
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 19, 2023

Ionic/Electronic Conductivity, Thermal/Chemical Expansion and Oxygen Permeation in
Pr and Gd Co-Doped Ceria PrxGd0.1Ce0.9-xO1.95-

Cheng, Shiyang; Chatzichristodoulou, Christodoulos; Søgaard, Martin; Kaiser, Andreas; Hendriksen,
Peter Vang

Published in:
Journal of the Electrochemical Society

Link to article, DOI:
10.1149/2.0531713jes

Publication date:
2017

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Cheng, S., Chatzichristodoulou, C., Søgaard, M., Kaiser, A., & Hendriksen, P. V. (2017). Ionic/Electronic
Conductivity, Thermal/Chemical Expansion and Oxygen Permeation in Pr and Gd Co-Doped Ceria
Pr

x
Gd

0.1
Ce

0.9-x
O

1.95
-. Journal of the Electrochemical Society, 164(13), F1354-F1367.

https://doi.org/10.1149/2.0531713jes

https://doi.org/10.1149/2.0531713jes
https://orbit.dtu.dk/en/publications/fe445d23-a335-4a3c-943e-18cc7c4126cf
https://doi.org/10.1149/2.0531713jes


Ionic/Electronic Conductivity, Thermal/Chemical Expansion and Oxygen 1 

Permeation in Pr and Gd co-doped ceria PrxGd0.1Ce0.9-xO1.95-δ 2 
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Abstract 8 

The oxygen permeation flux of Ce0.9Gd0.1O1.95-δ (CGO)-based oxygen transport membranes 9 

under oxidizing conditions is limited by the electronic conductivity of the material. This work 10 

aims to enhance the bulk ambipolar conductivity of CGO by partial substitution of Ce with the 11 

redox active element Pr. A series of compositions of PrxGd0.1Ce0.9-xO1.95-δ (x=0, 0.02, 0.05, 0.08, 12 

0.15, 0.25, 0.3 and 0.4) was prepared by solid state reaction. X-ray powder diffraction (XPD) 13 

indicates that Pr is completely dissolved in the fluorite structure up to 40 at.%. Pronounced 14 

nonlinear thermal expansion behaviour was observed as a function of temperature, due to the 15 

simultaneous contributions of both thermal and chemical expansion. The electronic and ionic 16 

conductivities were measured as a function of temperature and oxygen partial pressure. Within 17 

the range from 10 to 15 at.% Pr, a drastic drop of the activation energy of the hole mobility and 18 

an abrupt increase of the hole conductivity at low temperature was observed. The behaviour 19 

could be rationalized by a simple percolation model. Oxygen permeation fluxes through disk 20 

shaped samples fed with air on one side and N2 on the other side were also measured. The 21 

oxygen flux through Pr0.05Gd0.1Ce0.85O1.95-δ was higher than that for CGO by one order of 22 

magnitude owing to the enhanced electronic conductivity albeit the flux is still limited by the 23 
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electronic conductivity. In terms of the electronic and ionic conductivity, the estimated 24 

maximum oxygen permeation flux of a 10 μm Pr0.4Gd0.1Ce0.9O1.95-δ -based membrane exceeds 25 

10 Nml cm-2 min-1 at 900 ºC under a small oxygen potential gradient (0.21/10-3 bar) which is 26 

promising for use in oxygen production and in oxy-fuel combustion. Also the material may be 27 

well applicable to SOFC/SOEC composite electrodes where mixed conductivity is also 28 

desirable. 29 

Key words: Pr/Gd co-doped ceria; oxygen transport membranes; electronic conductivity; ionic 30 

conductivity; percolation model; SOFC/SOEC electrodes 31 
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1. Introduction 45 

Dense ceramic oxygen transport membranes (OTMs) could potentially be applied for 46 

production of high purity oxygen for medical purposes, supply of oxygen in the steel industry, 47 

oxy-fuel combustion schemes, as well as in the cement and glass industries. Also, importantly, 48 

OTMs can beneficially be integrated with a biomass gasifier, allowing production of syngas 49 

(CO and H2), which is a precursor for a variety of high value chemical products (1).  50 

Besides being applicable for OTMs (2), acceptor doped-ceria has been intensively studied for 51 

use in a number of other applications e.g. solid oxide fuel cells (SOFCs) (3), solid oxide 52 

electrolysis cells (SOECs) (4) and for electrocatalysis (5). In particular, acceptor doped ceria 53 

(e.g. CGO) is interesting owing to high oxide ion conductivity (0.12 Scm-1 for Gd0.1Ce0.9O1.95-54 

δ at 900 ºC (6)), appreciable electrocatalytic activity, high electronic conductivity under 55 

reducing conditions, and excellent chemical stability under harsh reducing and even corrosive 56 

gaseous conditions (3, 7). Kaiser et al. (8) reported that the oxygen permeation flux of a 27 μm 57 

asymmetric 10 at.% Gd-doped ceria- based membrane exceeds 10 N ml cm-2 min-1 under a 58 

gradient of air/H2 at 850 °C (9), which is promising for applications provided that sufficient 59 

lifetime can be achieved. However, the ambipolar conductivity of ceria is relatively low when 60 

only mildly reducing conditions are imposed because of the low electronic conductivity under 61 

these conditions (<1×10-3 Scm-1 at 900 ºC in air (10)). The low electronic conductivity also 62 

results in the slow oxygen surface exchange rate (11, 12), which further limits the achievable 63 

oxygen flux. To provide technologically relevant oxygen fluxes for high pO2 applications, such 64 

as production of pure oxygen and in oxy-coal combustion conditions, the electronic 65 

conductivity of CGO needs to be enhanced preferably to a value close to that of the ionic 66 

conductivity so that ambipolar conductivity can be maximized.  67 



Doping redox active elements is a feasible strategy to enhance the electronic conductivity of 68 

ceria (13-18). Among rare earth elements, Praseodymium (Pr) and Terbium (Tb) show 69 

significant redox activity under mildly reducing conditions (pO2= 1×10-8-1 bar). Upon the 70 

reduction of Pr and Tb, electrons can migrate between the trivalent and tetravalent Pr/Tb, giving 71 

rise to an enhanced electronic conductivity. For instance, the p-type electronic conductivity of 72 

3 at.% Pr-doped Gd0.2Ce0.8O1.9-δ is enhanced by approximately 10 times relative to pure CGO 73 

in the temperature range from 600 °C to 750 °C (13). The electronic conductivity of Tb and Pr 74 

dual-doped ceria can be modified by changing the ratio between the two dopants: higher relative 75 

amount of Pr yields higher electronic conductivity, but leads to larger chemical expansion (16). 76 

Chatzichristodoulou et al. (16) and Bishop et al. (19) also found that doping Pr in ceria induces 77 

large chemical expansion, which will affect the thermomechanical stability of the material. It 78 

is thus of importance to examine the possible existence of an optimum amount of Pr in ceria 79 

that ensures satisfactory thermomechanical stability along with sufficient electronic 80 

conductivity.  81 

When dissolved in the ceria lattice, Pr exists in two valence states (16). Upon increasing pO2 82 

and decreasing temperature, the concentration of Pr4+ increases, accompanied by a decrease of 83 

oxygen vacancy concentration ( /
22Pr 1 2 2PrCe O Ce OO V O•• × ×+ + = + ). In order to achieve, 84 

simultaneously, considerable oxygen vacancy and electron hole concentrations, various 85 

concentrations of Pr were doped in Gd0.1Ce0.9O1.95-δ (partial Pr-substitution for Ce) and the 86 

effects were studied. Considerable oxygen vacancy concentration is expected in order to 87 

compensate the charge of the aliovalent dopants /
CeGd and /PrCe . The influence of dopant 88 

concentration on the electronic and ionic conductivity was investigated using ion-blocking 89 

