
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ar
ch

 2
01

4.
 D

ow
nl

oa
de

d 
on

 8
/2

2/
20

25
 4

:2
8:

15
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
aDepartment of Mechanical Engineering, Un

Newark, DE 19716, USA. E-mail: ningye@u
bDowningtown S.T.E.M. Academy, 335 Man
cDepartment of Materials Science and Engine

Hall, Newark, DE 19716, USA

Cite this: J. Mater. Chem. A, 2014, 2,
7563

Received 17th December 2013
Accepted 2nd March 2014

DOI: 10.1039/c3ta15230h

www.rsc.org/MaterialsA

This journal is © The Royal Society of C
Zn, Ga, and Ca substituted transition-metal-free
oxides with K2NiF4 structures

Ning Ye,*a Alexandra Hasbani,b Jun Jiangc and Joshua L. Hertzac

Recently, an oxide with K2NiF4 structure but free of transition metals was developed with the intent of

creating a new solid electrolyte material. Here, the original composition, La1.6+xSr0.4�xAl0.4Mg0.6O4+x/2,

was modified by replacing Sr, Al, or Mg, with the isovalent substitutes Ca, Ga, or Zn, respectively. The

phase stability of these compounds was investigated to determine, specifically, the maximum

concentration of oxygen defects allowed by the crystal structure. It was found that a greater

concentration of oxygen vacancy defects than interstitials could be created in all of the compositions. In

addition, the influence of the cation substitutions on the lattice parameters and the electrical conduction

behavior was analyzed. At 650 �C in air, the highest conductivity achieved for B-site substituted

compositions was 2.63 � 10�4 S cm�1 in La1.5Sr0.5Al0.4Zn0.6O3.9, much higher than 5.82 � 10�7 S cm�1 in

La1.65Sr0.35Al0.4Mg0.6O4.025, while the highest value for A-site substituted compositions was only 7.55 �
10�7 S cm�1 in La1.65Ca0.35Al0.4Mg0.6O4.025. The electrochemical results indicated that A-site substituted

compositions, although with low conductivity, were possible oxygen ion conductors, while B-site

substituted compositions exhibited either mixed ionic and hole conductivity or pure hole conductivity.
1. Introduction

Solid oxide fuel cells (SOFCs) are a promising alternative power
generation source with an electrolyte that is a ceramic
conductor of oxygen ions. Compared to proton exchange
membrane fuel cells (PEMFCs) and alkaline fuel cells (AFCs),
which are typically limited in the choice of operational fuel,
SOFCs can make use of a wide variety of fuels including
hydrogen, hydrocarbons, alcohols, and other alternatives.1,2 In
order to achieve sufficiently high electrolyte conductivity,
SOFCs are usually operated at temperatures of 800 �C or above,
which causes a number of issues including delicate gas sealing,3

material degradation,4,5 and slow start-up and shut-down.
Therefore, new electrolytes with larger oxygen ion conductivity
are required to reduce the operating temperature. Materials
with the cubic uorite crystal structure, such as doped zirconia
and ceria, are the conventional electrolyte materials for
SOFCs.6–9 More recently, (La, Sr)(Ga, Mg)O3�d (LSGM) with a
perovskite structure has been developed as a solid electrolyte
with high ionic conductivity,10–13 and materials with more exotic
crystal structures are being actively explored too.14–17

K2NiF4-type materials, which consist of alternatively stacked
perovskite (P-layer) and rocksalt (R-layer) layers, have attracted
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attention due to their high oxygen ion conductivity based on an
interstitial mechanism.18–20 Most of the known K2NiF4-type
materials have transition-metal elements on the B-site and
consequently are mixed ionic electronic conductors (MIEC).20–23

This prevents their application as solid electrolytes. In our
previous work,24 transition-metal-free K2NiF4 structure mate-
rials with the composition La1.6Sr0.4Al0.4Mg0.6O4 (LSAM) were
synthesized and shown to have signicantly reduced the elec-
tron conductivity.

