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The effect of addition of transition metal oxides on the charge transport of commercially available Gd-doped ceria (Cep 9Gdo,1 O2-5)
was assessed with special emphasis on the electronic partial conductivity. The samples were doped by adding 2, 4 or 6 cat% of CoO3 4
or FeOy/3, or 2 mol% of the transition metal oxides V205, MnO;, and CuO, respectively. It was found that even small amounts
of transition metal oxides severely change the partial electronic conductivity of ceria while the majority oxygen ion conductivity
was only mildly affected: for high oxygen ion conductivity, Fe or Mn oxide addition as well as small amounts of Co oxide are
beneficial, as especially the grain boundary conductivity is slightly increased. Addition of V or Cu oxide in contrast increases the
minority charge carrier conductivity of electrons and thus enhances the mixed ionic-electronic conductivity. For Co oxide addition,
an increasing electronic conductivity with decreasing oxygen partial pressure from 10~ to 10~ bar at temperatures below 600°C
indicates the changing redox state of Co from divalent at low oxygen partial pressures to trivalent under ambient oxygen partial

pressure.
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Composites of acceptor doped ceria and good electron conductors
like certain transition metal containing perovskites or spinels have
come into focus during the last years for usage in fuel-cell electrodes
or for catalyst applications.'” It has been observed that during co-
sintering of ceria and various transition metal oxides, part of the
metal oxide dissolves with interdiffusion of the additional cations
between both phases.®® This may lead to a less defined trace metal
concentration in the main ceria phase. A similar mechanism can take
place, if ceria is in contact to metal interconnects e.g. in an SOFC
cell stack at high temperatures.” Apart from unintendéd transition
metal cation doping, deliberate introduction of various metal cations
into a ceria host matrix has shown promising effects for catalytic
applications of ceria.!!3

It has been shown by a vast amount of publications that the addition
of substituent cations from added metal oxides into a ceria matrix can
have various different effects on the partial'electronic or-0xygen ion
conductivity apart from higher valentcations reacting solely as a donor
(e.g. Ta,Nb, W)!-18 or - as in most cases - as acceptor dopant (e.g. Gd,
Sm, Y, Ca, Nd etc.):'*?>'Some oxides such as Pr,O; or MnO, have
been found to add an'additional electronic state in the ceria bandgap
and therefore to significantly increase the electronic conductivity.>*>*
Pr as aredox active material also provides an additional oxygen partial
pressure dependent maximum of the electronic conductivity due to the
reduction from Pr** to Pr>* and a related polaron hopping mechanism
within a certain oxygen partial pressure range.”**>* A comparable
effect has also been confirmed for Mn doping in YSZ or ceria after
sintering at certain temperatures to preserve the Mn** state within the
material®’~>° and is also conceivable for other redox-active transition
metal cations.

Apart from the effect by substitution of the cerium cation, the
segregation of small amounts of dopants or immiscible additives at
the grain boundaries can severely influence pathways of the electron or
oxygen ion transport within the material. Avila-Paredes et al. and other
groups found out that the introduction of small amounts of Fe, Co, Mn,
or Cu to Gd-doped ceria results in significant reduction of the grain
boundary resistivity of the samples®*3 while the total conductivity
remains nearly similar or is even reduced in case of Mn.>**

Especially Co*>%-36 and Fe,*>36-3 but to a lesser extent also
Mn, 283839 Nj, 3638 Cu3238 and Zn***!' have besides been reported to
facilitate the sintering of ceria ceramics while Cr, in contrast, was ob-
served to suppress the sinterability of ceria.’'* At the same time,
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all transition metals, which were improving the sintering process
were-found to modify the charge transport within acceptor doped
ceria as well.>313¢ Zn_ for instance improves the sinterability and
works as an‘acceptor dopant in ceria.*’ For doping with Co, a sig-
nificantly increased electronic transport has been found by several
groups?>31:324243 and similar observations have been reported for Fe,
Cu, and Mn addition.?*?%32

The effect was mainly attributed to exclusive segregation of the
transition metals into the grain boundary core, where they are thought
to either form separate highly electron conducting phases® or to
decrease the grain boundary surface charge by variation of the local
defect concentrations leading to a lower grain boundary resistivity of
the majority charge carriers.**%® In case of Mn, simulations and mea-
surements showed that the increased electronic partial conductivity
with increasing Mn addition can be attributed to an additional Mn
3d-related state between the top of the valence band and the bottom
of the Ce 4f band.?*?* Also Khare et al. observed the development
of an additional feature at the binding energy position of 2.6 eV in
the valence band of CeO, after doping with 2-6 mol% iron.*’” This
feature is related to the introduction of an additional Fe-d level which
can work as a “stepping stone” for electrons within the broad ceria
bandgap.

Apart from the ions listed above, V could also be of interest for
interdiffusion into ceria, as V,Os is a widely used catalyst additive
and the catalytic activity of ceria-V,0s mixtures or V,0s on ceria
supports has already been a focus of research.'>*® It has been found
that the addition of V,05 to La-doped ceria increases the sinterability
of the material but decreases the total conductivity.** This could be
an indication for a possible donor doping nature of the V>* cation, as
donor and acceptor doping in ceria counteract each other.'® Nb>*+ and
Ta>* already have been found to act as donor dopants in ceria,'*!®
therefore a donor doping effect of V>* is possible, but a detailed study
concerning the effect of V>* substitution on the conductivity of ceria
is missing so far.

