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Abstract: We have investigated in situ the crystal structure, oxygen diffusion path, oxygen permeation
rate, and electrical conductivity of a doped praseodymium nickel oxide, Pr,NiO4-based mixed conductor,
(Pro.gLao 1)2(Nig.74CU0 21Ga0,05)O4+s (PLNCG) in air between 27 °C and 1015.6 °C. The PLNCG has a
tetragonal 14/mmm K;NiF,-type structure which consists of a (Proglag.1)(Nio.74CUg21Ga0.05)O3 perovskite
unit and a (Proglap1)O rock salt unit in the whole temperature range. Both experimental and theoretical
electron density maps indicated two-dimensional networks of (Nig74CUg21Gag 05)-O covalent bonds in PLNCG.
Highest occupied molecular orbitals (HOMO) in PLNCG demonstrate that the electron—hole conduction
occurs via Ni and Cu atoms in the (Nig74Cug21Gap 05)-O layer. The bulk oxygen permeation rate was high
(137 umol cm~2 min~* at 1000 °C), and its activation energy was low (51 kJ mol~* at 950 °C). The Rietveld
method, maximum-entropy method (MEM), and MEM-based pattern fitting analyses of neutron and
synchrotron diffraction data indicate a large anisotropic thermal motion of the apical O2 oxygen at the 4e
site (0, 0, z; z~ 0.2) in the (ProoLag1)(Nig.74CUo.21Gao05)O3 perovskite unit. Neutron and synchrotron diffraction
data and theoretical structural optimization show the interstitial oxygen (O3) atom at (x, 0, z) (x ~ 0.6 and
z ~ 0.2). The nuclear density analysis indicates that the bulk oxide-ion diffusion, which is responsible for
the high oxygen permeation rate, occurs through the interstitial O3 and anisotropic apical O2 sites. The
nuclear density at the bottleneck on the oxygen diffusion path increases with temperature and with the
oxygen permeation rate. The activation energy from the nuclear density at the bottleneck decreases with
temperature, which is consistent with the decrease of the activation energy from oxygen permeation rate.
The extremely low activation energy (12 kJ mol™ at 900 °C) from the nuclear density at the bottleneck
indicates possible higher bulk oxygen permeation rates in quality single crystals and epitaxial thin films.

Introduction

Mixed oxide ionic and electronic conducting ceramics
(MIECs) will become increasingly important for future envi-
ronmentally friendly (“green”) societies because the MIECs are
used as materials for oxygen separation membranes and cathodes
of solid-oxide fuel cells (SOFCs).** Oxygen is an important
reactant in the industrial chemical processes, and air is usually
utilized as the oxygen source due to the cost problem. In
comparison with air, pure oxygen is more efficient for the
chemical processes, and thus, the oxygen separation from air
by the permeation of oxygen through MIECs is attractive.® 3
Oxygen can permeate through MIECs membranes when a
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gradient of oxygen chemical potential exists. In the ion transport
membranes-oxygen systems, simultaneous conduction of ions
and electrons in the same material does not require an external
electrical circuit to provide the driving force for the separation,
with a significant reduction in cost.**

Fuel cells directly and efficiently convert chemical energy
to electrical energy. Of various fuel cells, the SOFCs have
benefits of environmentally benign power generation with fuel
flexibility. The operating temperature of SOFCs is high
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(800—1000 °C); thus, costs and materials compatibility are
problems. The present SOFCs technology is based on cathodes,
electrolytes, anodes, and interconnectors. The MIECs cathodes
for SOFCs have received considerable attention because this
component contributes significantly to the overall cell resis-
tance.™® The performance of SOFCs cathode can be significantly
improved by incorporating MIECs. Bulk transport of oxygen
atoms in MIECs cathode is an important process of reactions
in SOFCs. The cathode materials also require a significant level
of electronic conductivity.

