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Abstract 

Low levels of impurities can have a dramatic influence on the electrical properties of metal 
oxides. Here, we use a combination of impedance spectroscopy and Seebeck coefficient 
measurements to show the defect chemistry and p-type conduction mechanism in undoped 
LaFeO3(LF) ceramics is significantly influenced by impurities in Fe2O3 reagents. A low but 
significant concentration of impurities associated with 99.9% Fe2O3 reagent is sufficient to compete 
against the intrinsic Schottky disorder responsible for the p-type behaviour normally observed for 
undoped LF ceramics. This produces electrically heterogeneous grain (bulk) responses that are 
strongly dependent on the processing conditions. To achieve electrically homogeneous bulk 
responses requires adjustment of the oxygen content by annealing in a reducing atmosphere (n-type) 
or via doping with a significant level of acceptors (mixed ionic/ p-type electronic). These results 
illustrate the importance of using high purity reagents when studying the electrical properties of 
ferrite-based perovskites. 
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Introduction 

Stoichiometry is important in perovskites as it influences the defect chemistry and 
consequently the electrical properties.[1–6] In some cases, low levels of impurities can have a 
dramatic effect on the electrical properties. A classic example is the influence of unintentional 
acceptor-doping in ‘undoped’ BaTiO3 due to low levels (few hundreds of ppm) of Al3+ and Fe3+ 
impurities in TiO2 reagents used in the formation of the perovskite[6]. This generates a low level of 
oxygen vacancies that can results in the uptake of oxygen (on cooling) as described by the Kroger-
Vink equation below and explains the p-type behaviour observed for ‘undoped’ BaTiO3 ceramics 
prepared and measured in air.  𝑉𝑂∙∙ + 12𝑂2(𝑔) → 𝑂𝑂× + 2ℎ∙  (1) 

Undoped LaFeO3 (LF) is another example where non-stoichiometry plays a key role in the 
electrical conductivity. Its stoichiometry has long been debated, in particular the level (if any) of 
La-deficiency, La1-xFeO3-δ . Wærnhus et al [7,8] investigated the electrical properties of LF ceramics 
at values of x = 0.003 and -0.003 and found them to be independent of composition. Secondary 
phases in these non-stoichiometric compositions were identified by Transmission Electron 
Microscopy and the authors inferred a narrow homogeneity range for La1±xFeO3-δ with x < 0.003. 
High temperature isothermal equilibrium conductivity measurements as a function of partial 
pressure of oxygen, pO2, showed that at 1000 oC and pO2< 10-12atm, n-type behaviour occurs due 
to oxygen loss associated with the following reaction 𝑂𝑂× → 12𝑂2(𝑔) + 𝑉𝑂∙∙ + 2𝑒′′  (2) 

that can be interpreted as partial reduction of some Fe3+ to Fe2+ ions, La(Fe3+1-xFe2+x)O3-δ.  

The electrical conductivity, σ, behaviour and defect models above this pO2 have been the 
subject of debate with data often being irreproducible on reduction/oxidation cycles and being very 
temperature, time and grain size dependent. For example, Wærnhus et al [7] report the need for at 
least 4 days at 1000 oC for pO2 > 10-4 atm to achieve time independent conductivity values. Through 
extensive studies of annealing samples either at low or high pO2 before performing conductivity 
relaxations at various pO2 values, Wærnhus et al [7,8] established time independent isothermal 
conductivity of nominally stoichiometric LF ceramics at 1000 oC. Three regions of different 
behaviour were identified on log σ-log pO2 plots for T= 1000 oC. In the range 10-17 – 10-12 atm the 
slope is -1/6 (n-type) before becoming independent of pO2 in the intermediate range 10-10 to 10-7 
atm and then switching to a slope of 3/16 (p-type) for pO2> 10-4 atm. The n-type behaviour is 
attributed to oxygen loss and therefore mixed Fe2+, Fe3+ in LF; the pO2 (and time) independent 
behaviour in the intermediate range was attributed to a full oxygen lattice whereby further oxidation 
could not take place without the formation of new oxygen lattice sites. The p-type behaviour 
observed > 10-4 atm associated with oxidation was attributed to intrinsic Schottky disorder where 
both cation and anion vacancies are created. Oxidation occurs via filling of these oxygen vacancies 
and therefore forming ‘LaFeO3+x’ (or more correctly, a cation deficient perovskite), The p-type 
behaviour can be attributed to partial oxidation of Fe3+ to Fe4+ ions (and/or O2- to O-); however, 
diffusion of cations (associated with the Schottky disorder) is slow and this is the origin of the time 
dependent conductivity observed in this region of T-pO2. Finally, the authors report these Schottky 
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defects are thermally activated and can be frozen at lower temperatures and therefore conductivity 
is time independent below 1000 oC.  