The effect of small amounts of various transition metal oxides
on the electronic partial conductivity has already been investigated
previously in detail by us for Cr,*! Co,” Mn?* and Zn addition.** A
detailed comparative study of the effect of transition metal addition on
the electronic conductivity over a large temperature and oxygen partial
pressure range deploying a commercially available model material has
not been performed to date, though.

For all transition metals, the solubility in the ceria host matrix is
relatively low, although the range of proposed soluble concentration
between different studies for the respective cations is considerable
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Table I. Composition, purity and manufacturer of educts.

sintering parameters, the received densities, as well as the average
grain sizes and abbreviations for the sample compositions are listed
in Table II.

Composition Purity Manufacturer
Ce0.9Gdo.101.95 99.99% Aldrich Impedance spectroscopy.—Impedance measurements in air were
V205 99.99% Aldrich carried out as a function of temperature in ambient air using a
MnO;, 99% Acros Organics Novotherm HT 1200 oven with an Alpha-A frequency analysator
Fe,03 98% Riedel-de Haén (NovoControl GmbH). Pt resinate paste (RP 070107, Heraeus GmbH)
Co304 99% ChemPur was applied directly on the sample pellets and was sintered at 850°C
CuO 99.999% abcer

(e.g. varying from 56 mol%>° to 0.6 mol%?>' for Zn or between 5-10
mol%>? to < 1 mol% for Mn* in ceria). Obviously, the amount of
incorporated metal cations as well as their valence in sintered ceria
depends strongly on the preparation method, sintering temperature
and co-dopant concentrations?®3233 which underlines the importance
of an investigation of charge carrier transport for materials with a
standardized (commercial) ceria host matrix.

In the investigation presented here, the effect of adding V,Os,
MnO,, Fe,;03, Co304, and CuO on the charge transport characteris-
tics and especially on the electronic partial conductivity of commer-
cially available 10 mol% Gd-doped ceria was assessed. As Fe and Co
containing perovskites or spinels are the most commonly investigated
compounds when preparing oxide composites with ceria, a special
emphasis was put on Fe,O; and Co;0, addition. Therefore, CGO
samples with 2, 4 and 6 cat% Fe or Co addition were prepared for eas-
ier comparison with existing literature, while for the other transition
metals, 2 mol% of the respective oxide was added.

Experimental

Sample preparation.—The samples were prepared from commer-
cially available Cey9Gdy 0,5 powder (Sigma-Aldrich) in combina-
tion with the respective metal oxides. Composition, purity and manu-
facturer of the educts are listed in Table I.

The powders were milled for 3 h in ethanolin a planetary ball mill.
After drying for 24 h at 70°C, the powders were pressed into pellets
and afterwards sintered in air.

The pristine CGO sample was sintered at 1600°C for 8 h, all
other samples were sintered at 1300°C for 4 h. This temperature was
chosen, because several studies suggested, that Fe is not soluble in
ceria below temperatures of 1200°C and that optimal densification
is received at 1300°C33 In order to keep the parameters similar
for all samples, 1300°C was chosen as a sintering temperature for
all transition metal containing samples. No individual optimization of
sintering temperatures was performed.

After sintering, all samples were investigated for impurities using
XRD. Additionally, the density was measured by SEM imaging and
Archimedean weighing. All received samples were relatively dense
with alow amount of pinholes. The average grain sizes were calculated
from SEM images using the lineal intercept method.*® The respective

before measurement to minimize any contact resistance. The paste
electrodes were contacted by a Pt-sheet. An AC peak-to-peak am-
plitude of 40 mV was chosen. All measurements were carried out in
ambient air and in a temperature range from 200-800°C. All measure-
ments were executed in a heating and in a cooling cycle, respectively,
to check possible deterioration of the samples.

The experimental frequency dependence of the impedance was fit-
ted using the software package ZView 2 (Scribner Associates, Inc.)
with regard to the medium and high frequency range. For fitting, an
equivalent circuit with two resistors in series, which each have a con-
stant phase element (CPE) in parallel,was used (cf. Fig. 1).7 One
resistor/constant phase element can be assigned to bulk characteris-
tics (R2/CPE1) and one-to effective grain boundary characteristics
(R3/CPE2), respectively. The resistivity of the sample-electrode in-
terface was also included as‘a single resistor in series (R1), but the
resistivity of the interface was negligible in comparison to the resis-
tivity of the samples (1-1000 Ohms depending on the temperature).
The ideality parameter of the constant phase element in the equiva-
lent circuits which is between 0 (perfect inductance) and 1 (perfect
capacitor) typically varied between 0.4 and 1 depending on sample
composition and temperature.

Bulk (o) and effective grain boundary conductivities (og) have
the following definition within the brick layer model:

Rew = Ro 4+ Rep = 2 (= Lo+ L) = 2 [1]
total — b gb — A on g O gb | — o,

Here, n is the number of grains along the sample between the contacts,

A is the surface area at the contacts, L, is the average grain length (cf.

Table II), L, is the average thickness of the grain boundary which

was in our case assumed to be 1 nm.>®>° The effective grain boundary

conductivity was corrected with the factor LL—g: according to the brick

layer model.

As it is recommended to use the ratio of bulk and grain boundary
capacitance for correction of the grain boundary conductivity,**®! we
also tried this way of evaluation (see oy in example in Fig. 2), as
the grain boundary thickness in our case is only an estimate. Com-
pared to the values derived using grain size and grain boundary thick-
ness, the grain boundary conductivity oy calculated using the capac-
itances showed a much poorer Arrhenius behavior for all samples (cf.
Fig. 2) with a comparably good accordance only in the intermediate
temperature regime. In the high temperature regime, the capacitances
were not analyzable in some cases due to poor separation of the

Table II. Sintering parameters, received densities in percent of the theoretical density calculated from XRD measurements, average grain sizes,
and lattice constants (a) for the respective samples. The compositions are the nominal compositions of the samples, which were received for the
green bodies. A slight transition metal loss during sintering is probable.