Hebb-Wagner polarization in conjunction with electrochemical impedance spectroscopy. Also 90 



effects on the achievable oxygen permeation fluxes were addressed to assess the potential of 91 

these materials for OTMs.  92 

2. Theoretical consideration 93 

In PrxGd0.1Ce0.9-xO1.95-δ, oxygen vacancies are formed to compensate effectively negatively 94 

charged Gd3+, Pr3+ and Ce3+ that partially substitute Ce4+. Assuming ideal behaviour for the 95 

reduction of Pr and Ce in the lattice (invariant values of reaction entropies and enthalpies), the 96 

expected defect reactions and mass action laws are: 97 
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Mass and site balances and electroneutrality requires: 98 

 / / /Pr 2Ce Ce Ce OCe Gd V ••       + + =         (6) 

 / / /Pr Pr 1x x
Ce Ce Ce Ce CeCe Gd Ce         + + + + =           (7) 

 /Pr Pr x
Ce Ce x   + =     (8) 

 2x
O OV O••   + =     (9) 

 
 / 0.1CeGd  =   (10) 

Under oxidizing conditions, where /
CeCe  ≪

x
CeCe   , the coexistence of PrPr

/  and PrPrx   leads 99 

to p-type electronic conductivity (20, 21). Assuming the reduction of cerium under oxidizing 100 

conditions to be negligible, the variation in oxygen non-stoichiometry (δ) (arising from redox 101 

of Pr only) can be calculated by the following equation:  102 
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The equilibrium constant for the reduction reaction of Pr can be obtained by fitting Eq. 11 to 103 

oxygen nonstoichiometry vs. pO2 –data (at high pO2, pO2>1×10-4 bar), as will be shown in 4.4.  104 

3. Experimental 105 

3.1. Sample preparation and phase identification 106 

The specimens in this work were synthesized by solid state reaction. Stoichiometric amounts 107 

of precursors of Ce(NO3)3·6H2O (Sigma Aldrich 99.99%), Gd2O3 (Alfa Aesar 99.9%), Pr6O11 108 

(Alfa Aesar 99.9%) and Co3O4 (Alfa Aesar 99.9%, for cobalt containing samples) were mixed 109 

by ball milling in ethanol for 24 hours. The resultant mixed powders were dried at 80°C for 10 110 

hours and subsequently calcined at 1000 °C for 5 hours. The calcined powders were then 111 

uniaxially cold pressed at 400 MPa followed by isostatic pressing at 600 MPa. Cobalt-112 

containing and cobalt-free pellets were sintered at 1200 °C and 1600 °C for 10 hours, 113 

respectively.  114 

The crystal structures of the material (crushed sintered pellets) were characterized by X-ray 115 

powder diffraction (XRD). The XRD patterns were obtained with Cu Kα radiation using a 116 

Bruker Robot operating in Bragg-Brentano geometry in the 2θ range from 20° to 90°. The 117 

obtained XRD patterns were indexed with the ICCD (International Centre for Diffraction Data) 118 

database by means of the software named DIFFRAC plus. Scanning electron microscopy (SEM) 119 

was carried out on a FE-SEM Zeiss Supra 35 electron microscope using an acceleration voltage 120 

of 15 kV. 121 

3.2. Thermogravimetry 122 



Thermogravimetric analysis (TGA) was performed using a Netzsch STA 409CD 123 

thermogravimeter and a Netzsch TG 439 thermal balance. The samples were prepared by 124 

uniaxially pressing the powder into pellets at a pressure of 400 MPa in a capillary die (ø = 0.5 125 

cm). Porous samples were obtained by sintering the green sample at 1000 °C for 3 hours at 126 

heating and cooling rate of 2 °C min-1. Buoyancy effects were corrected for by measuring the 127 

mass change of an Al2O3 powder sample with the same volume under the same conditions.  128 

3.3. Dilatometry 129 

Dilatometry measurements were performed using a differential contact dilatometer (DIL 130 

402CD, NETZSCH GmbH, Germany). The samples were rectangular bars with a dimension of 131 

1×1×10 mm3. An Al2O3 reference with a similar dimension was tested simultaneously with the 132 

sample. The heating rate was kept at 3 °C min-1 to a final temperature of 1000 °C. All the 133 

measurements were conducted in air with a total gas flow of 50 ml min-1 controlled by a mass 134 

flow controller.  135 

3.4. Impedance spectroscopy 136 

The total conductivity of each specimen was measured by Electrical Impedance Spectroscopy 137 

(EIS). Prior to the electrical measurements, symmetric (La0.6Sr0.4)0.99CoO3-δ (LSC) electrodes 138 

were screen printed on both sides of a 1-mm thick polished pellet (ø = 10 mm), followed by 139 

sintering at 1000 °C for 2 hours to obtain good adhesions between the specimen and the 140 

electrodes. The LSC electrodes were then covered with Pt layers (current collector) by hand 141 

painting to eliminate any contact resistance. EIS was carried out in the temperature range from 142 

600 °C to 900 °C using a Solartron 1260 impedance spectrometer within the frequency range 143 

from 3 MHz down to 0.1 Hz under a fixed fluctuation voltage of 20 mV. Impedance spectra 144 

were plotted and fitted by the software package “Z-view” and “Z-plot”. The specimens were 145 

placed in a closed alumina chamber in which oxygen partial pressure was varied and monitored 146 



by controlling the flow of air and nitrogen by mass flow controllers. The oxygen partial pressure 147 

around the samples was measured by a zirconia-based sensor placed in close proximately to the 148 

sample. 149 

3.5. Microelectrode ion-blocking Hebb-Wagner polarization measurements 150 

The electronic conductivity of each sample was measured by means of a microelectrode ion- 151 

blocking Hebb-Wagner polarization method. Prior to the measurements, 1-mm thick dense 152 

circular samples (ø =10mm) were polished by SiC #300 sand papers, followed by further 153 

polishing using SiC #1000 and #1600 sand papers. The Hebb-Wagner measurement cell is 154 

schematically illustrated in Fig. 1. Similar setups have been used in a number of papers in the 155 

past (13, 22-25). A Pt microelectrode with a contact radius of 100-500 μm was placed on the 156 

sample under an external load. The periphery of the Pt microelectrode was sealed with a 157 

customized glass sealant (MgO/sodium aluminosilicate glass composites, 30/70 vol. %). The 158 

Hebb-Wagner cell was sandwiched with two Pt current collectors. The whole cell was finally 159 

placed inside a furnace in which the oxygen partial pressure was maintained at 0.21 atm by 160 

flowing 100 ml min-1 of air. The cell was initially heated up to 950 °C at the rate of 1 °C min-1 161 

to soften the glass sealant, followed by cooling down to 750 °C at the same rate to achieve a 162 

gas tight solidified glass. The polarization measurement was then performed by stepwise 163 

varying voltage in 25 mV steps in the range from -800 to 200 mV. The steady state was achieved 164 

by dwelling for 12 minutes (more than 100 times the theoretical time needed to reach the steady 165 

state) in each step. The oxygen partial pressure in the vicinity of the microelectrode can be 166 

calculated by the Nernst equation: 167 

 
2 2, ,

4expO micro O ref
FVa a
RT

 =  
 

 (12) 



where 
2 ,O microa  and 

2 ,O refa  is the oxygen activity near the microelectrode and reference electrode, 168 

respectively. V is the polarization voltage applied on the microelectrode relative to the 169 

reference/counter electrode. The sum of electron and electron hole conductivity in the vicinity 170 

of the ion-blocking microelectrode can, under a set of assumptions (13, 24, 26), be calculated 171 

in terms of the derivative of the steady state I-V curve: 172 

 2 ( )c e h

I
rV π σ σ

∂
= +∂  

(13) 

where rc is the radius of the spherical microelectrode. If the micron-sized contact is circular 173 

rather than spherical, the factor 2πrc is replaced by 4rc (24).  174 

 175 

Fig. 1 (a) Schematic illustration and (b) image of the Hebb-Wagner polarization setup. 176 

3.6. Oxygen permeation measurements 177 

Oxygen permeation measurements were performed in the customized test configuration 178 

displayed in Fig. 2. Before the flux measurements, circular samples (ø ≈12 mm) were polished 179 

by SiC #500 sand papers to achieve a thickness of approximately 1 mm. To mitigate the effect 180 



of slow surface exchange, a highly porous circular La0.6Sr0.4CoO3-δ (LSC)-based catalytic layer 181 

