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Oxygen vacancies in Ruddlesden—Popper (RP) perovskites (PV) [AOI[ABOsl,, play a pivotal role in
engineering functional properties and thus understanding the relationship between oxygen-vacancy
distribution and physical properties can open up new strategies for fine manipulation of structure-driven
functionalities. However, the structural origin of preferential distribution for oxygen vacancies in RP
structures is not well understood, notably in the single-layer (n = 1) RP-structure. Herein, the n = 1 RP
phase SrpNd,Zn,O; was rationally designed and structurally characterized by combining three-
dimensional (3D) electron diffraction and neutron powder diffraction. Sr,Nd,Zn,O; adopts a novel 2-fold
n = 1 RP-type Pmmn-superstructure due to the concurrence of A-site column ordering and oxygen-
vacancy array ordering. These two ordering models are inextricably linked, and disrupting one would
thus destroy the other. Oxygen vacancies are structurally confined to occupy the equatorial sites of
"BOg"-octahedra, in stark contrast to the preferential occupation of the inner apical sites in n = 2
structures. Such a layer-dependent oxygen-vacancy distribution in RP structures is in fact dictated by the
reduction of the cationic A-A/B repulsion. Moreover, the intrinsic oxygen vacancies can capture
atmospheric O,, consequently resulting in a mixed oxide ion and p-type electrical conductivity of 1.0 x
10~* S cm™! at temperatures > 800 °C. This value could be further enhanced to > 1.0 x 107> S cm™ by
creating additional oxygen vacancies on the equatorial sites through acceptor doping. Bond valence site
energy analysis indicates that the oxide ion conduction in Sr,Nd»Zn,O; is predominated by the one-
dimensional pathways along the [Zn,O;] ladders and is triggered by the gate-control-like migration of
the equatorial bridging oxygens to the oxygen-vacant sites. Our results demonstrate that control of

Received 8th August 2024
Accepted 14th December 2024

DOI: 10.1035/d4sc05323k anion and cation ordering in RP perovskites opens a new path toward innovative structure-driven

rsc.li/chemical-science property design.

associated functional properties, such as high-temperature
superconductivity,” room  temperature  multiferroic,’

1. Introduction

Ruddlesden-Popper (RP) phases with the general formula [AO]
[ABOgs],, are an attractive family of perovskite derivatives due to
their low dimensional topology of crystal structure and
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ferroelectric,*® oxide ion conduction,”® and uniaxial negative
thermal expansion (NTE),>™ and photocatalytic properties.>*?
The layered RP structure can be viewed as a stacking of [ABO;]
perovskite slabs along the [001] direction with an additional
sheet of rock salt [AO] layer interposed every n layers. The
perovskite slab is displaced relatively to its neighboring sheets
by a vector of [1/2, 1/2, 0], thereby resulting in a body-centered
tetragonal structure described by the space group I4/mmm.
Recently, the tilt engineering toward polar RP perovskite
design has been of great interest to chemists because the
traditional active distortion center-driven polar structure design
using the closed-shell d° and s” cations encountered failure in
the RP perovskite family. Hence, strenuous efforts had been
devoted to design NCS double- and single-layer RP perovskites
theoretically and experimentally. The trilinear ubiquitous
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octahedral tilting or rotation distortions of a a ¢" for the
perovskite slabs have shown as an effective approach to
achieving inversion symmetry breaking for double layer (n = 2)
RP structure through a manipulation of tolerance factor***® or
topochemical incorporation of fluoride ions into interstitial
sites in the rock-salt layers." In a single-layer (n = 1) RP struc-
ture, simple octahedral tilting and SOJT ordering models are
both incapable of breaking the inversion symmetry, however,
combining the two with A-site cation ordering allows polar
structure formation.'® This has been observed indeed for NCS
P42,m-ALnTiO, (A = Ag and Na) with layered A/Ln ordering and
a b°/a°h~c® octahedral rotation for successive perovskite
layers.'®"” The degree of lattice freedom is plausibly responsible
for the difference in structure-driven NCS design strategy
between double- and single-layer RP structures. This structure-
driven polar RP oxide design removes the reliance on d° and s*
cations to realize ferroelectricity and thus expands the chemical
composition space for the rational design of RP-type
multiferroics.