For the cathodes and oxygen-separation membranes, the
ABO;_; perovskite-type structured MIECs such as (Ln,A)-
(Co,Fe)O3_s (A = Sr, Ba and Ca; Ln = lanthanoid), and
(Ln,Sr)(Ga,Fe)O3-s, have been utilized, where the A and B
are the larger and smaller cations, respectively, and ¢ is the
concentration of oxygen deficiency.*® *° For lower temper-
ature devices, novel MIECs with a higher oxygen permeation
rate are required. A;BOs-based oxides with K,NiF4-type
structure have extensively been studied as new MIECs, >~ 320729
where A and B are the larger and smaller cations, respectively.
We found that the oxygen permeability is considerably
increased by the addition of Ga into Pry(Nig75CuUg25)Os+s
where the o is the concentration of excess oxygen.?® In the
previous work,?? we reported the diffusional pathway of oxide ions
in a K;NiF;-type mixed conductor (ProgLag1)2(Nig.74CuUg21Gag os)-
O4+s (PLNCG). We chose this chemical composition because it
exhibits a high oxygen permeation rate as described in this work.
Doping of La atoms at the Pr site improves the phase stability at
high temperatures where the decomposition into PryNizOy0- and
Pr,Os-based phases®® does not occur, as shown in this work.
Although we visualized the oxygen diffusion path of PLNCG at
1015.6 °C,? the structural origin of the high permeation rate of
this material has not yet been established. In the present work, we
report the temperature dependence of oxygen permeation rate,
electrical conductivity, crystal structure, and diffusional pathway
of oxide ions of the PLNCG in order to establish the structure—
property relationship. The present results suggest that the doping
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of Ga®" at the Ni?" site yields a larger amount of excess oxygen
around an interstitial site, which leads to greater oxygen permeability.

Experimental Section

Sample Preparation and Characterization. (Proglag1)>(Nig.74-
CuUo21Gap 05)O4+s (PLNCG) samples were prepared by a conven-
tional solid-state reaction method. The appropriate amounts of nickel
acetate and nitrates of the other constituent cations were dissolved
into distilled water, followed by heating to dryness. The resultant
product was pulverized with an alumina mortar and pestle, and then
calcined at 800 °C for 6 h. After mixing again, the powder was
pressed into disks of 20 mm in diameter, followed by the application
of a hydrostatic pressure of 160 MPa. The green disks were sintered
in air at 1300 °C for 6 h. The measured densities were about 90%
of theoretical ones, which enabled the measurements of bulk oxygen
permeation rate. The chemical composition of the final product was
confirmed by the inductively coupled plasma (ICP) spectroscopy
and thermogravimetric measurements under hydrogen/nitrogen
mixed gases.

Electrical Properties. Electrical conductivity of the PLNCG
specimen was measured by a conventional DC 4-probes method
in air using Pt electrode. The sintered disk was cut into a rectangular
shape with the size of 1 mm x 5 mm x 15 mm, and four electrodes
were fabricated with Pt paste. After firing at 1000 °C, the electrical
conductivity was measured from 62 °C to 905 °C in air. Oxygen
partial pressure (Po,) dependence of the electrical conductivity was
measured by using H,—H,0, CO—CO,, and N,—O, gas mixtures
and the Po, was monitored by using the oxygen sensor which was
set close to the sample.

Oxygen Permeation Properties. Powders of the surface cata-
lysts, LagSro4Co03z and Lag1Sro9CogoFep 103, were prepared by a
similar solid-state reaction process. The appropriate amounts
of cobalt acetate and nitrates of the other constituent cations
were dissolved into distilled water. The LaggSrq.CoO; and
Lag 1Sro9C0oooFeo103 powders obtained by drying the solution were
fired at 1200 °C and 1100 °C, respectively, for 6 h. The resultant
powders were ground and confirmed to be the single phase by a
Rigaku X-ray powder diffractometer. The thickness of the sintered
membrane was adjusted to be 0.5 mm by grinding with a diamond
grinding machine. The oxygen permeation rate from air to He was
measured by using the equipment described in ref 17. Dry air and
He gas were supplied to each side of the specimen at a flow rate of
50 mL-min~!. Oxygen permeation flux from air to He was
measured in the temperature range of 600—1000 °C by a gas
chromatograph (Shimadzu, GC-14A) equipped with the molecular
sieves 5 A column. There was no permeation through cracks and
pores of the PLNCG specimen, and this was confirmed by
monitoring the N, gas.

