concentration number of oxygen vacancies are much greater. So, the interaction between 

oxygen vacancies and dopant ions is greater at higher concentration. At higher doping 
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concentration oxygen vacancies and defect associations appearing in the solid solutions are 

surely to have different interactions with the network ions and the oxygen vacancy is believed to 

produce a lattice contraction than the defect association 31. The r.m.s. strain for the sample 

Ce0.8Dy0.2O2-δ shows a minimum value 1.25×10-5. The Ce-O bond length of the system was also 

evaluated from Rietveld analysis and was found to increase with x i.e. the change in lattice 

parameter is also followed by the Ce-O bond length change. During the formation of rare earth 

doped ceria solid solutions, several defect reactions can be created. Among them oxygen 

vacancy model is very much important which is represented by the Kröger-Vink notation as 

given earlier. With the help of this oxygen vacancy model of doped ceria we can find out the 

density of the system Ce1-xDyxO2-δ (x=0.00 – 0.50) using the following equation: 

ρ� = 
� !"#$	��&� !"#$	��'�(

�!)
�*+,         (6) 

Where M./, M./ and M0 are the atomic weight of Dy, Ce and Oxygen repectively; N2 is 

Avogadro no. and a is lattice parameter. The value of density is given in the Table 1 and found to 

increase with doping concentration as the atomic weight of Dy (162.5) is greater than Ce 

(140.11). 

3.2. Energy Dispersive X-ray Analysis: 

The composition of the obtained system was analyzed by means of energy dispersive X-ray 

analysis (EDAX). Figs. 4(a-d) shows EDAX spectrum for the compositions x = 0.00, x = 0.10, x 

= 0.20 and x = 0.50 respectively. The presence of major chemical elements namely Cerium, 

Dysprosium and Oxygen in prepared samples was confirmed from this analysis. The percentage 

of Dy/Ce values are given in the inset of Figs. 4(a-d). The doped ceria did not deviate from their 

initial stoichiometry and matched well with the initial degree of Dy substitution The EDAX 

spectrum clearly shows that oxygen content in the system Ce1-xDyxO2-δ decreases with the 
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doping concentration i.e. the oxygen vacancies increase with doping concentration. This result is 

in good agreement with the Rietveld analysis results discussed earlier. 

3.3. Transmission Electron Microscopy (TEM) Study: 

The nano structure of the samples was further characterized by using transmission electron 

microscopy. The nano flakes for the sample x = 0.2 are distributed uniformly as observed in 

bright field TEM image of Fig. 5(a). All the samples show similar nano structure with negligible 

size variation with composition. The crystallite size distribution for the sample x = 0.2 is shown 

in the inset of Fig. 5(a). It can be inferred that, the average crystallite size is ~ 16.84 nm 

indicating the sample preparation is correct to produce such kind of nanostructure. In Fig. 5(b), 

the lattice fringe pattern is shown for the composition x = 0.2. The fast Fourier transform (FFT) 

of the embraced zone is shown in the inset of Fig. 5(b). At least three different pairs of bright 

spots are found and these spots are identified as reflections from (111), (002) and (11-1) lattice 

planes as shown in the inset of Fig. 5(b). The sharp and bright spots further confirmed the cubic 

symmetry and well crystallinity of the sample. Using SAED studies D.R. Ou et al. have shown 

an increase in local ordering of oxygen vacancies with the increase of doping concentration in 

lanthanide doped ceria 32.  In Fig. 5(c) the simulated lattice pattern is also shown with prominent 

lattice planes orientated along (111) direction. It can be inferred that, the lattice fringe in Fig. 

5(c) consists of (111), (002) and (11-1) planes as previously suggested by FFT pattern. To get 

more information we have analyzed the atomic model using the XRD refinement results. Fig. 