Ionic defects were created in La1.6+xSr0.4�xAl0.4Mg0.6O4+x/2

compositions by adjusting the La/Sr ratio on the A-site. The
stability of the crystal structure to signicant defect concen-
trations can be compared to that of LaSrAlO4,25 where second
phases are found for any composition with La/Sr s 1. Based on
this result, we proposed that anion defects are stabilized in the
K2NiF4 structure by Coulombic attraction between the defect
and the layer of the crystal structure in which the defect resides:
vacancies in the positively charged P-layer and interstitials in
the negatively charged R-layer. Thus, a high charge separation
between the P-layer with the nominal composition ABO3 and R-
layer with the nominal composition AO is desired. In LaSrAlO4,
the P-layer consists of (La0.5Sr0.5AlO3)

�0.5 while the R-layer
consists of (La0.5Sr0.5O)

+0.5. In comparison, the prototypical
composition La2NiO4, which supports large anion defect
concentrations, consists of a (LaNiO3)

�1 P-layer and a (LaO)+1 R-
layer (neglecting partial oxidation of the Ni). La1.6S-
r0.4Al0.4Mg0.6O4 was found in our previous work to provide
maximal charge separation in the La2�xSrxAlxMg1�xO4 compo-
sition space while maintaining the K2NiF4 crystal structure,
J. Mater. Chem. A, 2014, 2, 7563–7569 | 7563
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with nominal P-layer and R-layer charges of �0.8 and +0.8,
respectively.

In this paper, Ca, Ga, or Zn substitute for Sr, Al, or Mg,
respectively, in LSAM and the effects of these substitutions on
the phase stability and conductivity are studied. Ca substitution
is chosen because its smaller ionic radius is known to increase
the concentration of oxygen interstitials in La2NiO4.26 Ga is
selected to replace Al based on the previous success of high
oxygen ion conductivity in the related perovskite LSGM. Zn is
examined in the interest of increasing the cell volume to
promote ion mobility.27,28 Of specic interest is whether these
substitutions are able to increase oxygen defect mobility and/or
increase available defect concentrations by allowing increased
P-layer/R-layer charge separation with nominal compositions
beyond (A3+

1.6A
2+

0.4)(B
3+

0.4B
2+

0.6)O4.
2. Experiments
2.1 Synthesis and structural characterization

The samples were all prepared by solid state reactions. Reagents
of La2O3 (99.999%, Inframat Advanced Materials), SrCO3

(99.5+%, Inframat Advanced Materials), Mg(OH)2 (98.4%, Alfa
Aesar), Al2O3 (99.5% metal basis, Alfa Aesar), Ga2O3 (99.99%
metal basis, Alfa Aesar), ZnO (99.9%metal basis, Alfa Aesar) and
CaCO3 (99.5% metal basis, Alfa Aesar) were used as the starting
raw materials. These reagents were weighed stoichiometrically
and then ball milled using spherical YSZ milling media for 20
hours in deionized water. The grinding media were removed
from the mixed reagents and then rinsed with DI water for
5 min in an ultrasonic bath 5 times, aer which the rinse water
was visually clean. All of the rinsed water was collected and
heated with the milled dispersion on a hotplate to reduce the
loss of chemicals. Finally, the dried precursors were milled in
an agate mortar and calcined at 1350 �C for 5 hours with equal
heating and cooling rates of 100 �C h�1. The as-synthesized
materials were structurally characterized in conventional q–2q
geometry on a PANalytical X'Pert X-ray diffractometer (XRD)
using Cu-Ka radiation. The lattice parameters were determined
from XRD patterns using Jade soware (ver. 5.0, Materials Data,
Inc.). Calcined powders were uniaxially pressed without a
binder at a pressure of 300 MPa and then sintered at 1450 �C for
10 h with an equal heating and cooling rate of 100 �C h�1 to
obtain pellets with density >95%. The microstructures of the
sintered pellets were characterized by scanning electron
microscopy (SEM, JOEL JSM-7400F) with a 3 keV accelerating
voltage. Imaged surfaces were polished to 800-grit, thermally
etched in air at 1150 �C for 6 h, and then coated with roughly 10
nm of gold–palladium (60% Au, 40% Pd).
Fig. 1 XRD patterns of Ga, Zn, and Ca substituted samples. Peaks
marked by indicate the secondary phase of La2O3.
2.2 Conductivity measurement