(ø ≈5 mm) was applied on the dense samples by screen printing with a LSC-based ink. The as-182 

prepared catalytic layers were then calcined at 900°C for 1 hour to obtain good adhesion with 183 

the membrane surface. The area covered with the catalytic layer is ~0.8 cm2.  184 

The samples were sealed between two alumina tubes using a 30/70 vol.% mixture of a MgO 185 

and sodium aluminosilicate glass. The feed side tube below the membrane was supplied with 186 

gas from the feed side manifold, which featured a feed gas inlet and outlet. Similarly, the 187 

permeate side of the membrane was purged with gas from a “permeate side” manifold. The feed 188 

side was flushed with air with a constant flow rate of 100 Nml min-1, and the permeate side was 189 

flushed at various flow rates of N2 (from 30 to 300 Nml min-1). All gas flows were measured 190 

by mass flow controllers. The net oxygen permeation flux can be deduced from the pO2 191 

difference between inlet and outlet gases. The pO2 was monitored by two customized YSZ-192 

based oxygen sensors. The total leak in the system was assessed by means of a mass flow meter 193 

on the permeate stream. When perfect sealing is achieved, the outlet gas flow rate is equivalent 194 

to the inlet flow plus the flow of the permeated oxygen. If there are leaks in the membrane or 195 

pinholes or cracks in the glass encapsulation, the flow rate of the outlet gas will be lower than 196 

that of the inlet gas. Typically, when a significant leak is observed during the permeation 197 

measurement, a thermally activated increase in oxygen flux is not observed. In the data reported 198 

here, the inlet and outlet flows were identical (within 1% uncertainty) and a thermal activated 199 

oxygen permeation flux was observed, indicating close to perfect sealing. The maximum leak 200 

originating from pinholes in the sealant and from other sources of oxygen in the permeate flow 201 

through the membrane is estimated to be lower than 5% at low temperature (600°C) based on 202 

the gas sensor. Below 600°C a large leak appeared as a result of sealant failure driven by thermal 203 

expansion mismatch between membrane and manifold tubes. 204 



 205 

Fig. 2. (a) Schematic illustration of the membrane test rig. (b) Local enlargement of the 206 

heated part of the membrane test rig. 207 

4. Results 208 

4.1. Sintering 209 

Fig. 3 displays the microstructure of thermally etched samples of different composition. Table 210 

1 summarizes the specific composition, sintering temperature (Ts), theoretical density, 211 

measured density, relative density and average grain size of the specimens analysed. The 212 

average grain size of the cobalt oxide free samples sintered at 1600 °C lies in the range from 2 213 

to 5 μm, and shows a slightly increasing tendency with increasing Pr content. The cobalt oxide 214 

containing samples sintered at 1200 °C are completely dense with relatively small average grain 215 

size (200-500 nm). This elucidates that cobalt oxide serves as an effective sintering aid in of 216 

doped ceria, which is well in line with literature (27).  217 



 218 

Fig.3 Back-scattered SEM micrographs of polished and thermally etched surface of each 219 

sample. (scale bar=2µm) 220 

 221 

Table 1. Sintering temperature, density and grain size of pure and Pr-doped CGO.  222 

 

Abbreviated 

name 

 

Composition 

 

Ts 

/ °C 

 

Theoretical 

density/ gcm-3 

 

Measured 

geometrical density 

/ g cm-3 

 

Relative 

density % 

  

dg/μm 

CGO Gd0.1Ce0.9O1.95 1600 7.20 7.10 98.6  3.0±1.0 

CPGO2 Pr0.02Gd0.1Ce0.88O1.95-δ 1600 7.18 6.90 96.1  4.0±1.0 

CPGO5 Pr0.05Gd0.1Ce0.85O1.95-δ 1600 7.24 6.95 96.0  5.0±1.0 

Co2CPGO5 Co0.02Pr0.05Gd0.1Ce0.85O1.95- 1200 7.24 7.02 97.0  0.2-0.5 

Co5CPGO5 Co0.05Pr0.05Gd0.1Ce0.85O1.95δ 1200 7.25 7.05 97.2  0.2-0.5 

CPGO8 Pr0.08Gd0.1Ce0.82O1.95-δ 1600 7.22 7.10 98.3  4.0±1.0 

CPGO15 Pr0.15Gd0.1Ce0.75O1.95-δ 1600 7.13 6.60 92.6  4.0±1.0 

CPGO25 Pr0.25Gd0.1Ce0.65O1.95-δ 1600 7.03 6.50 92.5  5.0±1.0 

CPGO30 Pr0.3Gd0.1Ce0.6O1.95-δ 1600 6.92 6.20 89.6  6.0±1.0 

CPGO40 Pr0.4Gd0.1Ce0.5O1.95-δ 1600 6.70 6.30 94.0  6.0±1.0 

 223 

4.2. X-ray diffraction 224 

XRD patterns of crushed dense pellets of PrxGd0.1Ce0.9-xO1.95-δ (x=0.02, 0.05, 0.08, 0.15, 0.25, 225 

0.3 and 0.4) and CoxPr0.05Gd0.1Ces0.85O1.95-δ (x=0.02 and 0.05) are shown in Fig. 4. Zero shifts 226 

were compensated for using an internal standard (LaB6 powder). No significant shift of the (111) 227 

reflection was detected, indicative of an insignificant influence of the addition of the dopant on 228 



the lattice parameter. No indication of secondary phases originating from side reactions or 229 

precipitation of insolvable dopants can be detected within the resolution limit of the XRD, 230 

indicating that the solubility limit of Pr in CGO is more than 40 at.%, which is in accordance 231 

with the solubility limit of 70 at.% reported by Taksu et al. (28) for partial Pr-substitution for 232 

cerium in PrxCe1-xO2-0.5x at 1400 °C. Co3O4 and CoO phases cannot be indexed from 233 

CoxPr0.05Gd0.1Ce0.85O1.95-δ (x=0.05). Due to the high temperature (1200 ℃) used to sinter cobalt-234 

containing samples, cobalt oxide in this condition may likely react with trivalent Gd, Pr cations, 235 

forming slight amount of GdCoO3 or PrCoO3 phases whose the highest intensity peaks (2θ≈236 

32º, PrCoO3 :PDF#25-1069 and GdCoO3:PDF#25-1057) might be overwhelmed by the peak 237 

of (200) crystal plane from the main phase. 238 

 239 

Fig. 4 Powder X-ray diffraction patterns of PrxGd0.1Ce0.9-xO1.95-δ (x=0.02, 0.05, 0.08, 0.15, 240 

0.25, 0.3 and 0.4) and CoxPr0.05Gd0.1Ce0.85O1.95-δ (x=0.02 and 0.05). Inset: zoom 241 

corresponding to the (111) reflection in the 2θ range from 27 to 30 degree. 242 

 243 

4.3. Lattice parameter and microstructure 244 



The lattice parameter obtained from XRD is shown in Fig. 5 along with calculated lattice 245 

parameters obtained by Kim’s empirical formula (29) 246 

 ( )0.5413 0.022 0.00015k k k
k

a r z m= + ∆ + ∆∑

 

(14) 

where a is the unit cell parameter of the fluorite oxide at room temperature, (Δrk=rk-rh) is the 247 

difference in ionic radius of the kth dopant (rk) and the host cation (rh) in eight-fold coordination 248 

from Shannon’s compilation (30), (Δzk =zk-zh) is the valence difference between dopant and 249 

host, and mk is the mole fraction of the kth dopant in the form of PrOx (x=1.5/2). 250 

As displayed in Fig. 5, the experimentally observed lattice parameter lies closer to the calculated 251 

values for Pr being tetravalent (Pr4+) in the materials than when assuming Pr3+. McCullough 252 

reported that praseodymium is readily oxidized to Pr4+ in the presence of Ce4+(31). This 253 

suggests that the concentration of tetravalent Pr prevails at room temperature in the Pr-doped 254 