A well-established method to enhance p-type behaviour in LF is via A-site acceptor doping 
with Sr2+ ions.[9,10] This has the advantage that the oxygen vacancies created by acceptor doping 
exceeds that associated with the intrinsic Schottky defects. This allows easy and rapid oxidation of 
the lattice and results in high levels of p-type conduction to be achieved and reversible conductivity 
behaviour on reduction and oxidation. Sr-doped LF materials have been used and studied as mixed 
ionic-electronic conducting cathodes in Solid Oxide Fuel Cells.[11–13] All of these models for 
undoped and acceptor-doped LF have been substantiated by atomistic calculations.[14–16] 

An important (but often neglected) aspect in the synthesis and characterisation of ceramics is 
the purity of the starting reagents. An excellent example of where this is important to achieve single 
phase materials is the purity of Fe2O3 reagents used in the solid-state synthesis of perovskite BiFeO3 
(BF) using Bi2O3 and Fe2O3. Valant et al[17] have shown the presence of impurities (such as Al) in 
Fe2O3 reagents (99% pure) are sufficient to force the Bi2O3 – Fe2O3 system into a quasi-ternary 
system and the nominal composition into a phase field that contains BF, Bi25FeO39 and Bi2Fe4O9. 
This results in BF ceramics that contain significant levels of secondary phases. To ensure single 
phase BF ceramics were obtained Valant et al[17] employed 99.9995% purity Fe2O3.  

Given the sensitivity of the p-type behaviour to thermally activated Schottky defects in LF it 
is of interest to consider the influence of the purity of Fe2O3 reagents on the electrical properties of 
LF ceramics. Here we compare LF ceramics prepared in air but made from two different sources 
(99.9% and 99.998%) and which show very different electrical behaviour. Impedance Spectroscopy 
(IS) is used to probe the electrical microstructures of the ceramics and Seebeck coefficient 
measurements to identify p- or n-type behaviour. IS results show LF ceramics prepared from the 
higher purity Fe2O3 yield resolvable bulk and grain boundary responses with conducting grains and 
insulating grain boundaries. Seebeck coefficient measurements confirm the expected p-type 
behaviour. In contrast, ceramics prepared from the lower purity Fe2O3 reagent give non-ideal 
impedance responses that are challenging to interpret and contain components that are not 
reproducible on heating/cooling cycles in air over a modest temperature range, ~ 25 – 400 oC. 
Seebeck coefficient measurements suggest n-type behaviour for ceramics sintered in air at 1500 oC, 
whereas those sintered at 1350 oC are p-type below 400 oC but n-type from 400 -800 oC. These 
results are inconsistent with the expected defect chemistry models proposed for LF. Annealing low 
purity ceramics in 5%H2 at 500 oC and remeasuring the IS and Seebeck coefficient gives well 
resolved bulk and grain boundary responses with n-type behaviour. A-site doping with Sr at 5at% 
in low purity ceramics gives a bulk response and an electrode response consistent with a mixed 
ionic-electronic conductor. Seebeck coefficient measurements yield the expected p-type behaviour. 

This study demonstrates that the reagent grade of Fe2O3 has a significant influence on the 
measured electrical properties of undoped LF and can be attributed to the low but significant 
concentration of donor impurities associated with the Fe2O3 reagent competing against Schottky 
disorder responsible for the p-type behaviour normally observed for undoped LF ceramics prepared 
in air. Homogeneous bulk responses that are consistent with the expected defect chemistry of LF 
can be achieved using lower purity reagents by either adjusting the oxygen content by annealing in 
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a reducing atmosphere to attain n-type behaviour or by doping with a significant level of acceptors 
(e.g., Sr for La) to attain the expected mixed ionic/ p-type electronic behaviour.  

Experimental procedure  

LaFeO3±δ and La0.95Sr0.05FeO3-δ ceramics were prepared by the conventional solid-state route. 
La2O3 (99.9%,  ,Sigma-Aldrich), Fe2O3 powders (99.9%, 99.998% Sigma-Aldrich) and SrCO3 
(99%, Sigma-Aldrich) were used as raw materials. Two batches of LaFeO3±δ were prepared, one 
using 99.9% Fe2O3 (denoted LP for Lower Purity LaFeO3±δ ) and the other with 99.998% (denoted 
HP for Higher Purity LaFeO3±δ ). La0.95Sr0.05FeO3-δ ceramics were prepared using 99.9% Fe2O3 and 
are denoted as LP-Sr. The powders were pre-dried (180 oC for SrCO3, 600 oC for Fe2O3 and 900 oC 
for La2O3) for 6 h before weighing in appropriate quantities and then mixed by grinding using an 
agate mortar and pestle in acetone for 40 min followed by calcination at 1100 °C for 6 h in air. The 
resultant powders were then ground for another 40 min. Green bodies were first formed by a uniaxial 
steel die and then isostatically pressed at 200 MPa before sintering in air for 6 h at various 
temperatures ranging from 1100-1500 oC. A selection of LP LaFeO3±δ ceramics that were sintered 
in air at 1500 oC were annealed in a tube furnace at 500 oC for 10 hrs in flowing 5 % H2/95% N2 gas 
and will be denoted as LP-H2. The absolute density of samples was recorded by a combination of 
geometric and Archimedes’ methods. The relative density was obtained using absolute density 
divided by theoretical density which was calculated from the corresponding atomic weight and 
lattice parameter. 