The sintered pellets were polished by hand into a rectangular
shape with dimensions 12 mm � 5 mm � 1 mm. Four silver
paint electrodes were applied along the length of the sample for
four-probe DC conductivity measurements. Electrical
measurements were collected using a Keithley 2601A Source-
meter with linear sweep voltages between �1 V and +1 V. This
7564 | J. Mater. Chem. A, 2014, 2, 7563–7569
relatively wide voltage range was used to reduce the noise in the
current signal despite high sample resistances. The linearity of
the current–voltage relationship over the entire range suggested
that no oxidization or reduction of the materials under test
occurred. The temperature was controlled between 300 �C and
650 �C in a tube furnace and directly measured with a ther-
mocouple in close proximity to the sample. Flowing dry air and
commercial Ar–O2 mixtures were used to change the oxygen
partial pressure.
3. Results and discussions

Starting from a composition of La1.6Sr0.4Al0.4Mg0.6O4, efforts were
made to increase the P-layer/R-layer charge separation when
substituting Ga, Zn, or Ca. As seen in Fig. 1, the direct substitution
for Al, Mg, and Ca maintained the K2NiF4 crystal structures;
however, for all three substitutions, the charge separation could
not increase from �0.8/+0.8 to �0.85/+0.85 by changing the
nominal composition from (A3+1.6A

2+
0.4)(B

3+
0.4B

2+
0.6)O4 to

(A3+1.7A
2+
0.3)(B

3+
0.3B

2+
0.7)O4. Increasing the charge separation in

all cases led to the appearance of second phase La2O3.
By comparing the XRD results of the samples with the

nominal composition (A3+1.6A
2+

0.4)(B
3+

0.4B
2+

0.6)O4 in Fig. 1, the
peak locations of the Ca substituted sample are clearly shied
to a higher angle compared to the corresponding peaks of the
Ga or Zn containing samples, indicating reduced lattice
parameters. Lattice parameters for these and other composi-
tions as determined from the XRD patterns are given in Table 1.
The table shows that both a and c lattice parameters of LSAM
are increased by Ga and Zn substitution, while they are both
reduced by Ca substitution. These results are intuitive, since the
ionic radii of Ga and Zn are larger than those of Al and Mg, but
the ionic radius of Ca is smaller than that of Sr.

As shown in Fig. 2, themicrostructures of the sintered pellets
reveal that dense ceramic structures with little porosity are
obtained for all three stoichiometric samples. This result is
consistent with the >95% pellet densities determined by
Archimedes' method. The grain sizes for the sintered pellets are
between 1 mm and 8 mm. No intergranular phases are observed
This journal is © The Royal Society of Chemistry 2014
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Table 1 Calculated lattice parameters and the ratio of the average ionic radii for all samples studied in this work. Lattice parameters written in
boldface indicate phase pure samples; otherwise the parameters given indicate those of the K2NiF4 phase within the mixture

Nominal composition

Cation radius ratioa

Phase

K2NiF4 phase lattice parameter (Å)

rA(IX)/rB(VI) a c

La2NiO4
b 1.76 K2NiF4 3.861 12.68

La1.6Sr0.4Al0.4Mg0.6O4 (ref. 24) 1.91 K2NiF4 3.829 12.646
Ca substitution La1.7Ca0.3Al0.4Mg0.6O4.05 1.87 K2NiF4, La2O3 3.818 12.490

La1.65Ca0.35Al0.4Mg0.6O4.025 1.87 K2NiF4 3.820 12.548
La1.6Ca0.4Al0.4Mg0.6O4 1.87 K2NiF4 3.804 12.530
La1.5Ca0.5Al0.4Mg0.6O3.95 1.87 K2NiF4 3.803 12.512
La1.4Ca0.6Al0.4Mg0.6O3.9 1.87 K2NiF4 3.800 12.507
La1.3Ca0.7Al0.4Mg0.6O3.85 1.86 K2NiF4, CaO 3.798 12.514
La1.7Ca0.3Al0.3Mg0.7O4 1.82 K2NiF4, La2O3 3.819 12.538
La1.5Ca0.5Al0.5Mg0.5O4 1.92 K2NiF4, Al2Ca3O6 3.792 12.508

