REVIEW

ADVANCED
MATERTAL

www.advmat.d updates

Antiperovskites with Exceptional Functionalities

Yonggang Wang, Hao Zhang, Jinlong Zhu, Xujie Lii, Shuai Li, Rugiang Zou,*

and Yusheng Zhao* |HPSTAR
1005-2020

ABX; perovskites, as the largest family of crystalline materials, have
attracted tremendous research interest worldwide due to their versatile
multifunctionalities and the intriguing scientific principles underlying
them. Their counterparts, antiperovskites (X3BA), are actually electronically
inverted perovskite derivatives, but they are not an ignorable family of
functional materials. In fact, inheriting the flexible structural features of
perovskites while being rich in cations at X sites, antiperovskites exhibit

a diverse array of unconventional physical and chemical properties.
However, rather less attention has been paid to these “inverse” analogs,
and therefore, a comprehensive review is urgently needed to arouse
general concern. Recent advances in novel antiperovskite materials and
their exceptional functionalities are summarized, including superionic
conductivity, superconductivity, giant magnetoresistance, negative thermal
expansion, luminescence, and electrochemical energy conversion. In
particular, considering the feasibility of the perovskite structure, a universal
strategy for enhancing the performance of or generating new phenomena in
antiperovskites is discussed from the perspective of solid-state chemistry.
With more research enthusiasm, antiperovskites are highly anticipated to
become a rising star family of functional materials.

physics owing to their numerous signifi-
cant properties supporting the operation
of the modern world, such as magnetism,
ferroelectricity, multiferroicity, supercon-
ductivity, and the ability to act as catalysts
and battery materials.l?! Very recently, the
discovery of organic-inorganic hybrid
perovskites applied as photovoltaic mate-
rials has once again greatly stimulated
the research field of perovskites.}-€l
Antiperovskites can also be described
by the formula ABXj, but electronically
inverted (X is a cation, and A and B are
anions, accordingly written as X;BA).-12
From the viewpoint of structure chemistry,
antiperovskites should share the advan-
tages of the perovskite-type structure with
traditional perovskites, accommodating
diverse elements to form a large family
of functional materials. Indeed, antiper-
ovskites have shown various interesting
properties, such as magnetism, ionic
conductivity, —superconductivity, nega-

1. Introduction

Perovskites, named after the Russian mineralogist L. A. Per-
ovski in 1839,l!l comprise materials with the general formula
ABX;, a deceptively simple structure with a built-in potential
for structural complexity and surprising properties. Perovskites
have always been a major player in solid-state chemistry and
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tive thermal expansion, the ability to act
as photoluminescence host materials,
and other utilities. These exhilarating findings can be highly
expected to prompt a new round of development of functional
antiperovskites. We can also ask how can we structurally design
antiperovskites similar to perovskites to improve their perfor-
mance or realize unexpected phenomena?
In the antiperovskite formula X3BA, X is a cation, and A and
B are different-sized anions. The ideal antiperovskite structure
with cubic space group Pm-3m (Oy) is depicted in Figure 1,
where the B anions are located in the center of sixfold coor-
dinated octahedra and the A anions are 12-fold coordinated
with the X cations. The 3D skeleton of the structure is formed
by corner-sharing BX; octahedra. Compared to traditional
perovskites, cations take the place of anions in the octahedra,
and these abundant X site cations endow antiperovskites with
unconventional physical and chemical properties related to
d-spin states/the band structure or ion transport. Figure 1 also
shows the elemental constituents of thus far known antiper-
ovskites. Usually, monovalent or divalent cations are located at
the X site, and small anions are located at the B site. Notably,
some transition metals can serve as both A and X elements
in different cases depending on the relative ionic radius and
electronegativity, which has rarely been observed in traditional
perovskites. At first glance, antiperovskites appear to already
comprise nearly half of the elements in the periodic table. In
fact, no more than ten elements occur frequently in the reported
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antiperovskites. The number of antiperovskite compounds is
still very limited compared with the great possibilities shown in
the elemental periodic table. Studies on antiperovskites are still
rare, with no more than fifty papers published annually, due to
the relatively few quantitatively discovered antiperovskites. The
concept “anti” is not widely acknowledged, and sometimes, the
newly discovered antiperovskites are simply treated as interme-
tallic compounds or dual-metal nitrides/carbides, unaware of
their unique structure. Nevertheless, the importance of antiper-
ovskites is far beyond our expectations.

Herein, we review recent explorations of antiperovskite-type
materials, focusing particularly on their crystal structure fea-
tures and emerging physical properties and functionalities. We
present a general background on the current research status
of antiperovskites and their potential to be a large family of
functional materials. Synthesis strategies for bulk and nano-
sized materials are also discussed. Rather than trying to cover
the entire field, we focus on the crystal structure features and
emerging functionalities of antiperovskites. We also discuss
structural manipulation methods for improving their per-
formance in several fields. We conclude with an overview of
the structure—property relationships of antiperovskite-type
materials, a perspective on the future exploration of new anti-
perovskites, and their potential for various practical applications.