Composition Sintering parameters Density Av. grain size/um alA Abbr.
Ce.9Gdo.101.95 1600°C, 8 h 96.3% 1.98 £0.97 5.4209) CGO
V0.04Ce0.9Gdo.1 025 1300°C, 8 h 99.0% 0.76 + 0.21 5.41(6) CGOV4
Mnyg 02Ce0.9Gdo.1 O2-5 1300°C, 4 h 99.5% 1.37 £ 0.54 5.42(9) CGOMn2
Fep.06Ce0.9Gdp.1 025 1300°C, 4 h 97.8% 0.88 +0.43 5.42(1) CGOFe6
Feo,04Ce0.9Gdo.1 O2-5 1300°C, 4 h 98.5% 1.05 £ 0.37 5.41(3) CGOFe4
Fep.02Cep.9Gdp.102-5 1300°C, 4 h 98.8% 0.92+0.34 5.43(7) CGOFe2
Co0,06Ce0.9Gdp.1 02-5 1300°C, 4 h 99.6% 1.32 4+ 0.36 5.43(3) CGOCob6
Co0.04Ce0.9Gdp.102-5 1300°C, 4 h 98.0% 1.12 £ 045 5.43(3) CGOCo4
Co0.02Ce0.9Gdp.102-5 1300°C,4 h 99.4% 1.18 £ 0.55 5.43(7) CGOCo2
Cug,02Ce0.9Gdp.102-5 1300°C, 4 h 97.9% 1.60 £+ 0.75 5.43(3) CGOCu2

Downloaded on 2019-11-28 to IP 134.94.122.142 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 165 (7) F533-F542 (2018) F535

R1 R2 R3

VaVa —_— 1 1 \ CGO10
CPE1 CPE2 | L N CGOCu2
— — c 1] i \ CGOCo2
Figure 1. Equivalent circuit used for evaluation of impedance spectroscopy : \ A CGOCo4
measurements. a 7 ﬂ n CGOCo6
~
> 1 CGOFe2
bulk and grain boundary arc contributions in the impedance spec- D A
troscopy data, and the capacitances from lower temperatures addition- 5 __A__J A A CGOFe4
ally deformed the plot. Therefore, we decided to use oy, for further c A 1 A CGOFe6
evaluation.>%62 | i CGOMN2
Activation energies were calculated from Arrhenius diagrams of . P~
the respective conductivities. J
P (111) (200) (220) (331)(222) (400)
Microcontact Hebb-Wagner measurements.—The electronic par- 30 40 50 60 70
tial conductivity of the samples was investigated using a modified 20 /°
Hebb-Wagner setup. In this experimental setup an encapsulated plat-
inum microcontact is applied as working electrode and a Pt sheet Figure 3. X-ray diffractograms of the respective samples. All samples were
as counter electrode. The sample was fixed to the Pt sheet with Pt single phase fluorite material within the detection limits of XRD.

resinate paste (RP 070107, Heraeus GmbH). An extended description
of the microcontact measurement method can be found in previous
publications.>+63-65

Measurements were executed at temperatures between 800-
400°C. Polarization of the samples was preformed from 0 to —0.8 V
and back again. Additionally, randomly selected sample compositions
were measured several times to prove reproducibility. The presented
values are average values with error bars showing the standard de-
viations. All electron conductivity values were corrected for the mi-
crocontact diameter, which was determined by measuring the contact
print in the glass encapsulation using light microscopy after detaching
the microcontact at the finish of the measurement. Contact radii were
in the range 150400 pm.

Results and Discussion

Microstructure and density.—All prepared samples were. found
to be phase pure in XRD measurements (cf. Fig. 3). It can be seen
from Table II that for the pure CGO material, which was produced
with a higher sintering temperature, the largest average grain sizes
were received (also see Fig. 4). Although the sintering temperatures
and times were lower for all the transition metal-doped samples, all
samples showed higher densities than the pristine CGO sample, which
is in good accordance to the well-investigated improvement of sinter-

9 o
800 600 400 200
L : - .

‘TE -5 . : 2
o L]
)] X . =
‘E' G* b M v :
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1000K/T

Figure 2. Bulk and total conductivity as well as effective grain boundary
conductivity evaluated from using the ratio of grain boundary thickness and
grain size (0 ,) and using the ratio of bulk and grain boundary capacity (o) Figure 4. SEM images of the samples. Note the different resolutions of the
for pure CGO10. images.

Downloaded on 2019-11-28 to IP 134.94.122.142 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

F536 Journal of The Electrochemical Society, 165 (7) F533-F542 (2018)

800 600 400 $/°C 200 ability of Co, Fe, Mn and Cu. In accordance to the findings of Fagg
0 . : : - et al. a decrease of the average grain size of the Fe, Co and Cu doped
a, materials was found in the sequence Cu > Co > Fe.32

— "L . V addition also led to very dense samples, which is in good ac-

‘TE . ¥R ) cordance to previous findings,** but the grain size was considerably
S 97 ¢, . 1 lower for CGOV4 compared to all other compositions.