The crystalline phases were determined by X-ray powder diffraction (XRD) analysis using a 
Stoe STADI/P transmission system and a Bruker D2 Phaser using CuKα1 radiation on sintered and 
crushed samples. Lattice parameters were calculated from the XRD patterns based on a Pbnm 
orthorhombic cell using WinXPow software. A combination of a Philips XL 30S FEG scanning 
electron microscope with a Noran energy dispersive X-ray analyser (SEM/EDX) was employed to 
examine the phase purity and microstructure of the sintered ceramics. Samples for SEM were 
polished and thermally etched at 90% of the sintering temperature for 1 h before being coated with 
carbon.  

Impedance spectroscopy (IS) using an applied voltage of 100 mV was performed using a 
combination of a Solartron 1260 system and a Solartron Modulab. Au paste (fired at 850 oC for 2 
h), Ag paste (fired at 200 oC for 2 h) or In-Ga (applied at room temperature) were used as electrodes 
to coat on both major faces of ceramics and measured over a temperature range of 100 – 1000 K. 
Sub-ambient measurements were performed in an Oxford Instruments CCC1104 Closed Cycle 
Cooler Cryostat and above ambient in air (or flowing 5%H2/95% N2 for H2-annealed ceramics) in 
an in-house rig that was inserted into a non-inductively wound tube furnace and temperature 
controlled to ±1oC. IS data were corrected for sample geometry (thickness/area) and, additionally, 
high frequency data were corrected for instrumental-related inductance by performing a short circuit 
measurement to assess the lead resistance and associated inductance of our set-up. Seebeck 
coefficient (S) measurements were performed in air from 300 to 700 oC (Heating rate 5 oC/min, 
holding until the variation of temperature is less than 0.5 oC/3mins) on bar samples by a conventional 
steady-state method with a Netzsch SBA 458 Nemesis. The S measurements were performed in Ar 
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for LP-H2 and in air for all other samples. 

Results 

Phase Purity and Ceramic Microstructure  

The room temperature (RT) XRD patterns for LP ceramics sintered at different temperatures 
are shown in Figure 1 (a). The phase purity is clearly dependent on the final sintering temperature. 
XRD peaks associated with La2O3 (space group P321) are observed in samples with lower sintering 
temperatures (1100 ~ 1200 oC) but disappear when the sintering temperature reaches 1350 oC. Based 
on XRD, samples remain phase-pure up to a sintering temperature of 1500 oC. RT XRD patterns of 
LP, HP and LP-Sr ceramics sintered at 1500 oC as well as LP after post annealing in 5 % H2 at 500 
oC (LP-H2) are shown in Figure 1(b). All peaks may be attributed to a single perovskite phase based 
on XRD analysis with similar lattice parameters at RT, Figure 1 (b) insert.  

 

Figure 1. Room temperature X-ray powder diffraction data for (a) LP LaFeO3 ceramics 
sintered at different temperatures and (b) LP, HP, LP-H2 and LP-Sr ceramics. Insert in (b) 

shows the lattice parameters for LP, HP, LP-H2 and LP-Sr ceramics. 

Based on geometric and Archimedes’ methods, the density of the ceramics used for electrical 
characterisation were estimated to be ~ 95, 90, 98 and 95% for LP, HP, LP-Sr and LP-H2, 
respectively. SEM results revealed a significant difference in the microstructures of LP, HP and LP-
Sr ceramics. The images show a relatively large amount of porosity within HP which agrees with 
their relative density. LP displayed large grains in the range ~ 10 -100 µm with a more irregular 
shape whereas HP and LP-Sr had relatively regular grains with much smaller sizes, < 10 µm, Figure 
2. The microstructure of LP-H2 is relatively similar to LP ceramics which indicates no significant 
change in microstructure occurs from the annealing process. EDX data (Table1) revealed a slightly 
Fe-deficient La-rich composition compared to the theoretical values. However, the difference 
between the LP and HP data are rather insignificant and within the standard deviations associated 
with the measurements. 
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Figure 2. SEM secondary electron images of (a) LP, (b) HP, (c) Sr-doped and (d) H2 annealed 
LaFeO3 ceramics. 