Neutron Diffraction Measurements and Data Analysis. We
collected neutron powder diffraction data in air in the temperature
range 27—1015.6 °C with a homemade furnace®® and an angle
dispersive-type neutron powder diffractometer, HERMES,3! of the
Institute for Materials Research (IMR), Tohoku University, installed
in the JRR-3M reactor at the Japan Atomic Energy Agency (JAEA),
Tokai, Japan. Neutrons with a wavelength of 1.82646(6) A were
obtained by 331 reflection of the Ge monochromator and 12 blank
sample/22” collimation. The sintered PLNCG material was mounted
in the high-temperature furnace,®® which was set on the sample
table of the HERMES diffractometer.3* The diffracted beam was
detected by a 150 *He detector system with Cd blades and slits in
the 26 range 5—155° at intervals of 0.1°. The collected data were
analyzed by the Rietveld method, the maximum-entropy method
(MEM), and MEM-based pattern fitting (MPF) with computer
programs RIETAN-FP®2 and PRIMA.*® Peak shape was ap-
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Figure 1. Electrical and oxygen permeation properties of (ProgLag1)2(Nig.74CU0.21Ga0,05)O4+5 (PLNCG). (a) Temperature dependence of the total electrical
conductivity of PLNCG in air. (b) Oxygen partial pressure Po, dependence of the total electrical conductivity of PLNCG at 800 °C, which indicates the
p-type conduction. The increase of electrical conductivity with Po, strongly suggests that the major charge carrier in PLNCG is an electronic hole. The
triangle shows the slope of 1/4 for the electrical conductivity against Po,, which is expected for the formation of electron hole. (c) Temperature dependence
of the bulk oxygen permeation rate from air to He of PLNCG, which indicates quite high permeability. The data on selected ABO;_; perovskite-type mixed
conductors®” are also plotted for comparison. The rate is normalized for the thickness of 0.5 mm. Lag1SrsC0ogFen203-s OF LageSro4C00s-— catalyst (40 um
thickness) is coated, which enables the bulk permeation. Flows of (He 200 mL/min or CH4:N, = 2:1 gas 50 mL/min) and (air 200 mL/min or 50 mL/min)

are used.

proximated by split pseudo-Voigt function, and the background
profile was approximated with a 12-parameter Legendre polynomial.
The unit cell, zero point, background, profile shape, and crystal
structural parameters were simultaneously refined. The coherent
scattering lengths adopted for Rietveld refinements were 4.58 fm
for Pr, 8.24 fm for La, 10.30 fm for Ni, 7.718 fm for Cu, 7.288 fm
for Ga, and 5.803 fm for O. The 44 reflections were used for MEM
calculations with a 32 x 32 x 128 pixel unit cell. The crystal
structure and density distributions were visualized using the VESTA
computer program.3*

Synchrotron Diffraction Measurements and Data Analysis.
Synchrotron X-ray powder diffraction analyses were performed
using the multiple-detector system,*® installed at the BL-4B,
beamline of the Photon Factory operated by the High Energy
Accelerator Research Organization (KEK), Japan. The experi-
mental setup consisted of a bending magnet light source, a
double-crystal Si(111) monochromator, a focusing cylindrical
mirror, and a multiple detector system with Ge(111) analyzer
crystals, Soller slits, and scintillation counters. A monochro-
matized 1.20641 A X-ray beam was utilized. Powder diffraction
data from the powdered PLNCG sample at 25 °C in air were
collected in asymmetric flat-specimen reflection geometry with
a fixed incident angle of 7.0°. Scanning parameters were set as

(33) Izumi, F.; Dilanian, R. A. Recent Res. Dev. Phys. 2002, 3, 699-726.

(34) Momma, K.; Izumi, F. J. Appl. Crystallogr. 2008, 41, 653-658.

(35) Toraya, H.; Hibino, H.; Ohsumi, K. J. Synchrotron Rad. 1996, 3, 75—
84.

follows: step interval, 0.004°; counting time, 3 s step™%;
diffraction angle (26), 8—120°. The crystal structure of the
PLNCG sample was refined by the Rietveld method using
RIETAN-FP.3? As enhancement in asymmetric scan mode is not
implemented in RIETAN-FP, the observed intensity data were
modified by multiplying by the term [1 + {sin a/sin(20 — a)}]/2,
where o is the fixed incident angle, in order to obtain data equivalent
to those measured in symmetric scan mode. The peak shape was
assumed to be a split Pearson VII-type function, and the cutoff
value was set at 30 times the full-width at half-maximum (FWHM).
The background was approximated with a 12-parameter Legendre
polynomial. The 12 variables were refined simultaneously with the
unit cell, zero-point, scale, profile shape, and crystal structural
parameters. The electron-density distribution of PLNCG was
investigated by the MEM using the 96 structure factors obtained
by the Rietveld analysis. MEM calculations were carried out using
the computer program PRIMA3® with a 32 pixel x 32 pixel x 128
pixel unit cell.