Ga substitution La1.7Sr0.3Ga0.4Mg0.6O4.05 1.81 K2NiF4,
La4Ga2O9

3.866 12.677

La1.6Sr0.4Ga0.4Mg0.6O4 1.82 K2NiF4 3.861 12.681
La1.5Sr0.5Ga0.4Mg0.6O3.95 1.82 K2NiF4 3.862 12.689
La1.4Sr0.6Ga0.4Mg0.6O3.9 1.83 K2NiF4,

LaSr2GaO5

3.862 12.684

La1.7Sr0.3Ga0.3Mg0.7O4 1.78 K2NiF4, La2O3 3.866 12.670
Zn substitution La1.7Sr0.3Al0.4Zn0.6O4.05 1.87 K2NiF4, La2O3,

LaAlO3

3.832 12.723

La1.65Sr0.35Al0.4Zn0.6O4.025 1.87 K2NiF4 3.836 12.741
La1.6Sr0.4Al0.4Zn0.6O4 1.88 K2NiF4 3.831 12.762
La1.55Sr0.45Al0.4Zn0.6O3.975 1.88 K2NiF4 3.835 12.757
La1.5Sr0.5Al0.4Zn0.6O3.95 1.88 K2NiF4 3.827 12.785
La1.4Sr0.6Al0.4Zn0.6O3.9 1.89 K2NiF4 3.815 12.832
La1.3Sr0.7Al0.4Zn0.6O3.85 1.90 K2NiF4, La2O3 3.807 12.909
La1.7Sr0.3Al0.3Zn0.7O4 1.81 K2NiF4, La2O3 3.844 12.759
La1.5Sr0.5Al0.5Zn0.5O4 1.94 K2NiF4, La2O3 3.821 12.743

a The ionic radii are from R. D. Shannon.29 r(La3+,IX)¼ 1.216 Å; r(Ni2+,VI)¼ 0.69 Å; r(Sr2+,IX)¼ 1.31 Å; r(Al3+,VI)¼ 0.535 Å; r(Mg2+,VI)¼ 0.72 Å; r(Ca2+,IX)¼ 1.18 Å;
r(Ga3+,VI) ¼ 0.62 Å; r(Zn2+,VI) ¼ 0.74 Å. b Lattice parameters of La2NiO4 are from JCPDS card 34-0314.

Fig. 2 Representative SEM micrographs of the polished and thermally etched surfaces of sintered pellets with compositions (a)
La1.6Ca0.4Al0.4Mg0.6O4, (b) La1.6Sr0.4Ga0.4Mg0.6O4, and (c) La1.6Sr0.4Al0.4Zn0.6O4.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ar
ch

 2
01

4.
 D

ow
nl

oa
de

d 
on

 8
/2

2/
20

25
 4

:2
8:

15
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
in the micrographs, though they may be present at quantities/
thicknesses smaller than could be observed presently.

Fig. 3 shows the results of adjusting the A-site ratio in order
to create ionic defects. Increasing the ratio of A3+/A2+ (x > 0) in
(A3+1.6+xA

2+
0.4�x)(B

3+
0.4B

2+
0.6)O4+x/2 ideally creates oxygen inter-

stitials, while decreasing the ratio (x < 0) creates oxygen
vacancies. The XRD results in Fig. 3 indicate that, for all
samples studied, a higher concentration of oxygen vacancies
could be created relative to oxygen interstitials before the
appearance of secondary phases. In Ga containing samples, x
could be �0.1 without second phases, whereas La4Ga2O9 peaks
This journal is © The Royal Society of Chemistry 2014
appear when x ¼ +0.1. For both Zn and Ca substitutions, the
K2NiF4 structure was stable when �0.2 # x # +0.05. In the Zn
containing specimen, increasing amounts of oxygen vacancies
lead to reduction in the a lattice parameter and increase in the c
parameter. This leads to increased peak splitting between the
(133) and (008) peaks. Thus, the peak at 2q ¼ 57.41� marked
with B for the x ¼ �0.2 sample in Fig. 3(b) is the (008) peak of
the K2NiF4 structure. Since the ionic radii of the A-site cations
are r(Sr2+,IX) ¼ 1.31 Å > r(La3+,IX) ¼ 1.216 Å > r(Ca2+,IX) ¼ 1.18 Å,
reducing the La/Sr ratio in Zn containing samples caused a
signicant increase of the lattice parameter c, while reducing
J. Mater. Chem. A, 2014, 2, 7563–7569 | 7565
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Fig. 3 (a) XRD patterns of La1.6+xSr0.4�xGa0.4Mg0.6O4+x/2; (b) XRD
patterns of La1.6+xSr0.4�xAl0.4Zn0.6O4+x/2; (c) XRD patterns of La1.6+x-
Ca0.4�xAl0.4Mg0.6O4+x/2. Peaks marked by indicate La2O3,: indicate
La4Ga2O9, C indicate LaSr2GaO5, - indicate LaAlO3, and A

indicate CaO.