(2 . : . It is not clear, which valence was adopted by the cations during
© 5 $ ) sintering. In case of Mn, previous publications suggest the incorpo-
g-10] * CGO10 " 5 ration as Mn?* at the chosen sintering temperature in air.”’-> Fe can

? « CGov4 CGOMn2 R be assumed to exist mostly in the trivalent state (except at very low

= : (CGOFe4 = CGOMn2 Kondakindl 2009 oxygen partial pressures). For Co, previous studies suggested the in-

¢ CGOCo6 CGO Mn2 Neuhaus 2018 . £ dival Co.2 but i . ival .
<« GGOCU2 corp(ziratllon;) iva 1::)nt (;l, ll,lt mcorfporatlon as a trivalent species
-15 . ; : , . : i i i
08 10 12 14 16 18 20 22 Zve:l; rez;qs;nseu;;(gilarli. "l;oem\)livence of V and Cu when dissolved in
1000K /T P :
800 600 400 §/°C 200 Impedance spectroscopy.—From impedance spectroscopy of the
: : . : five different samples with 2 mol% oxide addition (depicted in Fig. 5)
§ only minor effects are seen for the total conductivity: a slight increase

—_ e i of the total conductivity in the high temperature range referring to the
E sl o ; y | pristine material was found foriron, cobalt and copper doped samples.
O . B 4 The addition of V leads to.a minor decrease of the electrical con-

‘f ¢ ' ductivity compared to pristine CGO, especially in the low temperature
= = CGO10 ° range between 200-400°C. This could either be interpreted as a hint
6-104 ° ggg\l\fz 1 that V'works as a donor dopant in ceria, as the effects of donor and
= . acceptor doping counteract to each other,'® therefore the oxygen ion

ke) v CGOFe4 ductivi hich is th .. h ier in CGO - should

+ CGOCo6 con uctlv'lty - Which 1s the ma_]orlty C arge carrier in - S .Qu
- « CGOCu2 decrease in acceptor doped ceria after a slight donor dopant addition.
08 10 12 14 16 18 20 22 T.hf': other' possibility is that V works in a similar way to Cr and in-
hibits grain growth (cf. Table II) as well as lowers the overall transport

1000K/T .
. performance of the material.

800 600 400 $/°C 200 For CGOCo2 to CGOCo4, and CGOFe2 to CGOFe6, the bulk and
: : : : grain boundary conductivities are slightly enhanced in comparison to
= CGO10 Th .o d h def
. CGOV4 pure CGO. The concentration increase does not have a pronounced ef-

—_ CGOMn2 fect on the electrical conductivity (cf. Fig. 6) in case of Fe, but in case
(= 5. v CGOFe4 | of Co, a decrease of the grain and grain boundary conductivity and
O P ¢+ CGOCob also of the total conductivity for CGOCo6 are observed. In comparison

(f n : i * CGOCu2 to literature values from Ref. 31 (CGOCo2) and Ref. 53 (CGOFe2),

i . i the measured values from our study are lower by about two decades.

.-104 ¢ . H . For both studies, the transition metals were added to CGO powder as
8 " : n solution of the respective nitrates in ethanol, as was done in several

. . other studies concerning transition metal addition to ceria.’>**>* Ap-
s o parently, this leads to a better distribution of the transition metals and
08 10 12 14 16 18 20 22 optimizes the initial increase of grain boundary cqqductlv1ty.
The influence of the grain boundary conductivity of all samples
1000K/T - . o
was evaluated by calculating the blocking factor oy, which is defined
Figure 5. Bulk, grain boundary and total conductivities for the samples with as the ratio of the effective grain boundary resistance divided by the
2 mol% oxide addition. For Feaddition, the results at 200°C were not evaluable. total resistance:>>%°
Additional results for the total conductivity of CGOMn2 from literature Refs. R
53 and 24 are shown as open symbols in the uppermost graph. Ogp = _ T [2]
(Rouik + Rep)
8/°C 8/°C
0800 600 400 200 0800 600 400 200
CGOCo T 9ca, CGOFe
| 1 » b 5 o 1 i » ; ° a
. 8 . ° ’ .
= -5 ’ 1 . . ° o o — 91 s, L} L]
£ a H T § H . £ & s 1
(&) A . . (5} 4 .
D 104 = M ‘ @ 10+ * :
S . C ) ¢ s
o a o a
2 . - . cb,lk a 2 - . - cD.]k
-151 a s A cw' -151 - a A qu'
] . [ ] (jm " - [ c‘:‘
201 = Taub2015 1 201 = Kondakindi 2009
08 10 12 14 16 18 20 22 08 10 12 14 16 18 20 22
1000K/T 1000K/T

Figure 6. Bulk, grain boundary and total conductivities for the Co and Fe containing samples. Black symbols are for 2 cat%, red symbols for 4 cat%, and blue
symbols for 6 cat% Co or Fe addition, respectively. Open symbols show total conductivity of Cog 02 Cep.9Gdo.1 0,3! and Fe 2Ceg9Gdy 1 0,.53
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Table III. Blocking factor o, for all samples at chosen
temperatures. The experimental error is in the range of 5%.