5(c) contains all of these lattice planes with viewing direction along [-110] as suggested by the 

atomic model in Fig. 5(d). It can be noted that Dy3+ is partially occupying Ce4+ site so they 

cannot be isolated but the position of cation (Ce4+/Dy3+) is detectable as observed in Figs. 5(c) 

and (d). 
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3.4. UV-vis spectroscopy: 

Fig. 6(a) shows the UV-VIS absorption spectra recorded for pure and doped ceria. It can be 

seen that, there is a strong absorption band below 400 nm in the spectrum for all the samples 

which is due the charge transfer from O-2(2p) to Ce4+(4f) orbitals in CeO2 
33. But there is no 

absorption in the visible region. The optical band gap values for Ce1-xDyxO2-δ (x=0.00 – 0.50) 

system can be estimated from the absorption spectra data following Tauc’s rule 34: 

αhν = A(hν – Eg)
n          (7) 

where α is the absorption co-efficient hν is the photon energy, Eg is the band gap energy, A is a 

constant and n can take values 1/3, 1/2 , 2, 3 for the direct forbidden, direct allowed, indirect 

allowed, indirect forbidden transition respectively. The band gap corresponding to direct 

transition was obtained by extrapolating the linear portions of (αhν)2 versus hν curves to (αhν)2 

equal to zero. A plot of (αhν)2  as a function of photon energy hν for the sample Ce0.75Dy0.25O2-δ 

is shown in Fig. 6(b). The calculated values of Eg for all the samples are given in Table 2. 

Undoped ceria shows the highest band gap value of 2.750 eV and for Dy3+ doped ceria the values 

of band gap decreases with dopant concentration x. Thus the absorption spectra of Dy3+ doped 

ceria nanocrystals exhibits a red shift compared to pure ceria. In CeO2, all valance Ce states 

including 4f states are empty and the system is wide gap insulator with a measured fundamental 

band gap of 6.0 eV between the valance and conduction band which is formed predominantly by 

O-2 (2p) to Ce4+ (5d) states respectively 35. The vacant 4f states lie in the gap. But in our present 

study, the band gap values of CeO2 is quite lower than 6.0 eV. This is because, the presence of 

small amount of Ce3+ at the surface of CeO2 
36 and one electron per Ce atom populates a Ce 4f 

state resulting in decrease in band gap values of ceria. The co-existance of a small amount of 

Ce3+ ions was also confirmed by using XPS analysis 37. The red shift of direct band gap with x 
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can be explained in several ways. Firstly, when Dy3+ ions are incorporated into the ceria lattice, 

the valancy changes from Ce4+ to Ce3+ ions decreases due to the replacement of Ce3+ ions by 

trivalent Dy3+ ions as confirmed by several authors using  XPS 38-40. The substitution of Ce3+ ion 

with Dy3+ ion increases with doping concentration and such a substitution increases the oxygen 

vacancy concentration due to charge compensation mechanism as discussed earlier. Secondly, 

the red shift may due to the presence of the oxygen defect levels present in between O2p and 

Ce4f levels that capture the excited electrons and decrease the effective band gap 41. Lastly, the 

doping of Dy ions creates ground and excited f-energy states in the mid band gap of ceria. These 

energy states of Dy take up many of the excited electrons coming from O2p level 11. This 

ultimately leads to effective reduction in band gad i.e. read shift. 

3.5. Raman spectroscopy:  

Raman spectra of sintered samples Ce1-xDyxO2-δ (x = 0.0-0.5) are shown in Fig. 7. These spectra 

exhibit a high intense Raman band centered at 462 cm-1 to 484 cm-1 as listed in Table 3. These 

bands were attributed to the Raman-active vibrational mode F2g of fluorite-type structure that can 

be viewed as a symmetrical stretching vibration of oxygen atoms around Ce3+ ions 42 and are 

sensitive to the crystalline symmetry 43. Table 3 also reveals that, F2g mode shifts towards the 

higher wave number with the concentration of Dy3+cations (i.e. with x). This shift is due to the 

increase of oxygen vacancy i.e. decrease of the amount of oxygen ions bound to Ce or Dy ions 

44. Therefore, number of oxygen vacancies increases in the system Ce1-xDyxO2-δ (x = 0.0-0.5) 

with x and this is well in agreement with the Rietveld analysis result. A second order Raman 

band below 400 cm-1 and above 500 cm-1 was observed which is due to the extrinsic oxygen 

vacancies introduced into the ceria when Ce4+ ions are replaced by the Dy3+ ions. These Raman 

bands are also due to defect spaces like M4Ovand O6Ov type complex (M = metal ions and Ov 
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oxygen vacancy)  where M4Ov type complex consists of an oxygen vacancy surrounded by four 

nearest neighbor metal ions and O6Ov type complex  consists of an oxygen vacancy surrounded 

by six next nearest neighbor oxygen ions. These second order Raman bands below 400 cm-1 were 