Density Functional Theory Based Calculations. The general-
ized gradient approximation (GGA) electronic calculations were
performed with Vienna Ab initio Simulation Package (VASP),3¢
to examine the ground state and optimized crystal structure of
tetragonal PryglagNisCusGaOg, which is an approximated
composition of the (ProigLaoil)g(Ni0.74CU0.21Ga0A05)O4+5. The op-
timized structure of PrgglasNi;sCu;GaOgg is shown in Figure 4d.
The 5 x 2 x 1 supercell PrylayNisCusGaOgy contains 20

(36) Kresse, G.; Joubert, D. Phys. Rev. B 1999, 59, 1758-1775.
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Figure 2. Rietveld fitting results for the neutron diffraction data of (Proglag1)2(Nio74CuUo21Gag05)Os+s Measured at (a) 27 °C and (b) 1015.6 °C. The red
plus symbols and the green line denote the observed and calculated intensities, respectively. Short verticals indicate the positions of possible Bragg reflections.
The difference between the observed and calculated profiles is plotted at the bottom. The wavelength of the incident neutrons is 1.82646 A. Rietveld fittings

were performed by the tetragonal 14/mmm structured (ProgLag1)2(Nio.74CUo21Gan.05)Os-+s-
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Figure 3. Rietveld fitting results for the high angular resolution (6d/d =

004%) synchrotron X-ray diffraction data of (Prg_gLao_l)z(Nio_7ACUO_z1Gag_o5)O4+a

measured at 25 °C. The red plus symbols and the green line denote the observed and calculated intensities, respectively. Short verticals indicate the
positions of possible Bragg reflections. The difference between the observed and calculated profiles is plotted at the bottom. The wavelength of the
incident X-ray is 1.20641 A. No splitting of reflections for the orthorhombic phase appeared, which indicates the tetragonal symmetry of

(ProgLao.1)2(Nio.74Co.21Ga0.05) Oa-+o-

(Proglag.1)2(Nig75CUg 20Gap.05)O4, formula units. A plane-wave
basis set with a cutoff of 400 eV was used. The Perdew—Burke—
Ernzerhof (PBE) GGA was employed for the exchange and
correlation functionals.®” Atomic coordinates were optimized

2388 J. AM. CHEM. SOC. m VOL. 132, NO. 7, 2010

with the convergence condition of 0.02 eV/A. The positions of
all atoms were relaxed in the space group P1. Unit cell and initial
positional parameters used in the optimization were referred from
the Rietveld refinements in this study. Optimized crystal
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Table 1. Refined Crystal Parameters® and Reliability Factors in
Rietveld Analysis of Neutron Diffraction Data of
(Pro.oLa.1)2(Nio.74CUo.21Ga0,05)O4+5 at 27 °C (6 = 0.21(4))

Table 3. Refined Crystal Parameters® and Reliability Factors in
Rietveld Analysis of Neutron Diffraction Data of
(Pro_gLao_l)z(N|o_74CUO_21Gao_05)O4+{3 at 1015.6 °C (6 = 015(2))

fractional coordinate

site and  Wyckoff occupancy atomic displacement

fractional coordinate

site and  Wyckoff occupancy atomic displacement

atoms position  factor g X y z parameter U (A?) atoms position  factor g X y z parameter U (A?)

Progolagio 4e 1.0 0 0 0.3586(2) 0.0162(8) Progolagio 4e 1.0 0 0 0.3573(4) 0.0347(14)

Ni 2a  0.74(2) 0 0 0 0.0100(8) Ni 2a  0.74(4) 0 0 0 0.0192(14)

Cu 2a 0.21(2) 0 0 0 = U(Ni) Cu 2a  0.21(4) 0 0 0 = U(Ni)

Ga 2a  0.05 0 0 0 = U(Ni) Ga 2a  0.05 0 0 0 = U(Ni)

o1 4c 1.0 172 0 0 0.0151(8) o1 4c 10 1/2 0 0 0.0315(14)

02 4e  0.965(6) 0 0 0.1749(3) 0.0581° 02 4e 10 0 0 0.1752(4) 0.0840°

03 16n 0.035(2) 0.56(2) 0 0.233(3) = 2U(0O1) = 0.0302 03 16n 0.019(3) 0.666(19) 0 0.223(9) = 2U(O1) =0.0630

2 Note: Tetragonal space group 14/mmm, Number of formula units of
(Pro_gLao_l)z(Ni0_74CUO_21Gao_05)O4+(5 in a unit cell: Z = 2. Unit cell
parameters: a = b = 3.8333(11) A. ¢ = 12554(4) A, a = p =y =
90°. Unit cell volume: 184.47(10) A% g: Occupancy. x, y, z fractional
coordinates. U: Isotropic atomic displacement parameters. ° Equivalent
isotropic atomic displacement parameters, Anisotropic atomic displace-
ment parameters of 02 atom: Uy = U,, = 0.0826(15) A? U =
0.0092(15) A?, U;; = Uy = Uy = 0 A2 Reliability factors in the
Rietveld analysis: Ry, = 5.39%, R, = 3.88%, R. = 1.45%, R,,/R. =
3.71, R = 1.19%, R: = 0.62%.