Fig. 4 Arrhenius plot of total electrical conductivity measured in air for
(A) La1.6Sr0.4Al0.4Mg0.6O4;24 and the Ca substituted samples (B)
La1.65Ca0.35Al0.4Mg0.6O4.025; (C) La1.6Ca0.4Al0.4Mg0.6O4; (D)
La1.5Ca0.5Al0.4Mg0.6O3.95; (E) La1.4Ca0.6Al0.4Mg0.6O3.9. The inset figure
displays the conductivity at 650 �C vs. the oxygen stoichiometry.

Fig. 5 Total electrical conductivity at 550 �C of La1.6+x-
Ca0.4�xAl0.4Mg0.6O4+x/2 vs. oxygen partial pressure for compositions
with x ¼ �0.2, �0.1, 0, and +0.05. The near-zero slopes of the best fit
lines are indicated next to each line.
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the La/Ca ratio in Ca containing samples led to a signicant
decrease of the lattice parameter c. In general, reducing the La/
Sr or La/Ca ratio caused a slight decrease in the lattice param-
eter a.

Table 1 gives the calculated lattice parameters based on XRD
alongside the ratio of the ionic radii of the A-site cation to that
of the B-site cation. Since multiple cations are present on each
site, weighted average ionic radii are used, taking the radii in a
9-fold coordination for the A-site and a 6-fold coordination for
the B-site. Ganguli suggested that the ratio of ionic radii, rA(IX)/
rB(VI), should be between about 1.7 and 2.4 in order to retain
the K2NiF4 phase.30 As indicated by the results in Table 1, all
compositions in this study, even those with multiple phases
present, satisfy the rule.

The substitution of Ca on the A-site caused relatively little
change in the total electrical conductivity. As shown in Fig. 4,
7566 | J. Mater. Chem. A, 2014, 2, 7563–7569
increasing the La/Ca ratio in order to create oxygen interstitials
caused an increase in both the high temperature conductivity
and activation energy of conduction. The electrical conductivity
of La1.6+xCa0.4�xAl0.4Mg0.6O4 is very similar to the previously
reported values for La1.6+xSr0.4�xAl0.4Mg0.6O4.24 The inset in
Fig. 4 plots the conductivity at 650 �C vs. the oxygen stoichi-
ometry and suggests a moderate amount of interstitial
conductivity in both the superstoichiometric and stoichio-
metric compositions. When the La/Ca ratio is reduced such that
vacancies are expected on the oxygen sublattice, the conduc-
tivity values are within the experimental error of that of the
previously reported La1.6Sr0.4Al0.4Mg0.6O4 sample. These results
indicate that the vacancies have low mobility. The similarity of
the conductivity values for these samples, despite the increasing
vacancy concentration, suggests that the charge carrier
concentration does not change with the composition. The
This journal is © The Royal Society of Chemistry 2014
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carrier concentration is thus determined by either intrinsic
defects or impurities acting as dopants.

Fig. 5 shows the conductivity of the La1.6+x-
Ca0.4�xAl0.4Mg0.6O4+x/2 samples at 550 �C over a range of oxygen
partial pressures. The conductivities of all compositions are
essentially independent of the oxygen partial pressure, with the
slopes of the best-t lines #0.007. This result gives further
indication that the dominant charge carriers are ionic,31–34 since
electronic carriers are expected to have concentrations that are
determined by oxidation reactions and are thus dependent
upon the oxygen partial pressure.34–37 Nevertheless, the small
change in conductivity despite x varying between +0.05 and
�0.2 implies a low mobility of the created defects. A similar
phenomenon was observed in La1.6+xSr0.4�xAl0.4Mg0.6O4+x/2,24