CGO (slow cooling in air). Due to the similar ionic radii between Pr4+ (CN=VIII 0.96 Å (30)) 255 

and Ce4+ (CN=VIII 0.97 Å (30)), the lattice parameter does not vary significantly with increasing 256 

dopant concentration, which is similar to the trend observed in Pr-doped ceria (32). The lattice 257 

parameter of the Co-containing samples does not deviate from the Co-free comparable 258 

specimens. Lewis et al. (33) reported a similar result that the lattice constant of CGO is not 259 

influenced by the addition of cobalt oxide because the cobalt is effectively insoluble in the CGO 260 

lattice.  261 



 262 

Fig. 5 Experimental and calculated lattice parameters vs. Pr concentration. Inset: lattice 263 

parameter vs. x in CoxPr0.05Gd0.1Ce0.9O1.95-δ. 264 

4.4. Oxygen nonstoichiometry 265 

Fig. 6 displays the oxygen nonstoichiometry data of the samples along with the best least square 266 

fit curves (0.90<R2<0.99) using the ideal defect model (Eq. 11). In the investigated pO2 regime 267 

(blue regime) the oxygen nonstoichiometry ( δ ) increases with decreasing oxygen partial 268 

pressure until it reaches a plateau (atδ =x/2), where all the Pr is trivalent. The equilibrium 269 

constants (KPr) at each temperature were obtained from the fit of the defect model to the data. 270 

The equilibrium enthalpy and entropy were obtained from the slope and intercept of the linear 271 

fit to the data of -ln(KPr) vs. 1/T according to the equation: 272 



 Pr Pr
Prln H SK

RT R
∆ ∆

− = −

 

(15) 

The thermodynamic parameters thus deduced for each composition are summarized in Table 2. 273 

It is noteworthy that the enthalpy of reduction of Pr decreases with increasing Pr concentration, 274 

indicating a more facile reduction of Pr and release of oxygen with increasing Pr concentration 275 

or oxygen nonstoichiometry. Chatzichristodoulou et al.(16) also found that reduction is 276 

facilitated with increasing oxygen nonstoichiometry in Pr and Tb co-doped ceria. Stefanik et al. 277 

(34) also pointed out that the reduction enthalpy of Pr decreases with increasing Pr 278 

concentration, indicating higher Pr concentration gives rise to higher reducibility, which is 279 

consistent with the general trend observed in th is work.  280 

 281 

Fig. 6 Fit of the ideal defect model to the oxygen nonstoichiometry data of (a) CPGO8, (b) 282 

CPGO15, (c) CPGO25, (d) CPGO30 and (e) CPGO40 measured by TGA.  283 

Table. 2 The thermodynamic parameters for the reduction of Pr in CPGO15, CPGO25, 284 

CPGO30 and CPGO40.  285 

 

Sample 

 

ΔHPr /kJ mol-1 

 

ΔSPr / J K-1 mol-1 

 

Ref. 

CPGO8 200±34 158±34 This work 

CPGO15 204±25 156±24 This work 

CPGO25 132±15 108±14 This work 



CPGO30 130±14 108±14 This work 

CPGO40 112±10 93 ±12 This work 

CPO10 137 n/a (35) 

CPO20 140 83 (20) 

 286 

4.5. Thermal expansion 287 

Thermal expansion curves of PrxGd0.1Ce0.9-xO1.95-δmeasured on cooling the samples from 900 288 

ºC to room temperature in air are shown in Fig. 7(a). Below 400 ºC, all the samples show linear 289 

expansion. The thermal expansion curves display a non-linear behaviour with an inflection 290 

point in the range from 500 ºC to 600 ºC, particularly for the samples with 15 at.% Pr or more. 291 

It is evident that Pr-doped CGO follows a similar tendency as Pr doped ceria where the strain 292 

increases with increasing Pr concentration in the specimen. The increased and highly non-linear 293 

apparent TEC in Pr-doped ceria is primarily ascribed to the chemical strain originating from 294 

the combination of slight contraction of the unit cell upon formation of oxygen vacancies and 295 

expansion of the unit cell upon partial reduction of Pr (16, 36). The total expansion (the 296 

measured quantity) is the sum of the thermal and the chemical expansion (stoichiometric 297 

expansion  (37)), which can be written: 298 

 Tε α β δ= ∆ + ∆  (16) 

where α is the thermal expansion coefficient (TEC), and β  is the stoichiometric expansion 299 

coefficient (37). Assuming a constant thermal and stoichiometric expansion coefficient (37) at  300 

a given oxygen partial pressure, the non-linear total expansion curve can be fitted by a linear 301 

thermal expansion curve and a nonlinear chemical expansion curve (Fig. 7b). Values of the 302 

thermal expansion and chemical stoichiometric expansion coefficients deduced from this type 303 



of fitting are listed in Table 3. The chemical expansion coefficient is observed to decrease with 304 

increasing dopant concentration. For samples doped with similar Pr concentration 305 

(Pr0.2Ce0.8O1.9-δ  vs. CPGO25), the chemical expansion coefficients are very close. (0.084 mol-1 306 

for Pr0.2Ce0.8O1.9 (16) and 0.08 mol-1 for CPGO25). It should be noted that Eq. 16 applies in 307 

general to small perturbations; β is best determined at constant temperature with a change in δ 308 

driven by varying pO2, and α should be determined at fixed δ. We did not conduct such 309 

differential measurements (isothermal dilatometry). In the analysis presented, leading to 310 

estimates of β (Table 3), one assumes that the α value determined at low temperature (where 311 

changes δ in are small) is constant in the whole temperature range.  312 

 313 

Fig. 7 (a) Thermal expansion curves for PrxGd0.1Ce0.9-xO1.95-δin air. The strain of CPO20 314 

is the data taken from (16). (b) Temperature dependence of oxygen nonstoichiometry,  315 

thermal expansion and estimated chemical expansion curve of CPGO40. c) estimated 316 

chemical expansion of CPGO as a function of temperature.  317 

Table 3. Integrated thermal and expansion chemical expansion coefficients (200-900 °C) 318 

 

Abbreviated name 

 

αint/ K-1 

 

αtherm / K-1 

 

β / mol-1 (600-900°C) 

CGO 12.5×10-6 12.5×10-6 n/a 

CPGO2 13.2×10-6 12.5×10-6 n/a 

CPGO5 13.8×10-6 12.5×10-6 n/a 



CPGO8 14.0×10-6 12.5×10-6 0.05 

CPGO15 21.5×10-6 12.5×10-6 0.13 

CPGO25 23.4×10-6 12.5×10-6 0.08 

CPGO30 24.0×10-6 12.5×10-6 0.07 

CPGO40 26.5×10-6 12.5×10-6 0.06 

Pr0.2Ce0.8O1.9-δ (16) 22.7×10-6 n/a 0.08 

Tb0.2Ce0.8O1.9-δ (16) 18.2×10-6 n/a 0.09 

 319 

4.6. Electronic conductivity (blocking electrode measurement) 320 

The contact area of the Pt microelectrode was determined using Newman’s formula (38)  321 

 
1

4c
s

r
R σ

=  (17) 

where rc is the radius of the micro-electrode, Rs is the serial resistance found from the intercept 322 

with the real axis at the high frequency of the impedance spectra and σ is the conductivity of 323 

the sample. The contact radius thus determined was typically between 100 μm and 500 μm, in 324 

good agreement with ref. (24) where similar conditions were applied. The contact radius 325 

evaluated by impedance spectroscopy was as expected not sensitive to the temperature or 326 

oxygen partial pressure.  327 

The plots of the steady state current density of CPGO8 measured in the blocking electrode 328 

geometry versus the potential at 700°C, 800°C and 900°C are presented in Fig. 8. A current 329 

plateau in the range of -0.4-0V is observed. Excellent coincidence of the branches recorded in 330 

the negative and positive polarization direction upon repeated cycles indicate that any hysteresis 331 

arising from creep of the Pt micro-electrode and/or sluggish equilibrium between the redox of 332 