Another intriguing feature of the RP structure is the capa-
bility of accommodating oxygen defects which are directly
correlated to the physical properties. For instance, oxygen
vacancies are present in the RP-type superconductor LazNi,O;_;
and are found to preferentially occupy the inner apical site of
the NiOg-octahedra.” The oxygen vacancies can lead to strong
charge transfer characteristics for La;Ni,O,_s and have been
proposed to be crucial to high-temperature superconductivity
under high-pressure conditions, in particular the suppression
of the critical temperature 7,..">*° In contrast, the more flexible n
= 1 RP phases Ln,NiO,.s (Ln = rare earth) allow oxygen hyper-
stoichiometry in the rock-salt (RS) layer and concurrently
partially oxidizes Ni*" into Ni**, resulting in structural
symmetry lowering from prototype I4/mmm to orthorhombic
Fmmm.® It has been reported that the interstitial oxygen ions in
the RS layer are ordered on a sub-mesoscopic scale** and could
diffuse and exchange with the apical oxygens of NiOs-octa-
hedra,”** thus giving rise to high oxide ion conductivity at
ambient temperature. The significant oxide ion conduction
together with the mixed Ni**/Ni*" valences make Ln,NiOy.s
a promising candidate as cathode materials for solid oxide fuel
cells (SOFCs).

In this work, we turned our attention to oxygen-deficient n =
1 RP structure with mixed A-cations on account of the following
reasons: (1) the flexible structure with a high ratio of terminal
oxygen ions, as compared to the n = 2 structures, may give rise
to fast ionic conduction; (2) the introduction of oxygen vacan-
cies in the structure could further facilitate the oxygen-vacancy
interexchange, thereby enhancing the ionic conductivity; (3) the
principle determining oxygen-vacancy distribution has never
been well understood in the RP-structure family. In this context,
we targeted the hitherto unreported oxygen-deficient n = 1 RP
phase Sr,Nd,Zn,0; (SINdZnO, ), where the A-site Sr** (1.31 A
for 9-fold coordination) and Nd*" (1.16 A for 9-fold coordina-
tion) cations with distinctive ionic size, charges, and chemical
bonding characteristics are conducive to the oxygen-vacancy
stabilization in the local scale. Structure solution based on
three-dimensional (3D) electron diffraction (ED) and high-
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resolution neutron powder diffraction data revealed that this
novel oxide is the first A-site cation and oxygen vacancy
concurrently ordered n = 1 RP perovskite. Most importantly, we
found that A-site cationic ordering and oxygen-vacancy ordering
are coupled, that is, disrupting ordering in one sublattice
destroys ordering in the other. The oxygen vacanciesinthen =1
RP structure were found to favor the equatorial position of the
BOg-octahedra, in sharp contrast to the apical position prefer-
ence observed for n = 2 RP structures. Moreover, Sr,Nd,Zn,0-,
is a semiconductor exhibiting mixed oxide ionic and electronic
conduction, demonstrating its potential application as SOFC
cathode materials.

2. Experimental section
2.1 Synthesis

Polycrystalline samples of Sr,Nd,Zn,0, were prepared by the
conventional solid-state reaction method using high purity
SrCO; (99.99%, Alfa Aesar), Nd,O3 (99.99%, Beijing Founde Star
Science & Technology Co., Ltd) and ZnO (99.99%, Sichuan High-
Purity Material Technology Co., Ltd) powders as starting
materials. A stoichiometric amount of these raw materials was
weighed and mixed thoroughly in an agate mortar and then
preheated at 900 °C for 10 h. The resulting powders were further
ground and pelletized and then calcinated at 1100 °C with
a dwell time of 40 h with intermediate regrinding and pelleting.
The compositions Sr,Nd, ,La,Zn,0, (x = 0.5, 1, 1.5, and 2),
Sr,Nd,Zn,_,In,0,,y» (y = 0.06, 0.1, 0.14, 0.2), and Sr, ;Nd; o
Zn,0495 Were prepared using the same procedure described
above.

2.2 Characterization

The phase formation and purity of samples were assessed by
powder X-ray diffraction (PXRD) using a laboratory PANalytical
Empyrean Alpha-1 diffractometer (Cu K,, radiation) equipped
with a Johansson Ge(111) monochromator. High-resolution
PXRD used for Rietveld refinements were collected in the 26-
range of 10-120° with a step size of 0.00656° and a counting
time of 900 s. Constant-wavelength neutron powder diffraction
(NPD) data for Sr,Nd,Zn,0; and Sr,La,Zn,0, were collected on
the high-resolution ECHIDNA powder diffractometer at OPAL
research facility (Lucas Height, Australia) with a step size of
0.05° and a wavelength of 1.6220 A.>* The lattice parameters of
Sr,Nd,Zn,0, were obtained by indexing the PXRD pattern using
the LP-search method implemented in Academic Topas V7
software.”®*® Combined Rietveld refinements against both
PXRD and NPD were also performed with the Academic Topas
V7 software.