Qg
Composition 500°C 600°C 700°C
CGO 0.92 0.81 0.76
CGOV4 0.99 0.98 0.94
CGOMn2 0.98 0.96 0.89
CGOFe6 0.99 0.96 0.70
CGOFe4 0.99 0.95 0.86
CGOFe2 0.99 0.95 0.98
CGOCob6 0.98 0.96 0.78
CGOCo4 0.63 0.51 0.26
CGOCo2 0.98 0.95 0.79
CGOCu2 0.99 0.99 0.97

This factor gives the fraction of charge carriers which are partially
blocked at impenetrable internal interfaces with respect to the total
sum of electric charge carriers.’® The values for oy, for all samples
at chosen temperatures can be found in Table III. As at least at high
temperatures in most of cases considered here — apart from CGOCo6 —
we found 62~ >> o, and the ion transport is partially blocked by the
grain boundaries, the blocking factor gives us a good idea about the
degree of blockade of the grain boundaries for oxygen ion transport.
At the same time, grain boundaries can still be pathways for good
electronic conduction.

Small grains and grain boundaries of acceptor doped ceria are
commonly described by a space charge model, where the grain sur-
face carries a surface charge with the compensating countercharge in
the space charge region below the surface. This describes the grain
boundaries in terms of a Mott-Schottky type contact.” The space
charge potential difference between the surface and the bulk potential
denoted by Agg is defined by

A@GB = ¢GB — Pbulk [3]

The existence of the space charge potential difference is accompa-
nied by a defect concentration gradient between the bulk and the grain
boundary along the space charge domain.3%4¢:686° Together with the
most often found positive surface charge at the grain boundary core in
acceptor doped ceria,* there is a depletion of positive oxygen vacan-
cies in the near surface range. This effectively slows down the transfer
of vacancies and hence of oxygen ions between two grains perpen-
dicular to the grain boundaries. On the other hand, electron transport
through the grain boundary core as well as along the adjacent space
charge layer is favored.

The potential barrier height A ¢gp between the grain boundary and
the bulk grain ¢an be calculated using the bulk and grain boundary
resistances from impedance spectroscopy by solving the following
equation numerically and plotting the intercept between the linear
and the exponential term at x.> 0.02:’

Pgb <26A(PGB) kT
—= =exp

(4]

Pbulk kT . deAqp

Here, pg, is the grain boundary resistivity, ppuy is the bulk resistivity,
e is the elementary charge, k is the Boltzmann constant in J/K, and T
is the absolute temperature in K.*

The space charge potential barrier is heavily dependent on grain
size”® and dopant allocation and concentration.”’ This makes compar-
ison of absolute values to other samples difficult, even if they have
the same composition. Trends for the different materials should nev-
ertheless be the same, therefore it can be used as a sensitive indicator
for changes of the defect chemistry at the grain boundaries.

The potential barrier height for the different samples is shown
in Fig. 7 as a function of temperature. It can be seen, that for all
compositions the potential barrier height is increased with respect to
the pristine CGO10, except at temperatures of 700°C or higher. Apart
from CGOFe2, all samples follow a more or less similar trend where
the potential barrier height decreases with increasing temperature.
For CGOFe2, this is not the case: here, the highest A¢gg of all tested

0.45 . . . . .
a-CGO  --=- CGOCo6 CGOFe6
0.401 [-e-- CGOV4 --5-- CGOCo4 CGOFed | 1
--a-- CGOMnN2--o-- CGOCo2 CGOFe2
0351 | v caocuz 7
0.30 1 v ]
o -
& 0.25 1
< -
0.20- v
]
0.15- i
0.104 SR
0.054+— . . . .
400 500 600 700 800

6/°C

Figure 7. Grain boundary potential barrier for all samples in the temperature
range between 400-800°C. The error is estimated to be in the area of 0.05 V.
The differences between grain and grain boundary resistances for the pristine
CGO10, CGOCo2, and-CGOFe6 were so-dow at 800°C, that Eq. 4 could not
be solved anymore.

samples can be found at 700-800°C, while in the temperature range
between 600-400°C, the values are quite similar to the rest of the
samples. Apart from CGOFe2, CGOCu2 shows the highest values for
the potential barrier throughout the whole temperature range.

From comparison of the blocking factor and the grain boundary po-
tential barrier, we can deduce that in all cases the addition of transition
metal oxides leads to a more pronounced oxygen ion transport block-
ing of the grain boundaries. This in good accordance to the widely
accepted findings, that transition metal cations only have a low solu-
bility in ceria and mainly segregate at the grain boundaries.3%324>-4
In case of Co and Fe addition, a significantly lower blocking effect
in the low temperature regime can be observed for addition of higher
amounts of Co or Fe, respectively. Optimal results were received for
CGOCo4, where the blockage of the grain boundaries is comparably
low at all investigated temperatures. For all other compositions, the
blocking effect is still somewhat higher than in pure CGO.

The Arrhenius plot of the conductivities was also deployed to
calculate activation energies for bulk and grain boundary transport.
From Table IV it can be observed, that the activation energies for the
total conductivity are increased by addition of transition metal oxides
in comparison to the pristine CGO. The most severe increase was
found for Fe and Co addition. The increase of the activation energies
of the total conductivity (being practically equal to the oxygen ion
conduction) can be attributed to strongly increased grain boundary
activation energies E5 g. At the same time, a small reduction of the
Expux Was measured for samples with 2 cat% Cu and 2 cat% Co
addition. 6 cat% Co addition led to a severe decrease of the activation
energy for bulk transport.

For the six investigated samples with Co and Fe addition, it was
found that higher metal oxide concentrations lead to a slightly de-
creased activation energy for bulk oxygen ion transport. For CGOCo2
to CGOCob6, no difference in the activation energy for grain boundary
transport was found, while for CGOFe2 to CGOFe6 the increase of Fe
concentration leads to an increase of Ej g,. The significant influence
on the activation energy of the grain boundary transport is a further
hint for the idea, that the added metal oxides are mainly segregated at
the grain boundaries. For Cu and Co addition, an additional effect on
the bulk can be deduced, which is less pronounced for Fe addition.