Table 2. Refined Crystal Parameters® and Reliability Factors in
Rietveld Analysis of Synchrotron Diffraction Data of
(Pro.sLag.1)2(Nio.74CUo 21Ga0,05) Qa5 at 25 °C (6 = 0.21(4))

fractional coordinate

sitt and  Wyckoff occupancy atomic displacement

atoms position  factor g X y z parameter U (A2)
Progolagio 4e 1.0 0 0 0.35981(3) 0.02850(13)
Ni 2a 0.74(2) 0 0 0 0.0239(8)
Cu 2a 0.21(2) 0 O 0 = U(Ni)
Ga 2a 0.05 0 O 0 = U(Ni)
o1 4c 1.0 12 0 0 0.0444(12)
02 4e 0.965° 0 0 0.1720(4) 0.152°
03 16n  0.035° 0.56° 0 0233 =2U(01) = 0.0888

2 Note: Tetragonal space group 14/mmm. Number of formula units of
(Pro‘gLagrl)z(Ni0.74cU0.21Gag'05)O4+6 in a unit cell: Z = 2. Unit cell
parameters: a = b = 3.83797(1) A, ¢ = 12.554043) A; a = =y =
90°. Unit cell volume: 184.9213(8) A3. g: Occupancy. ® The 6, g(02),
g(03), and positional parameters of O3 atom were fixed to those from
neutron diffraction analysis. x, y, z fractional coordinates, U: Isotropic
atomic displacement parameters. © Equivalent isotropic atomic displace-
ment parameters, anisotropic atomic displacement parameters of 02
atom: Uy = Uy = 0206(6) AZ, U33 = O.214*U11 = 0.044 Az, Up =
Ups = Us = 0 A2 Reliability factors in the Rietveld analysis: Rip =
13.47%, R, = 10.54%, R. = 8.72%, Ryp/Re = 1.544, R, = 6.05%, R- =
3.72%.

structures and valence electron density distributions were drawn
with a computer program VESTA.**

Results and Discussion

The PLNCG exhibited a significant level of electronic
conductivity (Figure 1a,b). The total electrical conductivity of
PLNCG increased with increasing temperature between 62 °C
and 394 °C, which indicates the semiconducting behavior. The
electrical conductivity of PLNCG decreased with temperature
above 490 °C, indicating the metallic nature. The total conduc-
tivity increased with an increase of oxygen partial pressure as
shown in Figure 1b, which indicates the formation of
electron—hole. Figure 1c shows the temperature dependence of
bulk oxygen permeation rate of the K;NiF4-type PLNCG and
some ABO;_, perovskite-type MIECs. The permeation rate of
PLNCG increased with an increase of temperature. It should
be noted that the oxygen permeation rate of PLNCG is quite

(37) Perdew, J.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77, 3865—
3868.

@ Note: Tetragonal space group 14/mmm. Number of formula units of
(Pro_gLag_l)z(Ni0_74CUO_21Gag_05)O4+(; in a unit cell: Z = 2. Unit cell
parameters: a = b = 3.875(3) A, ¢ = 12.738(9) A, o = 8 = y = 90°.
Unit cell volume: 191.2(2) A3. g Occupancy. x, y, z fractional
coordinates. U: Isotropic atomic displacement parameters. ° Equivalent
isotropic atomic displacement parameters, Anisotropic atomic displace-
ment parameters of 02 atom: Uy, = Uy, = 0.115(3) A2, Ug; = 0.021(3)
A% U, = Uy = Uy = 0 A% Reliability factors in the Rietveld
analysis: Ry, = 6.48%, R, = 4.59%, R, = 1.35%, Ry/Re = 4.78, R =
2.18%, R: = 1.21%.

high (137 umol cm~2 min~! at 1000 °C) in comparison with
the conventional ABO3-, perovskite-type MIECs in the litera-
ture.” Thus, the PLNCG can be utilized as materials for oxygen
separation membranes and cathodes of SOFCs.