which has the same B-site composition. The reason that defect
mobilities are low in K2NiF4 materials that have only period 3
elements in the B-site remains an open question, but is perhaps
due to the small cell volume27,28 and/or low polarizability38

related to their small ionic radii.
Fig. 6 shows that B-site substitutions caused a much greater

change in conductivity than A-site substitutions. For the oxygen
stoichiometric compositions, Ga substitution yielded roughly
one order of magnitude increase in the electrical conductivity
relative to the original LSAM composition, and Zn substitution
caused a further increase by a little over one order of magnitude.
Unlike the LSAM or the Ca-substituted compositions,
decreasing the La/Sr ratio from that of the stoichiometric
composition in the Ga- and Zn-substituted samples increased
the conductivity. In the Zn-containing compositions, the
conductivity improves from x ¼ 0 to x ¼ �0.1, however, further
increases in the defect concentration at x ¼ �0.2 yields lower
conductivity. The reason for this may be an impurity phase not
perceptible by XRD or SEM. A strong possibility is a Sr-rich
phase, which is oen observed to form a poorly-conducting
Fig. 6 Arrhenius plot of the total electrical conductivity measured in
air for (A) La1.6Sr0.4Al0.4Mg0.6O4;24 and the B-site substituted samples
(B) La1.6Sr0.4Al0.4Zn0.6O4; (C) La1.5Sr0.5Al0.4Zn0.6O3.95; (D) La1.4S-
r0.6Al0.4Zn0.6O3.9; (E) La1.65Sr0.35Al0.4Zn0.6O4.025; (F) La1.6Sr0.4-
Ga0.4Mg0.6O4; (G) La1.5Sr0.5Ga0.4Mg0.6O3.95. In all cases, square
symbols indicate compositions with stoichiometric oxygen content.

This journal is © The Royal Society of Chemistry 2014
layer at grain boundaries in perovskite oxide ion conductors.39,40

An increase in activation energy from 1.15 eV for x ¼ �0.1 to
1.30 eV for x ¼ �0.2 could be seen as evidence for this
hypothesis, but conrmation is still needed. Increasing the La/
Sr ratio from that of the stoichiometric composition in the Zn-
substituted samples (which was not possible in the Ga-
substituted samples) reduced the conductivity signicantly.

Fig. 7 shows the total electrical conductivity at 550 �C of
La1.6+xSr0.4�xGa0.4Mg0.6O4+x/2 measured in various oxygen
partial pressures. The electrical conductivity of stoichiometric
La1.6Sr0.4Ga0.4Mg0.6O4 has near-zero dependence on the oxygen
partial pressure, indicating that the conduction mechanism is
via intrinsic defects at a concentration larger than that created
by redox reactions. Studies of the similar compositions
LaSrGa1�xMgxO4�x/2 (for which a low value of 0.03 was reported
as the maximum possible x, consistent with our theory of
defects being stabilized by charge separation between the P-
layer and R-layer), found evidence of oxygen ion conduction,41

but ionic conduction cannot be denitively determined here.
Oxygen substoichiometric La1.5Sr0.5Ga0.4Mg0.6O3.95 exhibited a
more clear oxygen partial pressure dependence of conductivity.
The total conductivity can be represented by:34–37

stot ¼ sion þ so
hP

1=4
O2

(1)

where stot is the total conductivity, sion is the oxygen ionic
conductivity and soh is the hole conductivity at PO2

¼ 1 atm. Eqn
(1) indicates that oxygen ion conductivity is independent of
oxygen partial pressure while the hole conductivity has a 1/4
power law dependence. This power law can be derived from the
oxidation reaction:

1

2
O2 þ Vcc

O 4 OX
O þ 2hc (2)

in which Vcc
O is a vacant oxygen site, OX

O is an occupied oxygen
site, and hc is a hole. With the concentration of oxygen vacan-
cies held approximately constant by the stoichiometry, the mass
action law of reaction (2) provides a 1/4 power law dependence
Fig. 7 Total electrical conductivity at 550 �C of La1.6+xSr0.4�xGa0.4M-
g0.6O4+x/2 vs. oxygen partial pressure for compositions with x ¼ �0.1
and 0. The slopes of the best-fit lines are indicated.
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of the hole concentration.34–37,42 The oxygen partial pressure
dependence of conductivity measured for La1.5Sr0.5-
Ga0.4Mg0.6O3.95 is about 0.102. The deviation from the classic
1/4 power dependence is very common in other mixed con-
ducting materials.43,44 Since the conductivity increases with
oxygen substoichiometry, the predominant charge carrier in
La1.5Sr0.5Ga0.4Mg0.6O3.95 seems to be mixed between vacancies
and holes.