Pr3+ and Pr4+ is negligible, and accordingly confirms that the I-V curves are obtained in the 333 

steady state.   334 

 335 

Fig. 8 Steady state current voltage polarization curve at 700 °C, 800 °C and 900 °C using 336 

air at the reference Pt electrode.  337 

4.7.  Total and Electronic conductivity versus pO2 338 

The oxygen activity dependence of the partial electronic and total conductivity of each sample 339 

is presented in Fig. 9. The electronic conductivity of CGO  measured in this work agrees well 340 

with the electronic conductivity of CGO reported by Chatzichristodoulou et al. (24). In general, 341 

the electronic conductivity of CPGO is dominated by n-type and p-type under low and high 342 

oxygen partial pressures, respectively. The minimum point at intermediate pO2 corresponds to 343 

the transition from n-type to p-type conductivity. It is noteworthy that the minimum point shifts 344 

towards lower oxygen partial pressure with increasing Pr concentration.  345 



 346 

Fig. 9 Logarithm of electronic (open symbols) and total conductivity (half filled) of 347 

PrxGd0.1Ce0.9-xO1.95-δ (x=0, 2, 5, 8, 15, 25, 30 and 40) versus log pO2 at 900 °C, 800 °C and 348 

700 °C.   349 

In contrast to the electronic conductivity of CGO which follows a typical relationship of 350 

1 1
0 04 4

2 2t n ppO pOσ σ σ
−

= + , the electronic conductivity of CPGO possesses a more varied pO2 351 

dependency. The slope of the n-type electronic conductivity of slightly doped samples (CPGO2, 352 

CPGO5, CPGO8 and CPGO15) at low pO2 approaches -¼, whereas for the heavily doped 353 

samples (CPGO25, CPGO30 and CPGO40) the slope is depressed especially at low temperature.  354 

Under oxidizing conditions, the slopes vary within the range from 1 4 to1 8, in agreement with 355 

ref. (13). Evidently, the p-type electronic conductivity strongly increases with increasing Pr 356 

concentration. In particular for CPGO40, the p-type electronic conductivity is higher than that 357 



of CGO by two orders of magnitude at 700 °C. The observed enhancement of p-type 358 

conductivity upon Pr substitution is in line with previous literature (13, 16, 39, 40). It is also 359 

seen that the electronic conductivity becomes insensitive to the temperature for these heavily 360 

doped samples (>15 at.%), which coincides with previous findings by Chatzichristodoulou et 361 

al. (24) and Schmale et al.(25). This can be explained by the decreased concentration of Pr x
Ce

 362 

at elevated temperature which counteracts the increased mobility of the electron holes (24). 363 

The total conductivity is insensitive to the change of oxygen partial pressure in the range from 364 

1×10-5 bar to 0.21 bar for Pr substitutions lower than 8 at.% whilst it shows detectable pO2-365 

dependence for Pr concentrations larger than 15 at.%. The pO2-dependence becomes more 366 

pronounced with increasing Pr concentration because the electronic conductivity is sufficient 367 

to influence the total conductivity and the ionic conductivity decreases with decreasing pO2 (as 368 

shown in Fig. 10). 369 

In Fig. 10, the oxide ion conductivities were obtained by subtracting the electronic 370 

conductivities from the total conductivities (see Fig. 9). It can be observed that the oxide ion 371 

conductivity is invariable over the pO2 range for the samples doped with less than 15 at. % Pr 372 

but steadily decreases with decreasing pO2 for the more heavily doped samples (>15 at. % Pr). 373 

As pO2 decreases, the concentration of acceptor dopants increases because of the increasing 374 

/PrCe concentration. Oxygen vacancy concentration accordingly increases to counterbalance the 375 

increased charge of acceptor dopants. The unchanged (CGO, CPGO2, CPGO5 and CPGO8) or 376 

decreased conductivity (CPGO15, CPGO25, CPGO30 and CPGO40) with increasing pO2 must 377 

be ascribed to a decreasing oxide ion mobility with increasing oxygen vacancy concentration 378 

and increasing concentration of Pr3+. One does, in terms of ionic conductivity not benefit from 379 

doping beyond the 10 at.% Gd. This is well in line with literature on optimal conductivity in 380 

acceptor doped ceria which typically points to a maximum in ionic conductivity at doping levels 381 



between 10 and 20% (41). The maximum ionic conductivity in this doping level may be due to 382 

the tradeoff between the increased oxygen vacancy concentration and the development of deep 383 

vacancy association induced by electrostatic interaction. (3). 384 

 385 

 386 

Fig.10 Logarithm of oxide ion conductivity versus log pO2 for each composition. The lines 387 

were obtained by linear fitting to the data.   388 

4.8. Calculated and measured oxygen permeation fluxes 389 

Fig. 11 displays the calculated and measured oxygen flux for CPGO5, Co5CPGO5 and CGO 390 

as a function of temperature under a fixed oxygen partial pressure difference (ln(pO2’/pO2’’)=7). 391 

All samples in the flux measurements were coated on both sides with porous LSC layers (c.f. 392 



section 3.6). The calculated fluxes were obtained from Wagner’s equation in terms of the 393 

measured electronic and ionic conductivity (see Fig. 9 and 10). It is noteworthy that the 394 

calculated flux is consistent with the measured flux. This indicates that the measured oxygen 395 

flux is limited by bulk ambipolar diffusion in the 1-mm thick pellet investigated rather than 396 

surface exchange. Another noticeable feature is that the oxygen flux of CPGO5 is higher than 397 

that of CGO by a factor of five at 900°C. It has previously been reported that cobalt oxide 398 

containing ceria based membranes show enhanced oxygen flux compared to the corresponding 399 

cobalt oxide free membrane because percolating cobalt oxide forms along the grain boundary 400 

enhancing electronic conductivity without influencing the ionic conductivity (17, 42, 43). The 401 

enhanced oxygen flux is reported to be due to the enhanced electronic conductivity. However, 402 

we did not observe enhanced flux for the cobalt-containing sample, instead the opposite trend 403 

was observed. The slightly decreased oxygen flux in cobalt oxide containing samples in this 404 

work may be due to the formation of  discrete CoOx-rich segregation at the grain boundaries 405 

resulting from the high sintering temperature (1200 °C) instead of forming a continuous 406 

percolating network as found in other studies (17, 42, 43).  407 



 408 

Fig.11 Calculated and measured oxygen permeation flux for CGO, CPGO5 and 409 

Co5CPGO5. 410 

5. Discussions 411 

5.1. Electronic conductivity under oxidizing conditions 412 

Praseodymium oxides (PrOx) exist in variable compositions (x in the range from 1.5 to 2) at 413 

elevated temperatures where the valence state of Pr thus varies between Pr3+ and Pr4+. As the 414 

reduction of Pr occurs, the electrical conductivity of PrOx significantly increases, up to a value 415 

of 1.4 Scm-1 at 850 °C (44). The electrical conductivity of PrOx at high temperature is assigned 416 

to electronic conductivity, which originates from electron hopping between mixed-valence 417 

Pr3+/Pr4+ cations present in the lattice. Unlike PrOx, Gd-doped ceria is an oxide ion conductor 418 

with negligible p-type electronic conductivity under oxidizing condition. As observed (Fig. 8 419 



and 9), a combination of PrOx and Gd-doped ceria; making a Pr/Gd co-doped ceria solid 420 

solution gives rise to mixed ionic-electronic conductivity.  421 

The mechanism for the mixed ionic-electronic conductivity of Pr in ceria has been rationalized 422 

in many papers in terms of band theory. Stefanik et al. proposed that Pr-substitution for cerium 423 

forms discrete acceptor levels (Pr 4f) for the lightly doped ceria (below 10 at.%) (34, 35).  The 424 

discrete states are not capable of giving rise to considerable electronic conductivity. Lübke et 425 

al.(13) proposed that the Pr 4f states lie much closer to the O2p valence edge than the Ce 4f 426 

conduction band. At sufficiently high temperature, electrons in the O2p state will be thermally 427 

excited and subsequently localized in the Pr 4f states, resulting in formation of holes in the 428 

valence band. Furthermore, at high temperatures and/or decrease pO2, oxygen is released from 429 

the lattice increasing the electron occupation of the Pr 4f states. Here, we shall analyze the 430 