Neutron diffraction profiles include useful information on
oxygen, because the scattering ability of the oxygen nucleus
(amplitude of coherent scattering length) is relatively large and
independent of diffraction angle. This nature enables detailed
analysis of the small amount of interstitial oxygen atoms, nuclear
density distribution, thermal motion and diffusional pathway
of oxygen atoms. Furthermore the neutron diffraction is a
powerful method to collect quality data at high tempera-
tures.?>3038:39 On the other hand, the high-angular-resolution
synchrotron diffraction data give the information on the crystal
symmetry and chemical bonding.*°

Neutron and synchrotron powder diffraction patterns indicated
that the PLNCG material has a K;NiF,-type structure with
tetragonal 14/mmm space group from 25 °C to 1015.6 °C in air
(Figures 2 and 3, Tables 1, 2 and 3, Supporting Information,
Figure S1). High-angular-resolution synchrotron X-ray diffrac-
tion profiles at 25 °C did not exhibit any splitting due to the
orthorhombic symmetry, which indicates the tetragonal sym-
metry (Figure 3). Rietveld fitting by the tetragonal 14/mmm
K,NiF4-type structure was satisfactory with accurately refined
atomic positions as well as atomic displacement parameters for
all atoms under the classical harmonic oscillation model (Figures
2 and 3, Tables 1, 2, and 3, and Supporting Information [Figure
S1 and cif files]). For example, the reliability factors for the
analysis of neutron data of PLNCG at 27 °C were Ry, = 5.39%
and Re = 0.62%, and those at 1015.6 °C were R,, = 6.48%
and R = 1.21%. The reliability factors for the analysis of
synchrotron data of PLNCG at 25 °C were R, = 13.47% and
Re = 3.72%. The crystal structure of PLNCG consists of
(Ni,Cu,Ga)Og octahedron and (Pr,La)-O layers. In the (Pr,La)-O
layer, interstitial O3 atoms existed at a 16n site, i.e., (x, 0, 2)
where x = 0.56(2) and z = 0.233(3) at 27 °C, which leads to
the excess oxygen o in (ProgLlag1)2(Nig74CUg21Ga0,05)O4+s (0
= 0.21(4) at 27 °C). The amount of excess oxygen was

(38) Yashima, M. Solid Sate lonics 2008, 179, 797-803.

(39) Yashima, M. J. Ceram. Soc. Jpn. 2009, 117, 1055-1059.

(40) Yashima, M.; Ogisu, K.; Domen, K. Acta Crystallogr., Sect. B 2008,
64, 291-298.
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Figure 4. Structure, and nuclear and electron density distributions of (PrggLag1)2(Nig74CUo21Ga005)O4+s (PLNCG) at room temperature. (a) Nuclear density
distribution on the bc plane at x = 1/2 of PLNCG, which was obtained by the combined technique of Rietveld, maximum-entropy method (MEM) and
MEM-based pattern fitting (MPF) analyses of neutron powder diffraction data taken at 27 °C. Contour in the range 0—1 fm A=3 (0.1 fm A~2 per step). O3
is the interstitial oxygen atom. A and B are the (Pr,La) and (Ni,Cu,Ga) atoms, respectively. (b) Electron density distribution on the bc plane at x = 1/2 of
PLNCG, which was obtained by the combined techniques of Rietveld, MEM, and MPF analyses of synchrotron X-ray powder diffraction data taken at 25
°C. Contour in the range from 0.4 to 5 A=3 (0.5 A3 per step). (c) A corresponding valence electron density distribution of PrssLasNi;sCu,GaOg,, Which was
obtained by the density functional theory (DFT) calculations for the optimized structure depicted in Figure 4d. The optimized structure indicates the validity
of interstitial O3 atom. (d) Optimized structure of PrysLasNi;sCu,GaOgy. Purple, green, gray, blue, light-blue, and red spheres are Pr, La, Ni, Cu, Ga, and O
atoms, respectively. (e) Isosurface of highest occupied molecular orbitals (HOMO) of optimized PrsgLasNiysCu,GaOgs at 0.054 A3,

consistent with the TG (ThermoGravimetry) results measured
under hydrogen/nitrogen gas flow. The excess oxygen in
PLNCG (6 = 0.21) is larger than that in the parent ProNiOg
(6 = 0.02—0.09%®), due to the doping of higher valence Ga**
ion at the Ni?* site. Both refined occupancy and TG measure-
ments in air indicated that the amount of excess oxygen
decreases with increasing temperature (Supporting Information,
Figure S2). The refined unit cell parameters increased with
temperature (see Supporting Information, Figure S3).

To evaluate the interstitial oxygen atoms, dynamic/static
disorder of oxygen atoms and chemical bonding, MEM and