 

Table 1. Chemical composition (relative cation at%) and associated error (standard deviation) 
by SEM/EDX of LP- and HP-LaFeO3 ceramics.  

Sample Fe (at%) La (at%) 

LP 48.6 (±0.6) 51.4 (±0.6) 

HP 48.5 (±0.7) 51.5 (±0.7) 

 

 

Electrical Properties 

Impedance data collected on the ceramics revealed LP-Sr and HP to be semiconducting at RT 
with total resistivity < 1 MΩcm, whereas LP and LP-H2 were insulating at RT with total resistivity > 
1 MΩcm. Representative complex impedance plane (Z*) plots for the ceramics at various 
temperatures are shown in Figure 3 and all display either overlapping and broadened arcs (LP and 
HP Figure 3 (a) and (b)) or evidence of at least two distinct responses (LP-H2 and LP-Sr Figure 3 
(c) and (d)). The total resistivity of each sample, Rtotal, was estimated using the low frequency 
intercept of the Z* data on the Z’ axis. An Arrhenius plot of total conductivity, σtotal = 1/ Rtotal, is 
summarised in Figure 3 (e) along with the activation energy, Ea, values associated with σtotal which 
are in a range from ~ 0.14 eV (LP-Sr) to 0.68 eV (LP-H2). 
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Figure 3. Z* plots for (a) LP at 25oC; (b) HP at -48oC; (c) LP-H2 at 100oC; (d) LP-Sr at -
153oC. (e) Arrhenius plot of total conductivity, σtotal, versus reciprocal temperature for LF 

ceramics. (f) Equivalent circuits used to interpret the impedance data. 

To investigate the electrical properties in more detail we used multiformalism IS analysis by 
using combined spectroscopic plots of (i) the imaginary components of impedance, Z’’, and electric 
Modulus, M’’ (Z’’, M’’ spectra) and (ii) the real component of the complex capacitance (C’) and 
M’’, (C’, M’’ spectra) in conjunction with the Z* plots for all ceramics. This analysis allows 
identification of the low capacitance grain (bulk) response (typically in the order of ~ pF/cm) based 
on the presence of a large M’’ Debye peak and a low capacitance C’ plateau.  

For equivalent circuit analysis based on the brickwork layer model for electro-ceramics, single 
Debye peaks in Z’’, M’’ spectra (or a single arc in Z* and M*) with maxima that are coincident (or 
close) in frequency and a low C’ plateau in C’ spectra are assumed to be a single, parallel Resistor-
Capacitor (RC) combination associated with a bulk response.[18,19] The presence of additional M’’ 
and/or Z’’ Debye peaks (or arcs in Z* and/or M*) and higher C’ plateaus or inclines at lower 
frequency than the bulk response indicate other electroactive regions such as grain boundaries 
and/or electrode effects. These are normally assumed to be additional parallel RC elements that are 
connected in series with the bulk response. In this study, equivalent circuits with 2 (LP-Sr and LP-
H2) or 3 (LP and HP) parallel RC elements connected in series were adopted as shown in Figure 3 
(f). M’’ spectra that contain large M’’ Debye peaks can be used to estimate both capacitance and 
conductivity using the relationships 𝐶 = 1 2𝑀"⁄   (3) 𝜔𝑚𝑎𝑥𝑅𝐶 = 1  (4) 

ωmax is the angular frequency at the peak maximum (where ω =2πf, where f is in Hz), C is 
capacitance and R is resistance (but all corrected for the geometric factor of the ceramic). This type 
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of analysis is particularly useful for identifying and characterising electrically heterogeneous 
ceramics based on conductive grains and insulating grain boundaries where the bulk response is not 
readily accessible from Z* plots (or Z’’ spectra) alone; however, R and C can be estimated using M’’ 
data.[18,19] Data using this approach are presented for LP-Sr, HP, LP and LP-H2 ceramics in Figure 
4, 5, 6 and 7, respectively.  

 

Figure 4. Combined (a) Z”, M” spectra and (b) C’, M’’ spectra for LP-Sr ceramic at -153 oC. 

 

Figure 5. Combined Z”, M” and C’, M’’ spectroscopic plots for HP ceramic at (a),(b) -73 oC 
and (c),(d) 25 oC. 
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Figure 6. Combined Z”, M” and C’, M’’ spectra for LP ceramic at (a),(b) -73 oC and (c),(d) 
250 oC. 
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Figure 7. (a) Combined C’, M’’ spectra at – 73 oC and (b) combined Z”, M” and (c) C’, M’’ 
spectra at 100 oC for LP-H2 ceramic. 