experimental results in a “chemical picture” relating the conduction to electronic defects 431 

associated with the Pr sites. 432 

In several studies (17, 20, 25), it has been reported that the electronic conductivity of Pr-doped 433 

ceria can be well described by a small polaron mechanism. Hence, mobility and conductivity 434 

will scale with temperature according to (34):  435 
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where polaronµ  is the mobility of the small polaron, /PrCe   is the fractional occupancy of electrons 436 

trapped on Pr ions. 3Pr +   is the concentration of trivalent Pr, N is the volumetric density of Pr 437 

atoms in the material (mol cm-3). v0 is the jump frequency, EH is the activation energy for 438 

hopping of the electron hole (electron hole migration), and a is the hopping distance. Eq. (20) 439 

can be rewritten to a simpler Arrhenius type expression;  440 

 ( ) 1ln lnH
polaron

ET C
k T

σ = − +  (22) 

where C is (C= 2 / / 1 2
Pr Pr 0Pr (1 Pr )Ne k a ν−   −    ). The electronic conductivity is thus influenced by 441 

both the concentration of Pr3+ and Pr4+. When the concentration of Pr3+ prevails the material is 442 

a p-type conductor; where concentration of Pr4+ prevails it becomes n-type. In the following 443 

discussion we concentrate on the p-type electronic conductivity which is typically observed 444 

under practically realizable conditions. For comparison of mobilities and activation energies 445 

between the compositions we shall compare data at a fixed Pr3+/Pr4+ ratio. The choice of 2.7 for 446 

Pr3+/Pr4+ ratio relates the available pO2 range for achieving a fixed ratio at all temperatures for 447 

all compositions. The oxygen partial pressures in equilibrium with a fixed ratio of ( 3Pr + / 4Pr +448 

≈2.7 as observed by TGA) in the different samples are listed in Table 4.  449 

Table 4. Oxygen partial pressure for the fixed ratio between Pr3+ and Pr4+ ( 3Pr + / 4Pr +
=2.7) 450 

of CPGO at 700, 800 and 900°C.  451 

 

Temperature / °C 

 

900 

 

800 

7 

700 

CPGO40 1.70 bar 0.08 bar 9.0e-3 bar 

CPGO30 0.76 bar 0.04 bar 5.6e-4 bar 



CPGO25 0.20 bar 0.01 bar 5.0e-4 bar 

CPGO15 0.10 bar 8.9e-4 bar 2.5e-5 bar 

 452 

Fig. 12A shows Arrhenius plots of electronic conductivity with a Pr3+/Pr4+ ratio and 453 

corresponding linear fittings. The activation energies and pre-exponential constants of 454 

electronic conductivity obtained by linear fittings in Fig. 12A are shown in Figs. 12C and 12D, 455 

respectively. As indicated by Eq. 21, the activation energy in Fig 12C corresponds to the 456 

migration enthalpy of the electron hole whilst the pre-exponential factor is associated with the 457 

jump frequency v0, hopping distance a and doping level. A noticeable feature in Fig. 12B is that 458 

there is a marked change in the scaling of the logarithm of the conductivity versus the Pr 459 

concentration around 10 at.% Pr especially at low temperature. An abrupt decline of the 460 

activation energy (Fig. 12C) and pre-exponential factor (Fig. 12D) is observed in the same x 461 

range.  462 



 463 

Fig.12 (A) Arrhenius plots of the electronic conductivity for CPGOx at a fixed Pr3+/Pr4+. 464 

(B) Electronic conductivity as a function of dopant concentration from 500 °C to 1000 °C. 465 

Apparent activation energy and (D) pre-exponential factor of the electronic conductivity 466 

versus x obtained from the linear fitting in (A). The dotted lines are plotted to guide the 467 

eye. The vertical line indicates a percolation threshold for Pr in the structure (see text). 468 

The Pr-doped CGO solid solutions can be viewed as PrOx clusters homogenously embedded in 469 

the Gd0.1Ce0.9O1.95-δ matrix. Electronic charge carriers (electrons or holes) are localized 470 

preferentially in the PrOx units and migrate via them upon thermal excitation. For samples 471 

doped with low Pr concentration, the distance among the discrete PrOx clusters is relatively 472 

long imposing a high energy barrier for electrons to jump across the CeO2/Gd2O3-based zones, 473 

which are electronic “insulating”. This results in low electronic conductivity and high activation 474 



energy for x<0.1 samples, as shown in Fig. 12C. Furthermore, the high value of the pre-475 

exponential constant for the 0<x<0.1 samples is indicative of a long electron hole hopping 476 

distance (a in Eq. 19).  477 

As the dopant concentration increases, the distance between the Pr ions decreases, resulting in 478 

decreased effective hopping distance and decreased activation energy. The transient behaviour 479 

in the range 0.08<x<0.15 is akin to the percolation effect that is generally found in composite 480 

materials consisting of an electrical conductor and an insulator. That is, the abrupt increase of 481 

electrical conductivity occurs when the amount of the electrical conductor surpasses the 482 

percolation threshold above which a continuous electrical conduction pathway penetrates all 483 

the way through the composite. The same phenomenon is observed also in solid solutions. 484 

Swider and Worrell (45) employed a percolation model to explain the n-type electronic 485 

conductivity of Ti-doped YSZ. A theoretical percolation threshold of 12.5% for Ti-YSZ was 486 

proposed on the basis of bond percolation in the crystal structure. Kim et al. (46) recently 487 

developed a simple cubic percolation model to interpret the non-linear increment of electrical 488 

conductivity in perovskite structured BaZrO3-BaFeO3 solutions. Generally, the percolation 489 

threshold (Pc) for a close-packed crystal structure e.g. FCC is a function of the site coordination 490 

number Z, and can be simply evaluated as (47) 491 

 1.5
cP

Z
=  

(23) 

The shortest possible jump distance will be achieved when the electronic defect localized on a 492 

given Pr dopant located on a corner of the cubic unit cell has at least one other Pr among the 12 493 

nearest neighbour sites on the cubic face centres. A possible percolating Pr-Pr pathway is 494 

illustrated in Fig. 13. The cation coordination number in the FCC structure equals 12 (Z=12 in 495 

Eq. 23). Therefore, by the simple model described in ref. (47), the percolation threshold is 496 

~12.5%, which means that the electronic defect may hop continuously among nearest Pr cations 497 



when 12.5% of the cation sites are occupied by Pr. It is evident that the observed transition 498 

range (8 at.%-15 at.%) lies close to the one predicted by this simple percolation model. From 499 

the conductivity data plotted in Fig.12 it is evident that a strong correlation exists between the 500 

structural connectivity of the Pr dopants and the migration enthalpy for the electron holes.  501 

 502 

Fig.13 Schematic illustration of a (100) plane of a 2×2 matrix. A possible percolation path 503 

of Pr-Pr nearest neighbours is also shown.  504 

Due to the influence of activation energy and the pre-exponential factor, we herein plot the 505 

extrapolated conductivity at high temperature (e.g. 800°C) to pinpoint the abrupt change of 506 

electrical conductivity arising from the migration enthalpy. In Fig. 14, the extrapolated 507 

electronic conductivity at 800 °C was fitted by the percolation model proposed by Kim et al. 508 

(46). In this model, the conductivity for x<Pc and x>Pc is phenomenologically described by the 509 

expressions:   510 



For x<Pc, ( )1 2( ) s
GCO cx x P xσ σ −= −                    (24)                     511 

For x>Pc, ( )Pr( )
x

t
O cx x Pσ σ= −                             (25) 512 

where s and t are the universal size scaling exponents for the non-percolation matrix and the 513 

percolation phase, respectively. GCOσ and Pr xOσ are the electronic conductivities of CGO and 514 