also observed in earlier studies 45. The relative intensity of these bands also increases with the 

doping concentration of Dy3+cations. For pure ceria, only an intense band centered at 462 cm-1 is 

observed and no other bands were observed which signifies that, there is apparently no extrinsic 

oxygen vacancy. As shown in the Fig. 7, for all the doped samples, there is a D band above 500 

cm-1 which splits into D1 and D2 bands for the samples x = 0.1-0.4. The D1 and D2 bands were 

merged into a broad single band for the sample x = 0.5. The center of D1 and D2 bands shifts 

towards the higher wave number side with the concentration of Dy3+cations. These disordered D1 

and D2 bands were used as a powerful tool to investigate the defect association formed to 

decrease the total lattice energy in ceria based materials 46. Hence, the D2 bands from 597 cm-1 to 

610 cm -1 are attributed to defect spaces with Oh symmetry which include a Dy3+ atom in 8-fold 

co-ordination of O2- but does not contain any O2- vacancy. The D1bands from 552 cm-1 to 576 

cm-1 were assigned to defect spaces with symmetry other than Oh symmetry that include O2- 

vacancy in (2Dy��3 -V�••)× and (Dy��3 -V4••)• complexes. Both the D1 and D2 bands shifts towards to 

the higher wave number side with the concentration of Dy3+ ions and the shift of D1 is assigned 

to the increase of (2Dy��3 -V�••)× complex compared to that of the (Dy��3 -V4••)• complex. The ratio 

of intensities of different bands is listed in Table 3. The ratio of 56�7/5.8  and 56�7/5.�  decreases 

with the increase of x which is related to the degree of defect sites on CeO2. This also indicates 

higher number of oxygen vacancies with higher doping concentration 47. According to Nakajima 

et. al. 48, low ratio of 5.8/5.�  indicates that Ce3+ ions preferably locate in a Ce3+O8 type complex 

and higher value of this ratio indicates an increase of concentration of the O2- vacancies 
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amalgamated defects with Dy3+O8 type complex. S. F. Wang et. al 49 and Z. D. Dohčević-

Mitrović et al. 50 have also showed the increase of oxygen vacancies with doping concentration 

in the rare earth doped ceria solid solution using  Raman spectroscopy.  The shift of Raman 

bands and change in intensity ratio with doping concentration also confirms the formation of 

solid solutions in our present study by citrate auto-ignition method.  

3.6. Electrical conductivity: 

Fig. 8(a) shows the variation of real part σ′(9) of complex conductivity as a function of 

frequency at a temperature 525oC of the system Ce1-xDyxO2-δ (0.0 ≤ x ≤ 0.5). This figure reveals 

that conductivity spectra of this system consists of two parts viz. a frequency independent  part in 

the low frequency region which corresponds to dc conductivity  caused by the random hopping 

of the ions and frequency dependent part at high frequency region which corresponds to ac 

caused by the correlated forward backward hopping motion of the charge carriers among the 

localized sites 51. Therefore the conductivity spectra can be well described by the following 

equation: 

:3 = :;< + :=<          (8) 

This spectrum also shows a similar nature of all the compositions. The Random free-energy 

Barrier Model (RBM) proposed by Dyre 52, describes the frequency dependent conductivity, over a 

wide range of frequencies, in disordered solids at constant temperature. This model is based on the 

ascertainment that dc conductivity is more thermally activated than ac conductivity. We used RBM 

to evaluate the dc conductivity or the total conductivity.  According to RBM, the complex 

conductivity σ*(9) is given by 

σ
*(9) = :�0 ?@AB

CD	�&$?@AB        (9) 
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, where	:�0 is the dc conductivity and 9E F	 &AB is the attempt frequency to overcome the 

highest free energy barrier. The real part of σ*(9) has been used to fit the conductivity spectra as 

shown in Fig. 8(a). The variation of :�0 with the doping concentration of Dy3+ for different 

temperatures is shown in Fig. 8(b). This figure reveals that, the dc conductivity increases with 

doping concentration and shows a maximum value for x = 0.20 and further increase of doping 

concentration decreases the conductivity. The oxygen vacancies inside the grain and grain 

boundary control the whole conduction process. This variation may be due to the number of 

oxygen vacancies present in the system and the interaction between oxygen vacancies and 

dopant cations. As discussed earlier, oxygen vacancies increases with doping concentration, so, it 

is expected to increase the conductivity with doping concentration. At higher doping 

concentration number of oxygen vacancies will be more, so there may be strong interaction 

between these vacancies with Dy3+ ions. Therefore, the motion of free oxygen vacancies at 

higher doping concentration should be limited and conductivity decreases. Fig. 8(c) shows the 

temperature dependence of dc conductivity :�0, which obeys the Arrhenius equation given by 