LP-Sr ceramics measured at -153 oC show a single large arc and a low frequency ‘tail’ in Z* 
plots, Figure 3 (d), a single M’’ Debye peak in the M’’ spectrum with ωmax similar to that in the 
corresponding Z’’ spectrum, Figure 4 (a) and a low capacitance, high frequency plateau in the C’ 
spectrum with the data rising in magnitude at lower frequency which is consistent with the low 
frequency tail observed in the corresponding Z* data, Figure 3 (d) inset. To a first approximation 
the data can be analysed on an equivalent circuit based on two parallel RC elements connected in 
series, where R1C1 models the large Z* arc, Debye peaks in the Z’’, M’’ spectra and the low 
capacitance, high frequency C’ plateau and R2C2 models the low frequency tail in Z* plots and rise 
in C’ data. The magnitudes of C1 and C2 are ~ 3 pF/cm and ~ 1 nF/cm, respectively. The former is 
consistent with a semiconducting bulk (grain) response whereas the latter can be attributed to an 
electrode effect related to the mixed oxide ion-electronic conductive properties of LP-Sr. An 
Arrhenius plot of the bulk conductivity (1/R1) for LP-Sr ceramics is shown in Figure 8 with Ea ~ 
0.14 eV. Seebeck coefficient, S, measurements of LP-Sr in the range 300 to 700 oC showed S to be 
~ + 200 µV/K and therefore p-type, Figure 9. 

 

Figure 8. Arrhenius plot of conductivity for R1 and R2 in LaFeO3 ceramics. 
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Figure 9. Seebeck coefficient versus temperature for various LaFeO3 ceramics. 

 

Similar to LP-Sr, HP ceramics were semiconducting at RT but with much lower σtotal and higher 
Ea, Figure 3 (e). In this case, the Z* plot for -48 oC shows evidence of a small high frequency arc 
(inset Figure 3 (b)) that is difficult to resolve from a second large arc that dominates the plot, Figure 
3 (b). In contrast, Z’’, M’’ spectra at -73 oC show a single M’’ Debye peak with C ~ 5 pF/cm and a 
peak maximum at ~ 105 Hz whereas the Z’’ spectrum does not show any clear evidence of a Debye 
peak, instead the Z’’ data rise rapidly at low frequency and indicate the presence of a resistive 
component, Figure 5 (a). The corresponding C’, M’’ plot shows a C’ plateau of ~ 3 pF/cm at high 
frequency and an inflection towards a second, higher C’ plateau with ~ 45 pF/cm, Figure 5 (b). The 
high frequency M’’ peak and low C’ plateau are consistent with a semiconducting grain response 
(R1C1). An Arrhenius plot of the bulk conductivity (1/R1) for HP is shown in Figure 8 where the 
magnitude of the conductivity is two orders of magnitude lower than LP-Sr; however, Ea is the same, 
~ 0.14 eV. In this case, S is + 500 V/K and HP are also p-type, Figure 9. 

RT spectra provide more information about the additional higher resistive and capacitive 
electro-active regions present in HP ceramics, Figure 5 (c) and (d). A large Z’’ Debye peak with a 
peak maximum at ~ 20 kHz identifies the presence of a resistive, second RC element with R2 ~ 120 
kΩ/cm and C2~67 pF/cm. This is confirmed by the presence of a poorly resolved M’’ peak at ~ 20 
kHz that is swamped by the large M’’ incline at high frequency associated with the bulk response 
(R1C1) where the peak maximum now occurs > 1 MHz and therefore outside the measured frequency 
range, Figure 5 (c). There is a corresponding inflection of C’ in this frequency range, Figure 5 (d). 
The presence of this second element (R2C2) is attributed to a resistive grain boundary component 
associated with the lower density (~ 90%) ceramic microstructure that contains open porosity, 
Figure 2 (b). An Arrhenius plot of 1/R2 is shown in Figure 8 which has an associated Ea of ~ 0.47 
eV. The magnitude of the conductivity and associated Ea are similar to that obtained for σtotal, see 
Figure 3 (e). The presence of the large rise in C’ at lower frequency indicates the presence of a third 
RC element with higher capacitance but lower resistance that could not be resolved or quantified 
from any of the plots but is presumably associated with an electrode effect.  