PrOx (44) at 700 °C, respectively. Pc is the percolation threshold being treated as a fitting 515 

parameter. s and t are the two fitting parameters where t is theoretically limited to lie in the 516 

range from 1.65 to 2 for the simple cubic percolation model. The best fit of the model to the 517 

data in Fig. 14 gives t=1.80, Pc=0.125 and s=-1.11, with the R2 equals to 0.93. The model seems 518 

to satisfactorily fit the data in this work, which further elucidates that the electronic behavior 519 

can be well explained by the percolation model.  520 



 521 

Fig. 14 Electronic conductivity (fixed Pr3+/Pr4+ =2.7) at 800 °C as a function of x. The data 522 

is fitted with a simple cubic percolation with charge carriers donated by dopants (Eq.24 523 

and 25). The percolation threshold (Pc) is estimated to be x≈0.13 in the fitting. The 524 

electronic conductivity of CPGO10 (Pr0.1Gd0.1Ce0.8O1.95) and PrOx are taken from ref.(25) 525 

and ref. (44), respectively. 526 

5.2. Chemical expansion (CE) under oxidizing conditions 527 

The chemical expansion of CGPO is related to the volumetric dilation upon changes in oxygen 528 

stoichiometry. The cell lattice parameter expands with the increase of the concentration of Pr3+. 529 

Chatzichristodoulou et al.(37) has estimated that when relating unit cell volumes to the ionic 530 



radii of the constituting ions the size of an oxide vacancy in fluorites is smaller than that of the 531 

oxide ions. The chemical expansion of CPGO is thus in this picture a consequence of lattice 532 

dilation due to the increased radius of the cations partially counterbalanced with oxygen 533 

vacancy induced lattice contraction. The lattice parameter as calculated by Kim’s formula 534 

includes the sum of the two effects. The relative chemical expansion can be simply calculated 535 

by a Vegard’s law type relationship between lattice dimension and fraction of Pr3+ or Pr4+ in 536 

CPGO:  537 

( )3 4
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Pr PrPr Pr

,

Pr 1 Pr XRD
cal chem

XRD

a a a

a
ε

+ +   + − −   =    (26) 538 

where 3Pr
a + and 3Pr

a + are the calculated lattice parameters for only Pr3+ or Pr4+in CPGO, 539 

respectively (see Fig. 5). XRDa is the lattice parameter obtained by XRD refinement (cf. Fig. 540 

6), /
PrPr   is the fraction of Pr3+ calculated by the thermodynamic parameters outlined in Table 541 

2. Fig. 15 shows the relative chemical expansion (CE) from the experimental dilatometry data 542 

and the CE calculated by Eq.24, respectively.  Overall, the calculated CE in this simple model 543 

reproduces the general trend of the experimentally deduced CE well. Note that Eq. 26 is 544 

consistent with a type of expression as Eq.16 i.e. it predicts proportionality between εchem and 545 

δ. 546 

A transition is seen experimentally around 12.5% Pr. Below this the chemical expansion is 547 

small, above stronger. There are three reasons for this as seen when comparing the 548 

experimental data to the curve calculated from Eq. 26 and considering the ΔH, ΔS and β 549 

values reported in Tables 2 and 3. Firstly; the overall expansion will increase with the fraction 550 

of the cation sites that are occupied by Pr (Fig. 5). Secondly, for a given T, pO2 condition 551 

(900°C, air) the fraction of the Pr that is reduced increases with increasing Pr concentration 552 



(see Table 2 and Fig. 6). Thirdly, there is a weak tendency that above the percolation 553 

threshold the lattice responds even stronger to the change in ionic radius than below the 554 

threshold) the experimental data lies above the Eq. 26 trend line for x=15, 25 and 30 but 555 

below for x = 8). It should be noted, that the relative chemical expansions listed in Fig.15 are 556 

estimates only and thus encompassed with some uncertainties. They are derived from the 557 

measured total expansion (well determined) by subtracting an estimated thermal expansion, 558 

which is calculated under assumption of a constant thermal expansion coefficient (α) (see 559 

discussion in section 4.5).  560 

Besides the uncertainty introduced by this assumption, the data for the low Pr contents may be 561 

encompassed with an uncertainty due to incomplete equilibration with the atmosphere during 562 

the temperature sweeps. For these samples full oxygen equilibration, which is limited by 563 

electronic conductivity, might not have been achieved at the given cooling rate. This would 564 

add to exaggerate the change in behavior around the percolation threshold.  565 



 566 

Fig.15 Dependence of relative chemical expansion on x in PrxGd0.1Ce0.9-xO1.95-δ. Calculated 567 

values of relative chemical expansion using Kim’s formula in conjunction with 568 

thermodynamic parameters are also shown. The value of Pr0.1Gd0.1Ce0.8O1.95 calculated 569 

by Heidenreich et al. (48) is also included.  570 

5.3. Electronic conductivity under reducing conditions 571 

Consistently, all the samples show n-type electronic conductivity under reducing conditions 572 

(<1×10-15 bar). The n-type regime is associated with partial reduction of Ce4+ as described in 573 

Eq. 4. However, for the samples with high Pr concentration, the n-type electronic conductivity 574 

is partly overshadowed by the considerable p-type electronic conductivity (Fig. 9). The “net” 575 

n-type electronic conductivity at a given pO2 (1×10-15 bar) is thus obtained by subtracting the 576 



extrapolated p-type electronic conductivity based on the slope of the p-type at high pO2 branch 577 

from the total electronic conductivity. It is observed that the apparent activation energy of “net” 578 

n-type electronic conductivity decreases with increasing Pr concentration. Lübke et al. (13) 579 

found a slight decrease of the activation energy in CGO doped with 3 at.% Pr relative to that in 580 

CGO. Navarro et al. (49) also found that the 2 at.% Pr-doped CGO20 shows slightly decreased 581 

n-type conductivity relative to CGO20, in agreement with our results. In contrast to the trend 582 

observed in the pO2 range dominated by p-type electronic conductivity, the n-type electronic 583 

conductivity under reducing conditions steadily decreases with increasing Pr concentration. The 584 

decrease of n-type electronic conductivity is more pronounced at high temperature (900 ºC). It 585 

is generally agreed that the n-type electronic conductivity in ceria is correlated with the electron 586 

hopping on the ceria sites (Ce3+/Ce4+). The mobility will thus be proportional to the 587 

concentration of Ce (22). Here, partial substitution of Pr for Ce decreases the concentration of 588 

ceria (Ce3+/Ce4+), accounting for the lower n-type electronic conductivity because of the 589 

decreased number of sites. Under strongly reducing conditions, Pr4+ is completely reduced to 590 

Pr3+ which increases the oxygen vacancy concentration owing to the summation of now two 591 

acceptor dopants ( /PrCe   and /
CeGd   ). The high oxygen vacancy concentration is further 592 

unfavourable to the electron migration (50, 51), resulting from the more severe association 593 

between /
CeCe  and OV ••  upon a larger oxygen vacancy concentration (52). This effect also 594 

contributes to the reduction of the n-type conductivity in the Pr-containing samples. 595 

The activation energy of the n-type electronic conductivity was also observed to decrease with 596 

increasing Pr concentration. The apparent activation energy is composed of two terms: 597 

1 4m CeE H H= +  where mH is the enthalpy of electron migration and CeH is the standard 598 

reaction enthalpy. According to literature (52), the enthalpy of electron migration increases with 599 

increasing oxygen vacancy concentration in ceria. Although mH of the materials in this work is 600 



not known, increased mH values are expected with increasing Pr concentration. This indicates 601 

that Ce will be more readily reduced upon a higher Pr concentration. A similar trend was also 602 

observed in purely Pr-doped ceria (35) and purely Gd-doped ceria (53). It is also found that the 603 

reducibility of Ce4+ and Pr4+ in ceria tends to be facilitated by the increasing oxygen 604 

nonstoichiometry, leading to a non-ideal reduction behaviour (16). We herein attribute the 605 

decreased enthalpy of reduction of Ce to the high oxygen nonstoichiometry in heavily Pr-doped 606 