:�0 F 	 G	H I�JK/MNH         (10) 

Where :4 is the pre-exponential factor being a constant in a certain temperature range, OP is the 

Boltzman’s constant, T is the absolute temperature and Q= is the activation energy for dc 

conduction. Q= 	can be calculated easily from the slope of Arrhenius plot. It is observed in Fig. 

8(c) that the dc conductivity increases with temperature which indicates that, oxygen ion 

conduction in these compositions are thermally activated process. The activation energies for dc 

conduction are listed in Table 4. The activation energy shows a minimum value for the sample x 

= 0.20 which shows the maximum conductivity. In another study of S. Kuharuangrong 53 the 
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activation energy for x = 0.10, x = 0.20 and x = 0.30 was reported as 1.06 eV, 1.11eV and 1.15 

eV respectively and the composition x = 0.30 shows the highest conductivity among the all 

others compositions. These activation energy values are very close to our system. Again 

according to S.Acharya15, the composition x = 0.15 shows a lowest activation energy (0.86 eV) 

and highest conductivity (7.42×10-2 S/cm). A.K. Baral et al.27 had reported activation energy and 

conductivity at 550oC for the composition x = 0.20 in their study as 1.16 eV and 1.36×10-4 S/cm 

respectively. But in our present system the composition x = 0.20 shows lower activation energy 

and higher conductivity at 550oC (5×10-4 S/cm) than the previous study by A.K. Baral et al. 

Again Y. Wang et al. 54 was reported activation energy and conductivity for the composition x = 

0.10 in their study as 0.79 eV and 2×10-4 S/cm respectively. Therefore, the conductivity and 

activation energies are comparable to the previous reported study. The values of activation 

energy and conductivity of our present study and previous study are also listed in Table 4. The 

scaling behavior of conductivity spectra shows the effect of temperature on the conduction 

mechanism. The conductivity spectra of the compositions obey the time-temperature 

superposition principle (TTSP) i.e. all the conductivity spectra at different temperatures are 

superimposed on a single master curve. In case of the real part of complex conductivity the 

TTSP can be represented by the following scaling law 55 

G′�@
G�R  = F(9SE)          (11) 

The scaling function F is independent of both the temperature and composition. Fig. 9(a) shows 

the superposition of all the curves on a master curve for x = 0.20. Similar behavior was also 

found for other compositions. This behavior simply indicates that, the conduction mechanism 

(movement of oxygen ions through the crystal lattice as a result of thermally activated hopping 
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of the oxygen ions moving from a crystal lattice site to another crystal lattice site) does not 

depend on temperature i.e. the change in temperature only changes the number of charge carriers 

without changing the conduction mechanism 56. Fig. 9(b) shows the scaled spectra for different 

compositions for a particular temperature which shows the superposition of all the curves on a 

single curve. This indicates the doping concentration independence of the conduction 

mechanism. More clearly migration of charge carrier in our present system takes place through a 

simple hopping mechanism. The only likely migration events involve an oxygen ion hopping to a 

vacancy in a nearest neighbor or a next nearest neighbor site thus exchanging its place with the 

vacancy. The increase of doping concentration only changes the number of oxygen vacancies but 

the conduction mechanism as mentioned above remains unchanged. 

4. Conclusion: 

In summary, Dy doped ceria-based nanoparticles were obtained by citrate auto-ignition 

method. A good stoichiometry of the atoms in the obtained samples was confirmed by EDAX. 