Powder samples of Sr,Nd,Zn,0, were ground thoroughly
and transferred into a test tube with 2 mL absolute ethanol.
After ultrasonic treatment for 10 min, 2 drops of the suspension
were deposited on a carbon film-coated copper grid and then
dried for 5 min before transmission electron microscope (TEM)
and scanning electron microscope (SEM) measurements. The
precession electron diffraction tomography (PEDT) three-
dimensional (3D) electron diffraction (ED) data were collected
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on the FEI Tecnai G2 F20 TEM (200 eV) equipped with a Gatan
321 camera. The precession speed was 100 Hz, and the exposure
time of every frame was 2 s. PEDT data reduction was performed
with the software PETS version 2.0.>”

The elemental analyses were performed using energy-
dispersive X-ray spectroscopy in a Talos F200s G2 TEM. X-ray
photoelectric spectroscopy (XPS) measurements were per-
formed on the Thermo Fisher Scientific ESCALAB 250Xi X-ray
photoelectron spectrometer with a monochromatic Al Ko X-
ray beam source. The binding energies were calibrated accord-
ing to the C 1s peak energy of 284.5 eV. The ultraviolet-visible
(Uv-vis) light diffuse spectra for Sr,Nd,Zn,0, were measured
from 200 to 1200 nm using a Shimadzu UV-3600 spectrometer.
Fine powders were spread on the surface of compressed BaSO,
as a 100% reflectance standard.

The electronic transport properties of Sr,Nd,Zn,0O, were
investigated by using a Solartron 1260A impedance phase
analyzer in the frequency range of 10~ '-10” Hz with an applied
oscillation voltage of 100 mV. The disk-shaped pellets with >
90% relative density were used for AC impedance spectroscopy
measurements over the temperature range from 300 to 1000 °C
under various atmospheres. Before the measurements, the flat
parallel surfaces of the pellet were coated with Pt paste and
calcinated at 800 °C for one hour in air to form metal electrodes
and ensure good contact between the pellet and electrodes. The
oxygen transport number was determined by measuring the
electromotive force (EMF) of the ceramic pellet of Sr,Nd,Zn,0,
using the oxygen concentration cell method over the tempera-
ture range of 500-800 °C. The pellet was attached to an alumina
tube with a glass adhesive seal. One side of the pellet was
exposed to 2% O, in Ar flow and the other side was exposed to
pure O, flow (1 atm).

2.3 Theoretical calculations

First principles density functional theory (DFT) calculations
were carried out using the projector augmented wave (PAW)
method implemented in the Vienna ab initio Simulation
Package (VASP).”® The generalized gradient approximation
(GGA) parametrized by Perdew, Burke, and Ernzerhof was
employed to describe the exchange-correlation potential.”**°
The cutoff energy of the plane basis was set at 520 eV, and the
lattice parameters and atomic positions were optimized until
the residual force was less than 0.01 eV A™*. The convergence
criterion for electronic self-interactions was the change of the
total energy within 107 eV. A 2 x 7 x 3 k-space mesh was
employed to sample the Brillouin zone. We should emphasize
that a completely ordered Sr,Nd,Zn,0, model was used for DFT
calculations.

3. Results and discussion
3.1 Crystal structure determination

The combination of Sr, Nd, and Zn cations in a 1:1:1 ratio
leads to the formation of the hitherto unreported new oxide
Sr,Nd,Zn,0,. Complementary elemental analysis using TEM-
EDS further confirms that the cationic ratio of Sr:Nd:Zn is in
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line with the nominal chemical composition within expected
errors and no elemental aggregation was detected (Fig. S17),
confirming the single phase of Sr,Nd,Zn,0,. High-resolution
XPS signals for Sr 3d, Nd 3d, and Zn 2p demonstrate that
these elements take valence states of +2, +3, and +2, respectively
(Fig. S2t). Compared to the PXRD of archetype n = 1 RP-
perovskite, the PXRD pattern of Sr,Nd,Zn,0O, is much more
complicated with the splitting of the main diffraction peaks and
a series of additional sharp peaks (Fig. S31), plausibly ascribed
to either the A-site cationic order, the oxygen-vacancy ordering,
or the combination of both. Indexing of the PXRD pattern of
Sr,Nd,Zn,0- resulted in a primitive orthorhombic unit cell with
lattice parameters of a = 13.23,b = 3.71,and ¢ = 7.51 A. Such
a lattice is in correspondences with a 2-fold n = 1 RP-
superstructure with a = ¢, b = a,, ¢ = 2a,, where a, and ¢, are
the lattice parameters of archetype n = 1 RP perovskite
described by space group I4/mmm. Further inspection of the
reflection conditions revealed 400 for 4 = 2n, 0kO for k = 2n, and
h + k = 2n for hko, indicative of two possible space groups,
Pmmn (no. 59) and Pm24n (no. 31). The lattice dimensions as
well as the reflection conditions for Sr,Nd,Zn,0, were also
validated by our 3D ED presented in Fig. 1a—-c. To confirm the
structural symmetry, we measured the optical second-harmonic
generation (SHG), which is a powerful tool to probe the inver-
sion symmetry breaking for a material. The absence of SHG
signal suggests the centrosymmetric Pmmn-symmetry for
Sr,Nd,Zn,0-.