LP ceramic has the lowest σtotal of all the ceramics characterised in this study, Figure 3 (e); 
however, an extremely broad, high frequency Debye-like response was observed in M” spectra at 
sub-ambient temperatures, e.g. for – 73oC, Figure 6 (a) and (b), and a total of 3 C’ plateaus, 2 M” 
Debye peaks and 1 Z” Debye peak were observed over the range -173 to 300 oC, Figure 6. To a first 
approximation, each of the regions can be associated with a parallel RC element and the elements 
connected in series. C’ spectra at low temperature show the presence of two elements with similar 
capacitance (labelled C1 and C2 in Figure 6 (b) for -73 oC) of ~ 2-3 pF/cm, both of which are 
consistent with grain (bulk) type responses. This is consistent with exceptionally broad M’’ peak 
which has a full width half maximum (FWHM) that exceeds three decades on a log (f) scale. The 
third element appears at much lower frequency and is only visible at higher temperatures (labelled 
C3 in Figure 6 (d) for RT). It possesses a much higher capacitance of ~ 30 pF/cm. The only Z” Debye 
peak is associated with C2, Figure 6 (c), which means among all 3 elements, R2C2 is primarily 
responsible for the distorted arc observed in the Z* plot and therefore dominates the total resistance 
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of this ceramic, Figure 3 (a), (e) and Figure 6 (d). An Arrhenius plot of 1/R1 extracted from the sub-
ambient broad M’’ peak has lower conductivity than both LP-Sr and HP and has a higher associated 
Ea of ~0.23 eV. S for LP ceramics sintered at 1500 oC show a large and negative value of ~ - 550 
µV/K which is consistent with n-type as opposed to p-type behaviour, Figure 9.  

It is noteworthy that a change in Ea from ~ 0.50 to 0.82 eV was observed for R2C2 in LP ceramic 
around ~200 oC, Figure 8. To further investigate the origin of this change, LP ceramics were 
measured on a full heating-cooling IS cycle in air. The heating cycle was measured from 100 to 400 
oC at 25 oC intervals; the cooling cycle started immediately after the heating cycle and was measured 
from 400 to 100 oC at 50 oC intervals for higher temperatures and at 25 oC for lower temperatures. 
A Z* plot measured at 150 oC on both heating and cooling is shown in Figure 10 (a). The most 
obvious change is Rtotal (dominated by R2C2) decreasing by ~ 1 order of magnitude for 
measurements taken on cooling compared to that on heating. In contrast, sub-ambient C’ and M’’ 
spectra show R1C1 remains unchanged during the same heating-cooling cycle, Figure 10 (b). 
Arrhenius plots of total conductivity from Z* plots of LP on the heating and cooling cycles are given 
in Figure 11 and show in both cases a significant increase in total conductivity and Ea on the cooling 
cycle. This data indicates non-equilibrium effects associated with oxidation of LP ceramics during 
IS measurements at modest temperatures that was not observed in any of the other ceramics. 
Furthermore, it is noteworthy that LP ceramics sintered at 1350 oC as opposed to 1500 oC exhibit a 
crossover in the sign of S from + to – at 400 oC indicating a switch from p- to n-type behaviour, 
Figure 9.  

 

Figure 10. (a) Z* plots for LP on heating and cooling at 150 oC and (b) C’, M” spectra at -73 
oC on heating and cooling. 
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Figure 11. Arrhenius plots of total conductivity for LP ceramics on heating/cooling. 

An as-sintered LP ceramic was annealed in 5%H2-95%N2 at 500 oC for 10 hours to remove 
oxygen. To avoid re-oxidation during measurements, the IS response was measured in a flowing 
5%H2-95%N2 atmosphere. Two well resolved arcs are present in Z* data for LP-H2 measured at 100 
oC, Figure 3 (d) and σtotal was at least one order of magnitude higher than LP ceramics sintered in 
air with a higher Ea of 0.68 eV, Figure 3 (e). Furthermore, there was no sign of any M’’ Debye peak 
associated with a bulk response at sub-ambient temperatures, Figure 7 (a) which is in contrast to the 
other three samples. A single M’’ peak is observed above RT and two Z’’ peaks and C’ plateaus are 
observed in spectroscopic plots at 100 oC, Figure 7 (b) and (c), respectively. Thus, within the 
measured temperature (-173 to 200 oC) and frequency range there are only two RC elements 
observed for LP-H2. The extracted capacitance values for these two components are ~ 5 and 30 
pF/cm for C1 and C2, respectively. Based on the magnitude of capacitance, C1 is consistent with a 
grain (bulk) type response; C2 could be either a grain boundary response or an electrode effect (e.g. 
non-ohmic contact). In comparison with the two components in LP ceramics where R1C1 and R2C2 
are consistent with grain (bulk) type responses, this indicates the electrical microstructure of LP 
ceramics become homogeneous after annealing in a reducing atmosphere at a modest temperature 
of 500 oC.  