Rietveld analysis of the XRD data and HRTEM of the sintered samples confirmed the well 

crystalline and single phase cubic fluorite structure with space group Fm3�m. The variation of 

lattice parameter with doping concentration tends to saturate at higher doping concentration due 

to interaction between oxygen vacancies and cations. The UV-VIS absorption measurements 

showed a red shift in the absorption peak positions with the concentration of Dy3+ ions and were 

explained in terms of the compensation of Ce3+ ions, generation of oxygen vacancies and 

creation of f-energy states. The Rietveld analysis and the shift of different Raman bands 

confirmed the increase of oxygen vacancies with doping concentration. The Raman spectra also 

reveal the presence of different defect spaces like M4Ov, O6Ov, Ce3+O8 and Dy3+O8 type complex 

Page 16 of 31RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



17 

 

including oxygen vacancy. The dc conductivity and activation energy vary with doping 

concentration due to oxygen vacancies and interaction between vacancies and dopant cations. 
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Figure captions: 

Fig. 1 (a) XRD patterns of the doped and undoped ceria Ce1-xDyxO2-δ (x=0.00 – 0.50), (b) Shift 

of (111) peak shift with doping concentration x. The refined XRD patterns obtained from 

Rietveld analysis for the samples for (c) x = 0.20 and (d) x = 0.50. 

Fig. 2 The crystal structure of (a) pure ceria and (b) doped ceria. 

Fig. 3 Variation of lattice parameter with the doping concentration x. 

Fig. 4  Energy dispersive X-ray analysis (EDAX) for (a) x = 0.00, (b) x = 0.10, (c) x = 0.20 and 

(d) x = 0.50. The percentage of Dy/Ce values are given in the inset. 

Fig. 5 (a) indicates the distribution of nano flakes for the composition x = 0.2. The crystallite size 

distribution is also shown in the inset of (a). In (b) the lattice plane is shown. The FFT image is 

also shown in the inset of (b). The simulated lattice pattern is shown in (c). In (d) the atomic 

model indicates the orientation of the atoms. The gray spheres in (d) indicate the Ce4+/Dy3+ atom 

whereas darker spheres are O2-. 

Fig. 6 (a) The UV-VIS absorption spectra for pure and doped ceria Ce1-xDyxO2-δ  (x=0.00 – 

0.50) and (b) the plot of (αhν)2  as a function of photon energy hν for the sample Ce0.8Dy0.2O2-δ. 

Fig. 7 Raman spectra of sintered samples Ce1-xDyxO2-δ (x = 0.0-0.5). 

Fig. 8(a) The variation of real part σ′(9) of complex conductivity as a function of frequency at a 

temperature 525oC of all the samples, (b) The variation of :�0 with the doping concentration at 

different temperatures and (c) Arrhenius plot of the system Ce1-xDyxO2-δ  (x=0.10 – 0.50). 

Fig. 9 (a)Scaling of the real part of the ac conductivity σ′(9)  of the complex conductivity 

spectraσ*(9) for Ce0.8Dy0.2O2-δ at several temperatures and (b)Conductivity master curve for 

different compositions at temperature 500oC. 
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Table 1.Rietveld refinement analysis result and theoretical density for the samples Ce1-xDyxO2-δ 

(x=0.00 – 0.50). The errors after fourth decimal are indicated inside parenthesis. 

Ce1-xDyxO2-δ (x=0-0.5) X = 0.00 X = 0.10 X = 0.15 X = 0.20 X = 0.25 X = 0.30 X = 0.40 X = 0.50 

Crystal system cubic cubic cubic cubic cubic cubic cubic cubic 

Space group Fm3�m Fm3�m Fm3�m Fm3�m Fm3�m Fm3�m Fm3�m Fm3�m 

Atomic co-ordinate         

Ce(4a) 

         (x,y,z) 

         Occupancy 

 

(0,0,0) 

0.9989(7) 

 

(0,0,0) 

0.9106(1) 

 

(0,0,0) 

0.8499(5) 

 

(0,0,0) 

0.8039(3) 

 

(0,0,0) 

0.7632(2) 

 

(0,0,0) 

0.7155(1) 

 

(0,0,0) 

0.6265(7) 

 

(0,0,0) 

0.5091(3) 

Dy(4a) 

         (x,y,z) 

         Occupancy 

 

--------- 

--------- 

 

(0,0,0) 

0.0894(5) 

 

(0,0,0) 

0.1501(3) 

 

(0,0,0) 

0.1961(8) 

 

(0,0,0) 

0.2368(4) 

 

(0,0,0) 

0.2845(4) 

 

(0,0,0) 

0.3735(7) 

 

(0,0,0) 

0.4909(2) 

O(8c) 

         (x,y,z) 

         Occupancy 

 

(
&

�
,
&

�
,

&

�
) 