For V, no effect on the bulk activation energy but a slight increase
of the grain boundary activation energy was found. Mn addition led
to an increase of Ey,g, and Ea puik.

In comparison to the literature values shown in Table IV, it can
be seen, that the activation energies are mainly affected by the con-
centration of the main acceptor dopant. The values measured here for
CGOFe2, CGOCo2, and CGOCu2, are well comparable to literature
values found for similar compositions. Nevertheless, also the synthesis
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Table IV. Activation energies calculated from Arrhenius diagrams of impedance spectroscopy results and comparison to literature values.

Composition EA pui/eV En.gp/eV EA totai/eV
Cep.9Gdp.1 0195 (CGO) 1.02 £+ 0.03 1.02 £0.12 1.02 £0.11
Ceg.9Gdy,101.95% 1.26 £ 0.10 1.4540.23 1.42 +0.21
Ceo9Gdo.10;.05°"! 0.78 £ 0.01 0.96 + 0.03 -
Cep.9Gdo. 101057 - - 0.72
Cep.sGdp 201,97 - - 0.99
CepsGdg201.9" 0.81 1.30 0.88
Ce3Gdp20;.0% 0.75 +0.01 - B}
Ce.09Gdo.01 025> 0.64 1.41 +0.07 -
V0.04Ce0.9Gdg.1 0,5 (CGOV4) 1.02 +£0.04 1.27 £ 0.05 1.26 £ 0.05
Mng 02Ce.9Gdg.1 025 (CGOMnN2) 1.13 £0.04 1.29 £ 0.11 1.27 £0.10
Mng 02Ceg.9Gdo 1 0252 1.51 £ 0.20 1.47 £ 0:08 1.47 £ 0.08
Mng,005Ce.985Gdo.01 02.5°° 0.65 1.35 4+ 0.03 -

Mng 1 Ceg.70Gdg 2055 0.86 1.03 1.01
Fe(.06Ce0.9Gdg.1 0,5 (CGOFe6) 0.86 £+ 0.05 1.34 £+ 0.03 1.33 £ 0.03
Fe,04Ce0.9Gdg.1 025 (CGOFe4) 0.88 £ 0.05 1.46 +£0.03 1.42 £0.02
Fe.02Ce0.9Gdp.1 0,5 (CGOFe2) 0.99 £+ 0.08 1.19 £ 0.09 1.19 £ 0.09
Fe,005 Ce.085Gdo.01 02.5°° 0.64 123 0.03 -
Feg.02Ce.97Gdp.01 025> 0.65 1.454+0.17 -
Feg.01Ce03Gd 2025 - - 0.85
Feg.02Ce0.sGdg 20253 0.81 £0.01 - _
Co00.06Ce0.9Gdg.1 025 (CGOCo6) 0.75 £ 0.04 1.23 +£0.10 1.20 £ 0.09
Co0.04Ce0.9Gdp.1 025 (CGOCo4) 0.91 £ 0.06 1.25 £+ 0.08 1.20 £ 0.07
Co0.02Ce0.9Gdg.1 025 (CGOCo2) 0.90 £ 0.02 1.22 £0.08 1.19 £ 0.07
C00.02Ce0.3Gdg202.52 0.82 4+ 0.01 - -
C00.01Ceg.8Gdp202.4> - - 0.63
Co02Cen.9Gdo.1 0257 0.70 £ 0.02 0.91 + 0.01 -
C00.005Ce0.985CGdo.01 02-57° 0.64 1.01 £ 0.03 -
Cug.02Ce0.9Gdg.1 025 (CGOCu2) 0.90 £0.03 1.13 £ 0.11 1.13 £ 0.11
Cug.02Ce0.8Gdg202.52 0.85 £ 0.01 - _
Cuy.005 Ce.985Gdo.01 O2-5>° 0.64 1.32 £ 0.02 -

of the samples plays an important role for the transport characteristics.
A difference between our values and the values from other publica-
tions may arise because transition metal cation doped ceria is often
produced from the respective nitrates by precipitation and subsequent
calcination and not by mixed oxide synthesis. Effects of synthesis
and related effects of grain/grain boundary ratio (grain size of the
different samples) may also explain significant differences between
the activation energies for Gd-doped ceria from various publications
(cf. Table IV).

Microcontact Hebb-Wagner measurements.—The graphs for the
Co containing samples in Fig. 8 show a striking deviation from the
normal V-shape of the oxygen partial pressure dependence of the
electronic conductivity: in the partial pressure range between 107*
and 1078 bar, there is even a maximum of the electronic conductivity,
in particular between 700 to 500°C. This maximum was always found
for microcontact polarization from —0.8 to 0 V but not in the reverse
direction. When averaging the values, the standard deviation in this
area is therefore quite high (cf. Fig. 9). This behavior was already
observed, but not discussed in an earlier publication.’! An increase of
the hole conductivity with decreasing oxygen partial pressure strongly
hints at an oxidation from Co®* back to Co**. The effect is possibly
only observable in one measurement direction as the reduction of
Co** is slower than the polarization time used in the experiment and
therefore does not resolve as a single peak.

For the other compositions such a maximum has not been observed,
although V as well as Mn or Fe are known to exist in several oxidation
states. This either means, that these cations already exist in their lowest
oxidation state within the material, or that the reduction/oxidation
process is not resolved in the measurements, because it takes longer
than the polarization time or is smeared over a broader partial pressure
range.