We then used the web-based tool ISODISTORT to generate
the initial Pmmn model using an archetype n = 1 RP-structure
(I4/mmm) as an input model.*"** The resulting Pmmn model
contains two A-sites (two 4f sites), two B-sites (two 2a sites), and
six oxygen sites (two 2a, two 2b, and two 4f sites), allowing both
A-site cationic ordering and oxygen-vacancy ordering. Owing to
the presence of heavy cations like Nd*" in Sr,Nd,Zn,0,, X-ray
diffraction is not very sensitive to distribution of oxygen
vacancies and we thus collected high-resolution NPD to gain an
insight into the possible oxygen vacancy ordering as well as A-
site cationic ordering. Consequently, the site occupancy
factors (sof.) of the six independent oxygen sites were refined
freely and the Sr/Nd distribution over the two A-sites was
allowed to vary with the constraints that each site is fully
occupied and the overall ratio of Sr/Nd is constrained tobe 1:1
during the preliminary Rietveld refinement process. The
combined Rietveld refinements against both PXRD and NPD
data converged smoothly and manifested that the sof. value for
one 2a oxygen site converged to zero, whereas those of the
remaining five oxygen sites are near unity, firmly evidencing
oxygen-vacancy ordering. Hence, during the final refinement
stage, the sof. values for the five oxygen sites were fixed to unity
and constraints were still applied to sof. values for the A-site Sr**
and Nd*" cations, yielding reliable overall residual factors of Ry,
= 3.27%, R, = 2.41%, and x> = 1.86. The final Rietveld refine-
ment patterns are exemplified in Fig. 1d and e. The final crys-
tallographic data, atomic coordinates, sof. values, isotropic
thermal displacement factors, and interatomic bond distances
are listed in Tables 1, 2 and S1.f This oxygen-vacancy ordered

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a—c) Reconstructed diffraction patterns for the Ok, h0l, and hkO diffraction planes based on the 3D electron diffraction data. Rietveld

refinement plots of high-resolution NPD (d) and PXRD (e) data for Sr,Nd,>Zn,0O5. Light blue circles, red and black solid lines indicate the observed
data, calculated data, and their difference, respectively. The expected Bragg reflections are shown as green bars at the bottom of the patterns.

Table 1 Crystallographic data for SroNd,Zn,O,; obtained from
combined Rietveld refinements

Formula Sr,Nd,Zn,0-

Source X-ray (Cu Kgy) Neutron
Temperature (K) 298

Wavelength (A) 1.5406 1.622
Space group (no.) Pmmn (no. 59)

a(A) 13.2291(4)

b (A 3.7145(2)

c(A) 7.5085(4)

v (A% 368.98(4)

z 2

d-Spacing (A) 0.82-11 0.82-10
Ryp (%) 4.00 3.22

R, (%) 3.23 2.35
Rexp (%) 2.43 2.82

x> 1.93 1.42

model was also validated by our ab initio structure solution
using the 3D ED data.

3.2 Crystal structure of Sr,Nd,Zn,0,

Fig. 2a shows an ideal n = 1 RP perovskite (PV) structure A,BO,,
which is constructed by a succession of rock-salt (RS) AO layers
separated by BO, sheets in the sequence of -[AO-AO-BO,]-. The
layered n = 1 RP perovskite could also be described as an

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 2 Atomic coordinates, sof. values, isotropic thermal displace-
ment factors of Sr,Nd,Zn,O, obtained from combined Rietveld
refinement against both X-ray and neutron powder diffraction data