The conductivity values associated with 1/R1 and 1/R2 were obtained from the high and low 
frequency arcs that were easily resolved from Z* plots, Figure 3 (c), and plotted in Arrhenius format, 
Figure 8. The conductivity and Ea values of 1/R1 and 1/R2 are relatively similar to each other with 
Ea ~ 0.66 eV. Compared with the RC elements in LP ceramics their conductivity and Ea are closer 
to R2C2 than R1C1. S for LP-H2 was large and negative in the range of -800 to -600 µV/K indicating 
n-type behaviour, Figure 9. Changing the electrodes from In/Ga to Au for IS measurements 
produced an additional low frequency Z* arc and this is attributed to a non-ohmic contact associated 
with these n-type ceramics, Figure 12. As a consequence, R2C2 is attributed to a grain boundary 
effect as its response remains very similar with both types of electrodes, Figure 12.  
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Figure 12. Z* plots for LP with Au and In-Ga electrodes at 100oC . 

 

Discussion 

The purity of the Fe2O3 does not have any significant influence on the phase assemblage of the 
LF ceramics based on laboratory XRD results, Figure 1; however, it does have a significant effect 
on the microstructures and electrical properties of ceramics prepared using the same processing and 
sintering conditions. The higher level of impurities in the lower purity Fe2O3 reagent results in 
substantial grain growth with the development of much larger grains (> 10 µm) in LP ceramics with 
higher density (~ 95%) compared to HP ceramics prepared with the higher purity Fe2O3 reagent 
where the grains are typically < 10 µm and ceramics have lower density (~ 90%), Figure 2.  

 The electrical properties of the HP ceramics are consistent with that expected based on the 
existing defect model outlined in the introduction with the creation of intrinsic Schottky disorder 
above 1000 oC when processing in air that facilitates uptake of oxygen to fill the anion vacancies 
created by the Schottky disorder. This results in partial oxidation of Fe3+ to Fe4+ ions (and/or O2- to 
O-) in the LF lattice. This gives rise to the electron hopping, Fe3+, Fe4+ semiconducting bulk 
component observed in sub-ambient M’’ spectra, Figure 5 (a) and (b), with an associated Ea of ~ 
0.14 eV, Figure 8 with S measurements confirming p-type conduction, Figure 9. The 99.998% purity 
of Fe2O3 is sufficient to ensure the level of extrinsic defects due to impurities is below that of the 
intrinsic Schottky disorder and therefore the measured electrical properties can be rationalised (at 
least qualitatively) on the intrinsic defect chemistry associated with nominally stoichiometric 
LaFeO3.  

In contrast, the level of impurities in the 99.9% Fe2O3 reagent are sufficient to exceed the level 
of intrinsic Schottky disorder in LP ceramics processed in air and therefore the measured electrical 
properties are dominated by (unknown) extrinsic, as opposed to intrinsic related defects. 
Furthermore, the IS data indicate the presence of two, bulk-type responses (R1C1 and R2C2). The 
conducting element, R1C1, is reversible on heating and cooling in air up to ~ 400 oC, Figure 10 (a); 
whereas, the resistive element, R2C2, is irreversible on heating and cooling, Figure 10 (a) and Figure 
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11 and clearly displays non-equilibrium behaviour. Although LP ceramics sintered at 1500 oC in air 
exhibit n-type behaviour in the range of 350 to 700 oC based on their S measurements, those sintered 
at a lower temperature of 1350 oC exhibit a p- to n-transition at ~ 400 oC. It is not possible to 
establish the electrical microstructure of LP ceramics which contain very large grains with 
unquantified levels and types of impurities based on the data and analysis presented; however, we 
discuss two possible scenarios: -  

(i) a core (p-type) - shell (n-type) grain structure. 

 An electrical microstructure based on a conducting p-type core (R1C1) and a resistive n-type 
shell (R2C2). The presence of the sub-ambient M’’ peak observed for LP ceramics (R1C1) is 
consistent with the semiconducting p-type bulk response observed for HP and LP-Sr ceramics, albeit 
with a lower level of conductivity and a higher Ea of ~ 0.23 eV, Figure 8. However, the full width 
half maximum (FWHM) of the M’’ peak reaches ~ 3 decades which indicates a high level of 
heterogeneity in this response, Figure 6 (a), and the higher Ea has a much higher level of uncertainty 
associated with it based on the crudeness of the ωRC=1 Debye-based calculation on such a non-
ideal M’’ response. The electrical response of the p-type core (R1C1) is reversible on heating and 
cooling in air between ~ 25 and 400 oC, Figure 10 (b), whereas the n-type shell (R2C2) is more 
resistive with a higher Ea, Figure 8 and displays irreversible conductivity on the heating and cooling 
cycles, Figure 11. The n-type behaviour from S measurements indicate these shell-type regions 
dominate the response in this temperature range. Presumably the n-type electron hopping is 
associated with mixed Fe2+, Fe3+ions. To explain the increase in conductivity on cooling associated 
with R2C2 during IS measurements requires LP ceramics to irreversibly lose oxygen from the shell 
regions on heating to 400 oC. 