Regarding the intermediate oxygen partial pressure range from
room air to 107" bar in Fig. 10, it can be observed that the elec-

tron conductivity of the pristine CGO and CGOFe4, CGOV4 and
CGOMn2 at 800°C is very similar, while CGOCu2 and CGOCo6
show a slightly enhanced electron conductivity at this temperature. It
can be seen that 2 cat% Cu addition has a similarly strong effect on the
electronic conductivity as 6 cat% Co addition. Interestingly, CGOCo6
and CGOCu2 also show a slight shift of the electronic conductivity
minimum to lower oxygen partial pressures. This means that a p-type
conduction is favored. Fagg et al. report a slightly increased p-type
conductivity for 2 cat% Fe, Co and Cu doping in Ce(3Gd20,5 in
the oxygen partial pressure range between 0.21 bar and 10~ bar.*?
Also, for Fe doping, a slight increase of the n- and p-type conductivity
can be observed in our case, while the position of the minimum is
not shifted compared to pure CGO. This is in accordance to the idea,
that Fe addition introduces an additional state between the top of the
valence band and the bottom of the Ce 4f band.*’

In contrast, in the very low oxygen partial pressure range below
10~'2 bar, CGOFe2 exhibits the highest electron conductivity of all
materials at 800°C and CGOCo6 shows the lowest conductivity. This
is in good accordance to the idea that the grain boundaries in CGOFe2
show a high potential barrier at high temperature regime, which on
the one hand hinders ionic transport but on the other hand improves
electron transport along the grain boundaries.

Comparing the activation energies for hole and electron transport
(cf. Table V), it can be seen that V and Mn addition leads to similar
or slightly decreased values for the electron transport while Ea . is
moderately increased for addition of Fe, Co, and Cu. For CGOCo6
the strongest reduction of both activation energies can be found.

Comparison.—Combining the findings from impedance spec-
troscopy and Hebb-Wagner measurements, the effect of the five in-
vestigated transition metals can be categorized according to their
influence on the total conductivity and electronic partial conductivity.
In order to facilitate this comparison, ionic transference numbers (cf.
Table VI) have been calculated from the quotient of the electronic
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Figure 8. Average electron conductivity at variable oxygen partial pressure and temperature calculated from Hebb-Wagner current-voltage measurements for the

samples with 2 mol% oxide addition. All values are corrected for the microcontact diameter but not for contact resistance and therefore represent a worst-case
estimate of the electron conductivity. Error bars show standard deviation of forward and backward polarization experiments.
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Figure 9. Forward and backward polarization of one experiment for CGOCo6
sample at 550°C. The oxygen partial pressure range, which shows indication
for Co>*/2* redox reaction, is highlighted in gray.
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Figure 10. Comparison of the electron conductivity of all samples at 800°C.

conductivity at 0.21 bar oxygen partial pressure and from impedance
spectroscopy measurements at 500-700°C (fp2-= %). For o, ~
Oworal Values near zero are received. This is the case for pure CGO and
CGOCo4 at 500°C-and CGOCo6 at 600°C.

Comparing the ionic transference numbers at 700°C (cf. Table VI),
CGOCo6 shows the lowest'one of all measured samples with a value
of 0.23. CGOCo2, on the other hand, together with CGOFe4 and
CGOFe6, shows the highest ionic transference numbers even at low

Table V. Activation energies for p-type (Eayn) and n-type
transport (E4 ¢) derived from the average results of conductivity
measurements at pO, = 0.21 bar and pO, = 10~1° bar, respectively.
Literature values for 20 cat% Gd doped ceria are shown for
comparison.

Composition Ean EA. e
CGO 0.99 & 0.04 1.97 +0.13
Ce3Gdo 20197 1.16 £ 0.04 2.59 +0.07
CGOV4 1.10 £ 0.05 1.80 £ 0.12
CGOMn2 1.16 + 0.16 1.86 &+ 0.10
CGOFe6 1.04 £ 0.03 1.74 4 0.08
CGOFe4 1.12 £ 0.01 2.07 £+ 0.05
CGOFe2 1.15 4+ 0.01 2.07 £ 0.05
CGOCo6 0.88 & 0.05 1.76 & 0.05
CGOCo4 1.08 & 0.02 2.00 £ 0.10
CGOCo2 1.03 £ 0.10 2.18 £+ 0.07
CGOCu2 1.22 £+ 0.05 2.10 £ 0.07

Table VI. Ionic transference number -calculated from total
conductivities from impedance spectroscopy measurements and
the electron partial conductivity at oxygen partial pressure of
air from Hebb-Wagner measurements at selected temperatures.
The error for the transference numbers is estimated to be in
the range of 10% due to the combined errors of electronic and
electrical conductivity measurement. Literature values are shown
for comparison.

to2-

Composition 500°C 600°C 700°C
CGO 0.00 0.79 0.90
CeosGdp20197* - 0.99 -
CGOV4 0.18 0.61 0.65
CGOMn2 0.47 0.82 0.92
Mny,02Ceg.9Gdg.1 01 9524 - 0.61 0.86
CGOFe6 0.69 0.83 0.87
CGOFe4 0.77 0.88 0.92
CGOFe2 0.47 0.79 0.85
Feo.02Ce03Gdg201.9% - - 0.98
CGOCob 0.00 0.00 0.23
CGOCo4 0.00 0.07 0.54
CGOCo2 0.69 0.84 0.92
C00.02Ce0.sGdg201 92 - - 0.97
CGOCu2 0.37 0.36 0.65
Cuip.02Ce(.3Gd 20107 - - 0.97

temperatures. CGOFe2 and CGOMn?2 have a slightly enhancing effect
on the ionic transport while for CGOCu2 and CGOV4, an increase of
the mixed conductivity even at high temperatures was found, as well.