Atom  Site x y oz sof. Biso (A%)
Sr1i/Nd 4f  0.35803(7) 0  0.3704(3) 0.846(2)/0.154(2) 0.75(3)
Nd1/Sr 4f  0.34975(6) 0  0.8724(2) 0.846(2)/0.154(2) 0.43(2)
Zn1 2a 0 0 0.8812(6) 1 1.1(2)
Zn2 2a 0 0 0.3738(7) 1 0.6(1)
o1 2b 0 0.5 0.960(2) 1 1.4(2)
02 2a 0 0 0.645(2) 1 1.5(2)
03 2b 0 0.5 0.322(2) 1 0.3(1)
04 4f  0.1675(6) O  0.896(2) 1 0.4(1)
05 af  0.1758(5) 0  0.3459(9) 1 1.0(1)

intergrowth of the RS AO layer with a single ABO; perovskite
layer, thereby giving the general formula of [AO]J[ABO;]. As
shown in Fig. 2b, Sr,Nd,Zn,0, adopts an oxygen-deficient RP
perovskite structure (n = 1) with the oxygen vacancies ([1)
exclusively located at the “ZnO,” layers, resulting in a stacking
sequence of —[SrosNdy50-SrsNdys0-ZnO, 5]-. The oxygen
vacancies are ordered by removing every other oxygen-only
column in the ZnO, layer, thereby doubling the c-axis and
thus forming the first oxygen-deficient 2-fold n = 1 RP super-
structure. Such an oxygen vacancy ordering converts the octa-
hedrally coordinated B-site cations in [AO|[ABO;] into ZnOs
square pyramids for all crystallographically independent Zn**

Chem. Sci., 2025, 16, 1932-1947 | 1935


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05323k

Open Access Article. Published on 18 December 2024. Downloaded on 4/2/2026 9:15:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

b * *
[AOJIABO,]

. 1
[Sr, Nd, O][Sr, Nd, .ZnO

View Article Online

Edge Article

70~
Nd
0 0.

NdO, SrO

2.5] 9

Fig.2 Structural comparison of aristotype n = 1 RP structure [AO][ABOs3] (a) and oxygen-deficient SroNd>Zn,O7 (b). The one-dimensional Zn,O
ladder (c) and the coordination environments of the A-site Sr>*/Nd>* cations (d) in Sro.Nd,Zn,O».

cations in Sr,Nd,Zn,0, and, more importantly, transforms the
two-dimensional (2D) perovskite slabs into one dimensional
(1D) ladder-like Zn,O; chains parallel with the c-axis. This 1D
Zn,0; ladder built by ZnOs square pyramids via vertex-sharing
has never been reported for perovskite-related structures to
the best of the authors’ knowledge. Moreover, the oxygen
vacancy ordering also leads to one-half of A-site cations main-
taining 9-fold coordination, whereas the other half is reduced to
a 7-fold coordination (see Fig. 2d). Owing to the relatively large
contrast in ionic radius (Ar = 0.147 A) between Sr** (1.31 A for 9-
fold coordination) and Nd** (1.163 A for 9-fold coordination),*
there should be a tendency for the smaller Nd** to preferentially
reside on the 7-coordinated A-site. This inference agrees with
the fact that a large long-range order (LRO) parameter of 69.2%
was obtained for A-site Sr*’/Nd*’ cations according to the
Rietveld refinement results (Table 2) and the equation LRO = (2
x §) — 1, where S is the predominate site occupation factor of
the A-site. In terms of structure, the A-site Sr**/Nd*" cations are
partially column-ordered in the RS layers along the [100],
direction, where the subscript index p represents the ideal cubic
ABO; perovskite. Altogether, according to the A-cationic
ordering and oxygen vacancy distribution, the chemical
formula of Sr,Nd,Zn,O, could be written as [SrysNd,sO]
[Sro.5sNdy 5Zn0O, 5]

To stabilize the oxygen vacancy ordering and A-site cationic
ordering, synergetic atomic displacement is required to release
the lattice strain, thereby resulting in a significant structural
distortion as compared to the archetype n = 1 RP PV structure.
To quantitatively analyze this structural distortion, the atomic
positional displacements in Sr,Nd,Zn,0, were calculated with
respect to those in an idealized n = 1 RP PV structure with the
same lattice matrix. As shown in Fig. 3, the displacements for
the cations and O2 anion are negligible (< 0.1 A), as compared to
the remaining oxygen ions (01, O3, 04, and O5) located at the
basal plane of the ZnO; square pyramid with large displace-
ments > 0.3 A. The large displacements of O4 and O5 ions
toward the adjacent RS layer and intralayer Nd** cations lead to
a significant rumpling of the RS layer, manifested by the