(ii) impurity donor-doping shifts the p- to n-type transition to higher pO2.  

 An electrical microstructure that has been modified due to donor-impurities associated with 
the lower purity Fe2O3 reagent and consists of grains with variable oxygen contents and therefore 
mixed p- and n-type behaviour. In high purity LF the transition from p-to n-type behaviour requires 
low pO2 and high temperature based on equilibrium conductivity data, e.g. < 10-12 atm at 1000 oC.[7] 
Impurities acting as donor-dopants shift this transition to higher PO2, and depending on their 
concentration and distribution lead to further complexities in the equilibrium defect chemistry of 
LF ceramics. The observed electrical properties are therefore heavily dependent on the ceramic 
processing conditions (i.e. temperature, time and pO2) and physical microstructure (i.e. grain size 
and porosity). This scenario, may explain, in part why LF ceramics sintered at 1500 oC are n-type 
based on S measurements whereas those sintered at 1350 oC display a p- to n-type transition at ~400 
oC, Figure 9. The distribution, level and conductivity of p- and n-type regions in LP ceramics are 
under thermal kinetic control. The required co-existence of Fe2+/Fe3+ (n-type) and Fe3+/Fe4+ (p-type) 
suggests there may be substantial chemical disproportionation of Fe3+ions in LF ceramics.  

Although we have been unable to identify an electrical microstructural model to explain the 
electrical data of LF ceramics we have demonstrated two different methods to dramatically improve 
electrical homogeneity: 
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i) Annealing LF ceramics in a reducing atmosphere (5%H2-95%N2) results in LP-H2 ceramics 
exhibiting a large, temperature stable S ~ -650µV/K indicating n-type conduction, Figure 9. 
Impedance data for LP-H2 ceramics displayed only two electrical components attributed to bulk and 
grain boundary responses, Figure 7 (b). It is noteworthy that the FWHM of the M” peak related to 
bulk response is ~ 1.23 decades on a log frequency scale which is close to the 1.14 decades based 
on an ideal Debye response. This demonstrates annealing in H2 has a dramatic influence on the 
electrical homogeneity of the grains in LP ceramics and that the electrical microstructure of LP-H2 
ceramics can be based on a simple brick work layer model of grain and grain boundary components 
connected in series. In this case, the p-type conduction has been completely removed by the 
annealing process and the ceramics are in the n-type conduction regime. 

ii) A modest level (5 at%) of A-site acceptor doping with Sr replacing La is sufficient to 
compensate for the influence of the impurities in undoped LF ceramics and eliminates the n-type 
behavior. In this case, LP-Sr ceramics display a positive and temperature stable Seebeck coefficient 
indicating p-type conduction, Figure 9. Impedance plane plots for LP-Sr consist of a large single arc 
which represent the bulk response with a low frequency electrode effect associated with the mixed 
ionic-electronic conduction in these ceramics, Figure 3 (d). The Z’’, M’’ and C’ spectroscopic data 
in Figure 4 reveal the grain electrical microstructure of LP-Sr to be reasonably homogeneous with 
the FWHM of the M” peak associated with the bulk response to be ~ 1.29 decades. This 
demonstrates that a modest level of A-site acceptor doping is sufficient to create a level of extrinsic 
oxide vacancies that dominates the defect chemistry. Thus, the influence of the impurities in LP 
ceramics is compensated and reinstates the p-type electronic conduction in ambient conditions.  

Conclusions  

 

The p-type conduction mechanism in undoped LaFeO3 ceramics based on intrinsic Schottky 
disorder is sensitive to low levels of donor-type impurities that can be present in 99.9% pure Fe2O3 
reagents used to prepare ceramics by a conventional solid state synthesis route. The grains are 
electrically heterogeneous and can display co-existence of p- and n-type regions. In contrast, the 
grain response for ceramics prepared using 99.998% pure Fe2O3 were electrically homogeneous and 
displayed the expected p-type conduction mechanism. To obtain electrically homogeneous grain 
responses in LF-based ceramics using 99.9% pure Fe2O3 reagents requires annealing ceramics in a 
reducing atmosphere to switch the bulk response to be n-type or to acceptor dope at a modest level 
to create a sufficient level of anion vacancies to induce mixed ionic/p-type electronic behaviour. 
This study acts as a pertinent reminder about the importance of using high purity reagents when 
probing the electrical properties of ‘undoped’ transition metal perovskite oxides such as LaFeO3.  
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