2390 J. AM. CHEM. SOC. m VOL. 132, NO. 7, 2010

MPF3233:38-40 \were applied to estimate the neutron scattering

length (nuclear) and electron density distributions. MEM is a
model-free method used to calculate precise nuclear and electron
densities in solids, including the information on the disorder,
anharmonic vibrations and/or covalent bonds using experimen-
tally obtained structure factors as an initial input. Successful
MEM and MPF enhancements make it possible to evaluate not
only the missing and heavily overlapped reflections but also
any type of complicated electron or nuclear density distribution,
which is hard to describe with a classical structure model. In
MEM, any type of complicated electron or nuclear distribution
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Figure 5. Equinuclear density surface at 0.05 fm A~2 and nuclear density
distribution on the (100) planes of (Pro_gLao_l)z(Ni0_74CUO_21Gao_05)O4+5
(PLNCG) at different temperatures, which indicates the diffusional pathway
of oxide ions in the crystal lattice of PLNCG. These figures were obtained
by the maximum-entropy method (MEM), MEM-based pattern fitting (MPF)
and Rietveld analysis of neutron powder diffraction data of PLNCG
measured in situ at 27 °C (a), 395.4 °C (b), 606.6 °C (c), 812.8 °C (d), and
1015.6 °C (e). The color scale denotes the values of nuclear density on the
(100) planes of PLNCG. A denotes a (Pr,La) atom. The oxide ions diffuse
through the oxygen 0O2—03—02 atomic sites. The cross (+) shows the
bottleneck for the diffusional pathway between the oxygen O2 and O3 sites.
The nuclear density at the bottleneck increases with an increase of
temperature (see Figure 6a).

is allowed as long as it satisfies the symmetry requirements.
The validity of such methodology has been well established
for various materials.3~*°

The interstitial O3 site was confirmed also in the nuclear and
electron density maps obtained by the combined technique of
Rietveld, MEM, and MPF analyses (Figure 4a,b and Figure 5).
We optimized the crystal structure based on the density
functional theory (DFT) using a supercell of 5 x 2 x 1 (Figure
4d), which also indicates the validity of the interstitial oxygen
site. The valence electron density map from DFT calculations
(Figure 4c) is consistent with the experimental nuclear and
electron densities (Figure 4a,b). Theoretical valence electron
density map (Figure 4c) also confirms the interstitial O3 atom.
The nuclear density at the O3 site decreased with increasing
temperature (Figure 5), which is consistent with the decrease

in occupancy factor at the O3 site and in the 4+¢ value in
(Proglag1)2(Nig74Cug21Gag 05)Os+s (€€ Supporting Information
Figure S2).

MEM electron and DFT valence electron density maps in b
and c of Figure 4 include the information on chemical bonding
in PLNCG. The covalent bonds between the (Ni,Cu,Ga) and
O1 atoms are observed on the ab planes at z= 0 and 1/2 (B-
Ol in b and c of Figure 4), while the (Pr,La) atoms are more
ionic (A in parts b and ¢ of Figure 4). The (Ni,Cu,Ga)-O1
covalent bond is formed by the overlap of Ni 3d, Cu 3d, and
O1 2p orbitals (Supporting Information, Figure S4). The B-O1
covalent bonds form a two-dimensional network on the ab
planes at z= 0 and 1/2. Figure 4e shows the equidensity surface
of highest occupied molecular orbitals (HOMO) in PLNCG,
which was obtained by the DFT calculations. As described
before (Figure 1b), the electronic conduction occurs via
electron—hole. The HOMO density map indicates the conduc-
tion path of electron—hole in PLNCG, which also forms a two-
dimensional network on the ab planes at z= 0 and 1/2 (Figure
4).

Important information is included in the anisotropic atomic
displacement parameters for oxygen, which determines the
overall anisotropy of the thermal vibration by the shape of the
ellipsoid. The oxygen atom at the apical O2 site (4€; (0, 0, 2);
z=0.1752(4) at 1015.6 °C) exhibited highly anisotropic thermal
motion (U, = Uy, = 0.115(3) A2 and Uz = 0.021(3) A?),
which leads to the migration of oxide ions to the nearest-
neighbor interstitial O3 positions. The corresponding highly
anisotropic distribution of apical O2 atoms was observed in both
nuclear and electron density maps in Figure 4a,b and Figure 5.
The DFT valence electron density map (Figure 4c) did not
exhibit such an anisotropic feature, because this map was
calculated for the ground state at 0 K without the thermal
vibrations.

The striking feature is the oxygen diffusion pathway through
the anisotropic O2 and interstitial O3 sites in PLNCG, which
form the two-dimensional network of oxygen diffusion path-
ways. Figure 5 indicates that the interstitial O3 and anisotropic
thermal motion of O2 play essential roles in the oxygen diffusion
process. More excess oxygen in PLNCG (6 = 0.21) compared
with oxygen in the parent PryNiOy4.s (6 = 0.02—0.09%) would
be a factor of its high oxygen permeability, because oxygen
diffusion occurs by the interstitial oxygen O3 site. Therefore,
doping the higher-valence Ga®* cation at the Ni?* site improves
the oxygen permeability, which is consistent with the previous
work.?®

The diffusional pathway was more prominent at higher
temperatures (Figure 5). The minimum nuclear density on the
diffusional pathway in PLNCG increased with an increase of
temperature (+ in Figure 5 and in Figure 6a), which is consistent
with the increase of oxygen permeation rate with temperature
(Figure 1c). It is interesting that the minimum nuclear density
at the bottleneck increases with temperature, although the
amount of the interstitial O3 atom decreases.