1936 | Chem. Sci,, 2025, 16, 1932-1947

significant protrusion of oxygens from the [Sr, sNd, 5]rs cationic
sublayer (see Fig. 2b). Such a protrusion of oxygen ions is
usually negligible in RP PV with neutron [A**O] layers. Hence,
the rumpling of the RS layer in Sr,Nd,Zn,0; should be a result
of the coordination requirement of the smaller Nd** and posi-
tively charged [Sr,sNd, 50]%>* RS layer. The rumpling of the RS
layer also leads to the deformation of the ZnOs square pyra-
mids, reflected by remarkably long Zn-04/05 bond lengths. As
shown in Table S1,} the Zn1-04 and Zn2-05 bond lengths of
2.258(6) and 2.334(7) A, respectively, are significantly longer
than the remaining Zn-O bonds (< 2.0 A) and are also much
larger than the expected Zn-O bond length of 2.06 A estimated
from the sum of the ionic radii for Zn>* (0.68 A) and 0>~ (1.38 A),
resulting in large distortion indexes of 0.075 and 0.102 for
Zn10;s and Zn20; square pyramids, respectively, from the
aspect of bond length. In this context, the O1 and O3 ions are
forced to displace within the oxygen-deficient ZnO, 5 sublayer to
satisfy the bonding requirement of Zn”>', thereby causing

Atom

Il

Zn2
Zn1 4
Sr A
Nd ~

0.1

0.5

T

012 073 0?4
Displacement (A)

0.6

Fig. 3 Atomic displacements in Sr,Nd>Zn,O; with respect to those in
the archetype n = 1 RP perovskite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a compressed basal plane along the b-axis for the ZnOs square
pyramids (see Fig. 2b). These positional displacements for
oxygen anions create perfect coordination environments for
Zn1 and Zn2 cations with bond valence sum (BVS) values of 1.99
and 2.05, respectively.>* In contrast, both Sr** (BVS = 1.59) and
Nd** (BVS = 2.59) are slightly underbonded but are in line with
the more ionic bonding character of Sr/Nd-O bonds compared
to the covalent Zn-O bonds.

3.3 A-site cation ordering and interplay with oxygen vacancy
ordering

For RP perovskites with n = 2, there are distinct A-sites with
different coordination geometries, that is, the 12-fold coordi-
nated A-sites within the PV blocks and the 9-fold coordinated A-
sites within the RS slabs. Consequently, layered A-site ordering
could be readily achieved in mixed A-cation RP phases (7 = 2) by
enlarging the ionic radius differences (AIR) between different A-
site cations because larger A-cations are prone to occupy the 12-
coordinated sites, while smaller A-cations favor the 9-coordi-
nated sites. This has been observed indeed in n = 2 RP PVs
Ln,AB,O, (Ln = rare earth; A = Ba** and S**; B = Mn*", Co*",
Fe"), where the A-site cationic ordering degree depends on the
AIR value between Ln*" and A** cations, that is, a larger AIR
value will lead to a higher degree of A-site ordering (see
Fig. 4a).>>* However, as for n = 1 RP PV structure, all the A-sites
are equivalently possessing a 9-fold coordination environment
and long-range A-site cationic ordering is thus improbable. To
date, A-site cationic ordering was only reported for Sr,La,-
LiRuOg (ref. 38) and (Na/K/Ag)LaTiO, (ref. 16 and 17) (see Fig. 4b
and c). For the former, the A-site La**/Sr** ordering is a result of
1:1 B-site ordering, which creates two crystallographically
independent A-sites with distinct sizes and thus results in site-
selective 1:1 occupation for the La** and Sr** cations despite
the AIR (AIR = 0.094 A) value being relatively small. Moreover,
we noticed that La**/Sr** cations present column-ordering

c

I o—&
0
Sr,La,LiRuO,

NaLaTiO,

Fig. 4 Crystal structures for A-site cation ordered RP perovskites
Ln,ABO; (n = 2) (a), NaLaTiO4 (n = 1) (b), and SrsLasLiRuOg (n = 1) (c).
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along the [110], direction, dissimilar to the [100],-directional
column-ordering observed in Sr,Nd,Zn,0O,. As for (Na/K)
LaTiO,, the A-site layered ordering is driven by the large charge
difference (AQ = 2). Herein, Sr,Nd,Zn,0, is a unique example
that the A-site cationic ordering is associated with oxygen
vacancy ordering, which will be discussed in detail latter.
According to the above discussion, the question of whether
the large A-site cationic radius difference is essential for stabi-
lizing the unique structure of Sr,Nd,Zn,0; will arise naturally.
To unveil the correlation between A-site cation ordering and
oxygen-vacancy ordering hidden in structure, we attempted to
synthesize a full solid solution Sr,Nd, ,La,Zn,0, (x = 0.5, 1,
1.5, and 2). As shown in Fig. 5a, the compositions with x = 0.5-
2.0 are phase pure and their PXRD patterns could be fitted
perfectly using lattice dimensions for a pristine n = 1 structure
described by space group I4/mmm, indicative of loss of long-
range orderings for both A-site cations and oxygen vacancies.
A phase separation was observed for the intermediate compo-
sition Sr,Nd; y5Lag»5Zn,0,, composed of the ordered Sr,Nd,-
Zn,0,-like Pmmn-phases and disordered I4/mmm-phases. This
phase evolution behavior for Sr,Nd, ,La,Zn,0, can be ratio-
nalized by observing that partial substitution of Nd** by the
larger La** makes the average size of Ln®* (Ln = Nd**, La’>")
cation larger, and thus more similar to the size of Sr**, thereby