CGO.  607 

 608 

Fig. 16 (a) n-type electronic conductivity of CPGO under pO2=1×10-15 bar as a function 609 

of x at 700, 800 and 900 °C. (b) Apparent activation energy of the electronic conductivity 610 

under pO2=1×10-15 bar .  611 

5.4. Ionic conductivity 612 

For Pr and Gd co-doped ceria, more oxygen vacancies will form to compensate the increased 613 

concentration of negatively (compared to Ce4+) charged aliovalent dopants ( /PrCe and /
CeGd ). In 614 

analogy with purely Pr-doped or Gd-doped ceria (3), the ionic conductivity of Pr and Gd co-615 

doped ceria does not monotonously increase with increasing oxygen vacancy concentration as 616 

illustrated in Fig.17. Instead, a maximum ionic conductivity occurs around an acceptor dopant 617 



concentration of 25 at.% (11.4 at% Pr3+, 3.6 at.%Pr4+, 10 at.% Gd and volumetric oxygen 618 

vacancy concentration equals to 1.07×1022 cm-3 ). According to Dholabhai’s DFT calculations 619 

(54), 20 at. % dopant content in ceria shows the maximum ionic conductivity for 10 at.% Pr 620 

and 10 at.% Gd co-doped ceria, in good agreement with the experimental results in this work. 621 

Another noticeable feature is that the decrease of oxide ion conductivity above 25 at.% is 622 

associated with an increase in the apparent activation energy. The large activation energy of the 623 

electrical conductivity in heavily acceptor doped ceria is observed in several studies (3, 55). It 624 

is likely due to the association between the extrinsic dopants and oxygen vacancies (55);  625 

/ / /2 Ce O Ce O CeAcc V Acc V Acc•• •• + →   or 626 

 // /
Ce O Ce OAcc V Acc V•• •• + →    627 

where /
CeAcc  represents the acceptor dopants /

CeGd and /
CePr whereby some of the oxygen 628 

vacancies are trapped by the immobile dopants. As illustrated in Fig. 17, where the data for 629 

several different acceptor doped ceria compounds are compared, the defect association results 630 

in an increased apparent activation energy for oxide ion conductivity for the heavily doped 631 

samples.  632 



 633 

Fig. 17 Apparent activation energies of oxide ion conductivity in pure N2 (pO2≈0.001 bar) 634 

as a function of Pr content. The lines were plotted to guide the eye. Inset: The oxide ion 635 

conductivity measured at 800 °C as a function of acceptor dopant concentration for 636 

different ceria solid solutions from (35, 56, 57). The ratio of Pr3+/Pr4+ at 800 ºC in N2 is in 637 

the range of 4-9.  638 

5.5. Oxygen permeation flux 639 

The maximum achievable oxygen flux occurs when the oxide ion and electronic conductivity 640 

in a MIEC are both high and equal (transport number=0.5). As shown in Fig 18a where 641 

calculated transport numbers are shown, the transport number of CPGO approaches to 0.5 when 642 

the Pr concentration is in the range from 30 at.% to 40 at.%. Shuk et al. (58) also found nearly 643 

equal electronic and ionic conductivity for Pr0.3Ce0.7O1.85-δ at 700 °C, in good agreement with 644 



this work. The maximum achievable theoretical oxygen permeation flux can be calculated in 645 

terms of electronic and ionic conductivity using the Wagner’s equation:  646 
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The calculated oxygen permeation flux (here any losses at the two surfaces are neglected) 647 

follows the trend of te (Fig. 18b), due to the fact that the oxygen permeation flux of 648 

PrxGd0.1Ce0.9O1.95-δ is dominantly limited by the electronic conductivity until a Pr concentration 649 

of approximately 40 at.%, where the maximum oxygen permeation flux is predicted for the here 650 

considered composition range (0-40 at.% Pr). Despite the reduced ionic conductivity when 651 

exceeding 25at.% doping concentration, considering the bulk diffusion exclusively, the 652 

maximum oxygen flux for a 10-μm thick Pr0.4Gd0.1Ce0.9O1.95-δ based membrane may reach up 653 

to 10 Nml cm-2 min-1 at 800 °C under the driving force of 0.21 bar/0.001 bar approaching the 654 

required level for being commercially interesting (59). However, the considerable chemical 655 

expansion of CPGO40 (Fig. 7) is a severe challenge in terms of ensuring mechanical integrity 656 

and limits the applicability of the material (8). To reduce risks of mechanical failure originating 657 

from chemical strain, very low thickness (1-10 µm) would be needed and the oxygen pressure 658 

gradient over the materials should be carefully controlled. A discussion of the consequence of 659 

chemical strain in supported membrane architectures can be found in ref. (60-63). 660 

 661 



Fig. 18 (a) Calculated transport number and (b) calculated oxygen permeation flux as a 662 

function of x in PrxGd0.1Ce0.9-xO1.95-δ at 700, 800 and 900 °C. 663 

6. Conclusions 664 

The investigations of the transport properties of Pr,Gd-doped ceria presented here has led to the 665 

following conclusions; 666 

1. Doping Pr in CGO (PrxGd0.1Ce0.9-xO1.95-δ) significantly enhances the electronic 667 

conductivity (0.04 Scm-1 for Pr0.4Gd0.1Ce0.5O1.95-δ vs. 5.6×10-4 Scm-1 for Gd0.1Ce0.9O1.95-668 

δ at 900 °C when pO2=0.21 bar) under high oxygen partial pressures (pO2>10-8) and 669 

decreases slightly the n-type electronic conductivity (0.03 Scm-1 for Pr0.4Gd0.1Ce0.5O1.95-670 

δ vs. 0.3 Scm-1 for Gd0.1Ce0.9O1.95-δ at 900 °C when pO2=1×10-15 bar) under low oxygen 671 

partial pressures (pO2<10-8). 672 

2. Doping Pr in CGO (10 at.% Gd) leads to a slight enhancement of the maximum oxide 673 

ion conductivity when the total dopant concentration is lower than 30 at.% (0.083 Scm-674 

1 for Pr0.15Gd0.1Ce0.75O1.95-δ vs. 0.067 Scm-1 for Gd0.1Ce0.9O1.95-δ at 800 °C when 675 

pO2=1×10-3 bar).  676 

3. The apparent thermal expansion increases with increasing Pr concentration, due to 677 

increased chemical expansion (14.5×10-6 K-1 for Pr0.05Gd0.1Ce0.85O1.95-δ vs. 12.5×10-6 K-678 

1 for Gd0.1Ce0.9O1.95-δ in the range from 200 °C to 900 °C). The chemical expansion 679 

coefficient varies in the range from 0.05 to 0.09.  680 

4. The enthalpy of the Pr4+ to Pr3+ reduction reaction decreases with increasing Pr 681 

concentration (112±10 kJ mol-1 for Pr0.4Gd0.1Ce0.5O1.95-δ vs. 200±34 kJ mol-1 for 682 

Pr0.08Gd0.1Ce0.82O1.95-δ).  683 



5. An abrupt decrease of the electron hole migration enthalpy is observed when the Pr 684 

concentration increases from 8 to 15 at.%, which is likely associated with the 685 

establishment of a percolation path between the Pr atoms as the chance of finding a 686 

continuous path of Pr atoms in the nearest neighbour positions strongly increases at this 687 

substitution level. The percolation threshold can be interpreted in a simple cubic 688 

percolation model.  689 

6. No beneficial effect of adding 3% Co to the achievable permeation flux is observed but 690 

the Co is found to be a good sintering aid.  691 

7. The Gd/Pr co-doped material may be applied in composite electrodes (SOFC cathodes) 692 

where the simultaneous increase in ionic and electronic conductivity on Pr substitution 693 

in the CGO will be beneficial and the large chemical expansion may be tolerable if only 694 

used in nanoparticulate form. The large chemical expansion introduced by the co-doping 695 

limits application for membranes, as to bring the electronic conductivity in the range of 696 

the ionic one needs more than 12.5at.% Pr addition, which also makes the material prone 697 

to problems related to the large chemical (stoichiometric) expansion.  698 

8. The achievable oxygen permeation flux of CGO is enhanced by co-doping with Pr 699 

because of the enhanced electronic conductivity. CPGO40 is predicted to show the 700 

largest achievable flux as the electronic conductivity approaches the ionic one. As a 701 

trade-off, CPGO5 is a promising material for OTMs in terms of enhanced oxygen flux 702 

and low chemical expansion.  703 
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