For the high temperature range 600-800°C for which most of the
literature studies can be found, the influence of transition metal oxides
on the electrical conductivity is rather small, apart from the case of
Co addition. This is in good agreement to previous findings where
no changes were found for e.g. Co, Fe or Cu oxide addition,* but a
slight decrease of electrical conductivity for addition of Mn oxide.?*3*
In contrast, a significant deviation can be seen in the temperature
range 200—400°C. Here, CGOMn2, CGOCu2 and CGOCo6 show
the highest increase in bulk conductivity, which is about 2.5 decades
higher as compared to pure CGO (compared to CGOMn2 at 200°C).
By comparing the impedance spectroscopy data of the Co- and Fe-
doped samples to studies, where the transition metals were added to
CGO powder as solution of the respective nitrates in ethanol, shows
that the synthesis method from oxides we chose for our study is
not optimal. Adding the transition metals as an ethanolic solution,
which has been done in these studies,?->* apparently leads to a better
distribution of the transition metals and increases the improvement of
grain boundary conductivity for low concentrations of metal additive,
which was already expected.

The published results concerning the influence on the electronic
conductivity for the intensely investigated metals Co and Fe broadly
fit to our findings: In our study, only a small influence on the p-
type conductivity was found for 2 cat% Fe and Co doped materials
as well as for Cu, with CGOCo6 and CGOCu2 exhibiting similar
increases. This is comparable to findings of Fagg et al.’> and Myung
et al.”? For the n-type range, CGOCo6 shows a significant decrease
of the electron conductivity with increasing oxygen partial pressure
especially in the low oxygen partial pressure range below 1072 bar.
Here, the addition of Fe showed the highest increase in the electron
conductivity compared to all other samples.

The behavior of CGOCob6 is of special interest, as the bulk and
grain boundary was severely impaired by Co addition, but the elec-
tronic conductivity of the material is strongly increased. Reproducible
results for this composition were obtained with different samples from
two different batches of powder. This is an indication for the devel-
opment of secondary phases (presumably at the grain boundaries).
If these phases do not form a percolation network (which is not to
be expected at such low concentrations) and if the secondary phases
show electronic conductivity but are not oxygen ion conductive, or
show only an inferior ionic conductivity, an increase of the electronic
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conductivity and parallel decrease of electrical conductivity should be
observed. By comparing CGOFe2 to CGOFe6, in contrast, no strong
effect on the bulk and grain boundary conductivity was observed, al-
though the formation of secondary phases has already been reported.*’

Vanadium addition to acceptor doped ceria and subsequent anal-
ysis of the electrochemical behavior was not performed before to the
knowledge of the authors. A donor doping effect by V,0s addition -
as initially expected from comparison with Ta,Os and Nb,Os - could
not be confirmed by the experiments. Nevertheless, further study of
the effects of V addition could be interesting as a significantly lowered
electrical conductivity was observed for CGOV4, especially in the low
temperature regime. Together with the inhibition of grain growth in
comparison to other sampled material, V addition could have similar
“poisoning” effects on ceria like Cr addition.!-*

Conclusions and Outlook

A screening of the effect of transition metal oxide addition on the
electronic conductivity and grain boundary transport characteristics
of commercial CGO as comparable host material was performed with
a variety of measurement methods. Apart from yielding compara-
ble electrochemical data, the mixing of ceria and metal oxides also
mimics the effect of co-sintering ceria with transition metal oxide con-
taining components like stainless steel supports, certain perovskites
or spinels, although even better results would have been received by
other synthesis methods.

Our investigations mainly focused on the changes of electronic
conductivity and the grain boundary transport behavior of CGO in-
troduced by addition of transition metal oxides. The main idea was to
provide a range of samples with different compositions, which under-
went the same synthesis procedure in order to get better comparability
of the effect of the additives. Measurements of the electronic conduc-
tivities within such a large continuous oxygen partial pressure and
temperature range have not been published for these materials, yet.
As the electronic conductivity is mostly the rate determining step for
oxygen transport through ceria-based membranes, an exact knowl-
edge of the electronic transport processes is crucial for optimization
of the materials.

Summing up our findings for the effect of transition metal oxide
addition, the main conclusion was that even small amounts of transi-
tion metal oxides have a vast effect especially on the electronic charge
carrier transport. The role of the transitionimetal oxides becomes even
more pronounced at temperatures < 500°C, making them especially
interesting in the area of low temperature applications in industry. The
comprehensive data on the effects on the electronic and grain bound-
ary transport characteristics compiled in this study will ameliorate the
prediction of the effect of interdiffusion of metal cations in complex
ceria based systems. In the future, the effect of different transition
metal cations could possibly be exploited to improve the performance
of ceria-based materials by deliberately choosing metal oxide sinter-
ing aids depending on whether the cerium dioxide compound needs to
have a high oxygen ion conductivity or a high mixed conductivity. For
high oxygen ion conductivity, Fe and Mn oxide addition is beneficial,
as well as the addition of small amounts of Co oxide, while V and Cu
oxide addition support high mixed conductivity.

Further investigations will address the respective effects of the
transition metal concentrations especially for transition metal cations
with different valences. The interesting redox-activity related increase
of the electronic conductivity found for the Co doped samples deserves
a detailed analysis.
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