(@) :
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1 L l I l )
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s L w L A
_é’ x=1 /ﬂ
g l | J Al l [S—
g Xx=05 two-phase
x=0
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10 20 30 40 50 6048 49 50
20 (degree)
—~| y=0.14 ' N two-phase
3: T A l .//w\M,
©
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c
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£ ..3_ 8| IAJ I *... ﬂ AN
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Fig. 5 PXRD patterns for  Sr,Nd,_,La,Zn,O;, (a) and

SroNd»Zn;In Oy, (b). The right panels show an enlargement of the
light orange regions in PXRD patterns.
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disrupting the A-cation ordering of the host structure and
resulting in multiphase behavior. This result indicates that the
large size difference between Nd** and Sr** is critical to stabi-
lizing the A-site cation as well as the oxygen vacancy ordering in
Sr,Nd,Zn,0,.

Conversely, we further investigated the impact of oxygen
vacancy disordering on A-site cation ordering by maintaining
the AIR value for the A-site cations and simultaneously intro-
ducing interstitial oxygen ions via aliovalent In*'-to-Ga®*
substitution in Sr,Nd,Zn, ,In,0.,, (y = 0.06, 0.1, 0.14, and
0.2) to disrupt the long-range oxygen vacancy ordering. As
shown in Fig. 5b, a biphasic region, where ordered Pmmn-
structure and disordered I4/mmm-structure coexist, was also
observed for Sr,Nd,Zn, ,In,O,,,, implying that a small
amount of interstitial oxygen ion on the oxygen-vacant sites
disrupt the long-range oxygen vacancy ordering and subse-
quently lead to loss of A-site ordering and thus phase separa-
tion. Together with phase formation behavior observed for
Sr,Nd,_,La,Zn,0,, we can confidently conclude that the A-site
ordering is in fact strongly coupled with the oxygen vacancy
ordering in Sr,Nd,Zn,0; and both are indispensable for stabi-
lizing its unique structure. Hence, Sr,Nd,Zn,0, provides us
with a strategy to design A-site ordered n = 1 RP perovskite
structures by combining oxygen vacancy order. This strategy
perhaps could be expanded to oxygen-deficient n = 2 RP
perovskites, thereby resulting in various A-cation ordering
patterns in addition to the commonly observed A-site layered
ordering.

3.4 Oxygen-vacancy and anion ordering in RP PV

Another intriguing structural feature of Sr,La,Zn,O, is the
presence of oxygen-vacancy arrays, which are exclusively located
at the equatorial positions of the ZnOs[J-octahedra. Oxygen-
vacancy array ordering has also been observed in n = 1 RP
perovskite derivatives A,BO; (A = La/Sr, B = Cu/Fe/Co/Ir) that
exhibit a higher count of oxygen vacancies.***" Most of these
compounds were synthesized by the topochemical removal of
all oxygen-only columns within the “BO,” layers, thereby
resulting in the formation of infinite 1D chains of apex-linked
BO, squares (See Fig. 6a). LaSrCuO; 5 and A,MnO; ;5 (A = Sr
and Ca), with an identical oxygen-content to Sr,La,Zn,O-,
exhibit a more complex ordering manner of oxygen vacancies,
characterized by oxygen vacancies presented in both “BO”- and
oxygen-only-columns and absence of oxygen-vacancy arrays.***
Consequently, LaSrCuO; 5 and A,MnO; 5 are both composed of
infinite 2D infinite layers. The former features a complex (3 +2)
D modulated structure comprising infinite 2D layers composed
of mixed CuO,;, CuOs and CuOg coordinate geometries,*
whereas the latter is merely consisted of interconnected MnOs
square pyramids (see Fig. S41).**** A common structural feature
among these oxygen-deficient n = 1 RP perovskites is that the
oxygen vacancies are exclusively located at the equatorial posi-
tions of the “BOg"-octahedra.