Figures 1c and 6a show Arrhenius plots of the oxygen
permeation rate and the minimum nuclear density on the 02—03
diffusional pathway in PLNCG, respectively. The activation
energy for the oxygen probability density at the bottleneck
decreased with an increase of temperature as well as that for
the bulk oxygen permeation rate. The activation energy of
PLNCG at 950 °C is low (51 kJ/mol), which would be
responsible for the high oxygen permeation rate. The activation
energy for oxygen permeation rate of the present PLNCG is in
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Figure 6. Activation energies for bulk oxygen movements in
(ProgLag1)2(Nig.74CUg21Gag 05)O4+5 (PLNCG), which demonstrates the cor-
relation between its oxygen permeability and structure. (a) Arrhenius plot
of minimum nuclear density on the 02—03—02 diffusional pathway of
oxide ions in PLNCG. The density values at the cross (+) in Figure 5 were
plotted in Figure 6a. (b) Temperature dependence of activation energies.
Circles denote the activation energy estimated from the Arrhenius plot of
oxygen permeation rate in Figure 1c. Triangles denote the activation energy
estimated from the Arrhenius plot of minimum nuclear density on the
02—-03-02 diffusional pathway of oxide ions in Figure 6a. The activation
energy was obtained by drawing a straight line between two adjacent data
points and taking the slope. The error bar of activation energy through this
procedure was estimated to be less than 1.5%.

the range 51—95 kJ/mol, while those of conventional ABO;_;
perovskite-type MIECs such as La;,Sr.Ga; yFe,03 s and
La;—,CaxCo;_,Fe,O5_, are in the range 41—144 kJ/mol.*®
Doping of Ga and Cu atoms into the ProNiOg44s host (97 kJ/
mol in Pr,NiO,4s around 825 °C)?® is effective to decrease the
activation energy for the oxygen permeation rate (62 kJ/mol in
the present PLNCG around 850 °C). Higher symmetry of the
tetragonal 14/mmm PLNCG (Figures 2 and 3 and Figure S1 in
the Supporting Information) is a factor of the lower activation
energy for oxygen permeation rate, comparing with the lower
symmetry of the orthorhombic Bmab Pr,NiOg4.. It was reported
that the oxygen permeation rate of the parent compound
ProNiOy+s decreased above 850 °C due to the decomposition
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into PrysNizO1_s and Pr,05.2° On the contrary, the permeation
rate of this PLNCG increased with an increase of temperature
even at higher temperatures, because no such phase decomposi-
tion occurred. It is noteworthy that the activation energy from
the nuclear density at the bottleneck of oxygen diffusion at 900
°C is extremely low (12 kJ/mol). This indicates possible higher
bulk oxygen permeation rates in quality single crystals and
epitaxial thin films.

Conclusions

In conclusion, we investigated the oxygen permeability and
electrical properties and detailed crystal structure of K,NiF,-
type (Proolag1)2(Nig.74aClg 21Gao05)Os+s (PLNCG). We applied
Rietveld, MEM, and MEM-based pattern fitting to neutron and
synchrotron diffraction data of PLNCG measured in situ from
25 °C to 1015.6 °C and successfully visualized the two-
dimensional curved oxygen diffusion path through the aniso-
tropic O2 and interstitial O3 sites in PLNCG. It was confirmed
that the structure of PLNCG consists of the oxygen diffusive
02—-03 layer and electron—hole conductive (Ni,Cu,Ga)-O1
layers (Figure 4). Beyond PLNCG, this would be important
knowledge for the design of MIECs. This work has demon-
strated that PLNCG exhibits a high oxygen permeation rate (137
umol cm™ min~! at 1000 °C) and that the activation energy
for oxygen permeation rate is low (51 kdJ/mol around 950 °C).
The activation energy from the MEM oxygen probability density
at the bottleneck was found to be lower (12 kJ/mol around 900
°C), which indicates possible higher bulk oxygen permeation
rates in quality single crystals and epitaxial thin films. Beyond
PLNCG this is, to our knowledge, the first estimate of activation
energy from the MEM probability density in MIECs. This
procedure can be applied to various ionic and mixed conductors
in order to shed light on the ion dynamics.
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