0.9859(1) 

 

(
&

�
,
&

�
,

&

�
) 

0.9482(5) 

 

(
&

�
,
&

�
,

&

�
) 

0.9334(8) 

 

(
&

�
,
&

�
,

&

�
) 

0.8898(6) 

 

(
&

�
,
&

�
,

&

�
) 

0.8813(2) 

 

(
&

�
,
&

�
,

&

�
) 

0.8634(1) 

 

(
&

�
,
&

�
,

&

�
) 

0.8176(1) 

 

(
&

�
,
&

�
,

&

�
) 

0.7698(5) 

Lattice parameter (Å) 5.3976(9) 5.4019(1) 5.4045(5) 5.4064(4) 4.4085(3) 5.4101(1) 5.4117(8) 5.4138(0) 

Particle size (nm) 14.86 21.65 16.67 13.88 13.49 13.78 20.16 21.53 

r.m.s. strain 1.25×10-5 8.33×10-4 2.25×10-4 1.25×10-5 7.68×10-5 3.14×10-4 1.25×10-4 1.07×10-3 

Ce-O bond length (Å) 2.3372(7) 2.3391(0) 2.3402(4) 2.3410(6) 2.3419(6) 2.3426(5) 2.3433(7) 2.3442(4) 

Density (gm/cm3) 7.268 7.312 7.332 7.354 7.376 7.399 7.453 7.505 

Rwp (%) 5.42 4.34 5.26 5.79 3.69 3.61 4.34 5.03 

Rexp(%) 4.63 3.91 4.69 5.03 3.29 3.11 3.67 4.37 

GOF 1.17 1.11 1.12 1.15 1.12 1.16 1.18 1.15 
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Table 2.The values of band gap (Eg) for the samples Ce1-xDyxO2-δ (x=0.00 – 0.50). The errors 

after third decimal are indicated inside parenthesis. 

Samples Band gap (eV) 

CeO2 2.750(5) 

Ce0.9Dy0.1O2-δ 2.714(1) 

Ce0.85Dy0.15O2-δ 2.685(4) 

Ce0.8Dy0.2O2-δ 2.590(3) 

Ce0.75Dy0.25O2-δ 2.529(2) 

Ce0.7Dy0.3O2-δ 2.516(1) 

Ce0.6Dy0.4O2-δ 2.511(8) 

Ce0.5Dy0.5O2-δ 2.471(5) 
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Table 3.Positions of different Raman bands and intensity ratio of different Raman bands for the 

samples Ce1-xDyxO2-δ  (x=0.00 – 0.50). 

Samples Positions of Raman bands  

(cm-1) 

56�7
  / 5.8

 56�7
  / 5.�

 5.8
  / 5.�

 

F'V D& D' 

CeO2 462 - - - - - 

Ce0.9Dy0.1O2-δ 463 552 597 12.81 14.22 1.09 

Ce0.8Dy0.2O2-δ 465 558 599 6.00 7.53 2.24 

Ce0.7Dy0.3O2-δ 467 563 600 3.13 3.76 1.20 

Ce0.6Dy0.4O2-δ 472 571 605 2.01 2.19 1.08 

Ce0.5Dy0.5O2-δ 484 576     610 1.51 1.51 1.00 
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Table 4.The values of activation energy (E+) and conductivity for the samples Ce1-xDyxO2-δ 

(x=0.10 – 0.50). The errors after second decimal are indicated inside parenthesis. 

Sample Activation energy 

(eV) 

Conductivity at 

550oC  

(Ω-1cm-1) 

Ce0.9Dy0.1O2-δ 1.12(2) 

         0.79  [ref: 54 ] 

5×10-5 

2×10-4 

Ce0.85Dy0.15O2-δ 1.10(9) 

         0.86    [ref:15] 

3×10-4 

7.42×10-2 

Ce0.8Dy0.2O2-δ 1.10(5) 

         1.16    [ref:27] 

5×10-4 

1.36×10-4 

Ce0.75Dy0.25O2-δ 1.15(8) 3.3×10-4 

Ce0.7Dy0.3O2-δ 1.19(8) 

     1.15  [ref:53] 

2.9×10-4 

Ce0.6Dy0.4O2-δ 1.21(4) 8×10-5 

Ce0.5Dy0.5O2-δ 1.46(2) 1×10-5 
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