For oxygen-deficient n = 2 RP perovskites, the oxygen
vacancies predominantly occupy the inner apical position of the
BOg-octahedra within the perovskite layer, regardless of
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Fig. 6 Crystal structures for oxygen-deficient RP perovskites Sr,CuOs
(@), Ba3In206 (b), and LaSr,CuTiOg 5 (c). (d) The coordination envi-
ronment of the A-site cation in n = 2 RP structure after removing
different oxygen ions. Anionic ordering in n = 1 RP perovskites Sr,-
MnOsCl (e), SrpTaOsN (f), and LaSrCoO=H (g).

whether the oxygen vacancies are ordered. Typical such struc-
tures for oxygen-vacancy ordered BazIn,Oy (ref. 45) and disor-
dered LaSr,CuTiOg 5 (ref. 46) are shown in Fig. 6b and c. Our
comprehensive structural analyses revealed that this layer-
dependent difference in oxygen vacancy distributions is in
fact related to the significant change in the coordination envi-
ronment for the A-site cations caused by oxygen vacancies.
Specifically, removing the inner apical oxygen of BOg in the n =
2 structure creates a symmetric cubic AOg coordination envi-
ronment for the A-site cations (see Fig. 6d) and maintains their
face-sharing connectivity, whereas removal of the equatorial
oxygen would lead to an asymmetric AO; coordination envi-
ronment as observed in Sr,Nd,Zn,0-, and transform connec-
tion from face-sharing to edge-sharing. In this stage, the apical
oxygen vacancy would be energetically favorable and more
stable than the equatorial vacancy because the more symmetric
face-sharing connectivity can effectively shield the A-A electro-
static repulsion. Consequently, oxygen vacancies favor the
apical position in the perovskite layer for the n = 2 structure,
which should be also applicable to RP structures with n > 2.
More importantly, the removal of the apical oxygen in the RS
layer will lead to an extremely asymmetric coordination envi-
ronment for the A-cation and create A-A/B contacts, thereby

© 2025 The Author(s). Published by the Royal Society of Chemistry
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destabilizing the structure. As a result, outer apical oxygen
vacancies should be prohibited in RP structures and accord-
ingly, oxygen vacancies should be only allowed in the “BO,”
sublayer of the n = 1 RP structure. This conclusion is further
consolidated by our Rietveld refinement results for the oxygen
vacancy disordered I4/mmm-Sr,La,Zn,0- (see Fig. S5, Tables S2
and S3t), where oxygen vacancies are located expectedly at the
equatorial positions of the “ZnOg”-octahedra. Therefore, it is
reasonable to assume that long-range A-site and oxygen vacancy
disordered n = 1 RP PV structure should adopt a Sr,Nd,Zn,0-
like ordered structure on the nanoscale, although this remains
to be confirmed by using the neutron pair distribution function
analysis.

In addition to oxygen-vacancy ordering, anionic ordering is
also readily accessible in n = 1 RP perovskite-type mixed anion
compounds, such as Sr,MO;X (M =V, Mn, Fe, Co, Ni; X = F and
Cl) oxyhalides,”*" A,(Ta/Nb)O;N (A = Ba, Sr, and rare earth)
oxynitrides,”>** and A,MO;zH (A = La/Sr/Ba, M =V, Mn, Co, and
Li) oxyhydrides.®** In these compounds, ClI /F~ and N>~
anions preferentially occupy the apical and equatorial sites of
the octahedra, respectively (see Fig. 6e and f). These site-
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selective substitutions in oxyhalides and oxynitrides align
with the Pauling's second crystal rule,** which posits that the
electric charge of each anion tends to balance the strength of
the electrostatic valence bonds contributed by the cations.
Similarly, the hydride anions in A,MOz;H also preferentially
occupy the equatorial sites of the octahedra (see Fig. 6g).>**°
Additionally, the high mobility of the hydride ions can give rise
to significant hydride ion conduction. For instance, La,LiO;H
exhibits a hydride ion conductivity of 4.6 x 107 ®Scm " at 280 °
C, associated with a relatively high activation energy of
0.72 eV.>

3.5 Electronic structure and optical property

The UV-vis absorption spectra of Nd,Sr,Zn,0O, are shown in
Fig. 7a, where the absorption edge is at around 380 nm and the
absorption peaks in the range of 350-950 nm are attributed to
the inner 4f transitions of Nd**. The absorption spectra were
further transformed using the Kubelka-Munk equation to
obtain the accurate band gap value (E,)."* By plotting («/v)* as
a function of Av (« is the absorption coefficient, % is the Planck
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