Fig. 8 shows the total electrical conductivity at 550 �C of the
La1.6+xSr0.4�xAl0.4Zn0.6O4+x/2 series samples over a range of
oxygen partial pressures. When x is between 0 and �0.2, the
conductivity has a roughly 1/4 power law dependence over the
entire range of oxygen partial pressures. This result indicates
that the main charge carriers are holes, as described previously.
For the x ¼ +0.05 composition, where interstitial defects are
expected, the slope of the oxygen partial pressure dependence
appears to be 1/6. This result suggests that the defect concen-
tration is no longer xed by the stoichiometry, but rather the
charge carrier concentrations are determined by the oxidation
reaction.42

In this work, A-site and B-site substitutions caused con-
trasting effects on the conductivity. While all of the tested
compositional changes caused increases in the conductivity of
stoichiometric samples, the A-site substitution of Ca caused the
conductivity to increase with increasing interstitial defects and
decrease with vacancy defects. In contrast, both B-site substi-
tutions caused the conductivity to increase with the presence of
vacancies and decrease with interstitial defects—if the crystal
structure even allowed them. This result further supports the
notion that positively charged vacancies prefer to inhabit a
negatively charged perovskite layer with the composition ABO3

and negatively charged interstitials prefer to inhabit a positively
charged rocksalt layer with the composition AO. Still, the
presence of mixed conduction in the B-site substituted samples
indicates that getting sufficient oxide ion mobility without
coincident electron/hole conductivity in the K2NiF4 structure
will be difficult.
Fig. 8 Total electrical conductivity at 550 �C of
La1.6+xSr0.4�xAl0.4Zn0.6O4+x/2 vs. oxygen partial pressure for compo-
sitions with x¼�0.2,�0.1, 0, and +0.05. The slopes of the best fit lines
are indicated.
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In the transition-metal-free K2NiF4 oxides, the electronic
conductivity could be greatly suppressed compared to prototype
La2NiO4 materials. Large amounts of oxygen defects could also
be created. Nonetheless, probably due to the presence of alka-
line earth metal/post-transition metals in the B-site, the as-
created oxygen defects had low mobility. Therefore, although
oxygen ion conductors were achieved with A-site substitution of
Ca, the ionic conductivity remained extremely low. In future
work, a new strategy to select B-site atoms that increase the
mobility of oxygen defects without reintroducing electronic
conductivity would be key to the success of designing K2NiF4
electrolyte materials.
4. Conclusions

La1.6+xSr0.4�xGa0.4Mg0.6O4+x/2 (�0.1 # x # 0), La1.6+xSr0.4�xAl0.4-
Zn0.6O4+x/2 (�0.2 # x # +0.05) and La1.6+xCa0.4�xAl0.4Mg0.6O4+x/2

(�0.2 # x # +0.05) with K2NiF4 structures were synthesized
without impurity phases. Compared to the electrical conductivity
of LSAM, the electrical conductivity was relatively constant when
replacing Sr with Ca, but increased between 1 and 2.5 orders of
magnitude when substituting Al or Mg with Ga or Zn. Electro-
chemical analysis revealed that La1.6+xCa0.4�xAl0.4Mg0.6O4+x/2

appeared to support the electrolytic conduction of interstitial
oxygen ions, though with low conductivity. Conversely, the main
carriers in La1.6+xSr0.4�xAl0.4Zn0.6O4+x/2 seemed to be holes. In
La1.6+xSr0.4�xGa0.4Mg0.6O4+x/2, x ¼ 0 appeared to be predominantly
an ionic conductor while x¼ �0.1 was a mixed conductor of holes
and oxygen vacancies. The results indicate that electrolytic
conduction is possible in transition-metal-free K2NiF4 oxides, but
high ionic mobility is yet to be achieved.
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