2. Structural Features of Antiperovskites

The tolerance factor (t) was introduced for perovskites to deduce
their crystallographic stability and probable structural sym-
metry, defined by the equation t = (r, + ry)/[V2(rg + rx)], where
ra, 1, and ry are the ionic radii of the corresponding ions. The
cubic structure likely exists when ¢ lies in the range of 0.85-1.0,
and lower ¢ values give tetragonal or orthorhombic structures or
other structures with even lower crystallographic symmetry. In
a cubic ionic antiperovskite X3BA, the relationship between the
ionic radii can also be obtained by ry + rx = \/Z(rB + rx). In prac-
tice, most antiperovskites are built up of p-elements (such as
Al, Ga, and Ge) preferring covalent bonds and d- or f-elements
(such as V, Cr, Mn, and Ni) preferring metallic bonds. In such
cases, using the tolerance factor to determine the existence of
a proposed antiperovskite or predict the crystallographic sym-
metry is difficult. By comprehensively considering t, Ry/Rp and
the types of interatomic bonds, Beznosikov!!?! tried to predict
metallic nitrides with an antiperovskite-type structure. How-
ever, the practicality and effectiveness of the prediction method
have not yet been verified. The cubic structure is still retained
in metallic X3BA compounds even though the abovemen-
tioned equation is not exactly obeyed, deviating from the ideal
situation.

Deficiencies or nonstoichiometry are frequently observed in
traditional perovskites, producing interesting structure types
and significant physical properties. Well-known examples are
oxygen-deficient brownmillerite CaFeO,s and LaNiO,s and
the ReOs-type compounds (A site vacant). Likewise, deficient
structures are also expected to lead to emerging properties in
antiperovskites. Taking the antiperovskite Hg;Q,X, (Q = S,
Se, Te; X = Cl, Br, I) as an example (Figure 2b),/'>-18l the defect
structure is derived from the stoichiometric BaTiO;-type
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Figure 1. Crystal structure of a cubic antiperovskite and elemental constituents of thus far known antiperovskites X;BA. The X site elements are shown
in brown. The B and A site elements are shown in green and blue, respectively. Note that some elements can occupy two distinct positions in the

antiperovskite structure in different compounds.

X[QHg;).1 The [QHg;]* pyramids can be considered incom-
plete [QHg;00;]*" octahedra (O denotes a vacancy), and the
Hg;Q,X, compounds can be described as defective antiperovs-
kites with the idealized formula “HgsQ,X,” but with 50% of the
Hg atoms missing to produce Hg;[0;Q,X;. The determining
factor for the dimensionality of the Hg;Q,X, lattice is the rela-
tive connectivity of the [QHg;]*" pyramids. Depending on Q,
the ordering of the Hg vacancies varies, yielding a rich family

X1sBA

of distinct crystal structures ranging from 3D to OD. The struc-
tural evolution of the [Q,Hg;] motifs is also considered essen-
tial for determining the physical properties of the Hg;Q,X,
compounds. All three Hg;Q,I, materials demonstrate suitable
optical, suitable electrical and good mechanical properties
required for radiation detection at room temperature. Fe,SeO
is another defective antiperovskite with 1/3 of the Fe?" cations
missing in the structure.?? As a transition-metal-dominated

C

X3BosB'osA

XsBAosA'0s

Figure 2. Representation of antiperovskite-type crystal structures. a) Crystal structure of a stoichiometric antiperovskite X;BA with cubic space group
Pm-3m. b) Representative deficient antiperovskite structures with the formulas X;B and X; sBA. c) Representative double antiperovskite structures with
elemental mixing at the B and A sites. d) Observed tilt of Ca;AsN as a representative tilted antiperovskite structure. The dotted lines are the doubled
ideal cubic cell containing eight nitrogen-centered calcium octahedra. The solid lines outline the distorted structure, and the unit cell is drawn with the
bold solid lines. (Ca: small open circles, As: large hatched circles, N: not shown.) The tilt angles and directions of the octahedra about the ¢-, a’- (or b”-),
and b-axes are indicated by the arrowed semicircles and are labeled ¢, w, and ¢, respectively. Reproduced with permission.?*l Copyright 1992, Elsevier.
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deficient antiperovskite, it shows great potential to be adopted
as a cathode material.?!l Following this line of thought,
numerous double antiperovskites can also be made with
formulas such as X3BA;sA’s and X3B( 5B’ sA (Figure 2¢).

Although ideal antiperovskites adopt a cubic geometry, in
real compounds, they are often pseudocubic or distorted into
lower symmetries. While antiperovskites show fewer distorted
examples than perovskites, structural distortions will cer-
tainly affect their physical properties. Perovskite distortions
can always be broken down into several simple components:
a) tilting of the octahedra, b) distortion of the octahedra, and
c) displacement of the cations. Among them, tilting of the
octahedra often dominates the overall crystal structure, and a
total of 23 possible space groups exist due to the rotation of
the rigid octahedra.?>23! Figure 2d shows the crystal structure
of CazAsN with a distorted antiperovskite structure, in which
an orthorhombic unit cell (b ~ V2a’, ¢ ~ 2a’) is adopted.*]
Tilting of the CagN octahedra results in 6 short and 6 long bond
distances of the 12-fold coordinated As atoms, which belongs
to the tilt system a"a"¢* according to Glazer’s classification of
distortion. Distortions have also been observed in Cr;AsN, %!
with a®h%ctype rotations of CrgN and Mn;NA (A = Cu, Ga, Ge,
As, Sb), which exhibits phase transitions to lower symmetry
due to rotations of the MngN octahedra.[*%]

One of the most important structural features of an anti-
perovskite X3BA is the unusual coordination environment of
cation X (i.e., the X-X distance and linear twofold coordination
versus sixfold coordination in perovskites), which plays a cru-
cial role in magnetic interactions or the crystal field strength.
Another noteworthy structural feature of antiperovskites is
that they are X-rich. Physical properties, such as the mag-
netism and ionic conductivity, are strongly related to the X-rich
feature of antiperovskites. The discovery of superionic conduc-
tivity in Li-rich antiperovskites (LiRAPs) was inspired by the
high-temperature superionic conductivity of the NaMgF; and
(K,Na)MgF; perovskites.””l Thus, the “electronically inverted”
antiperovskite Li;OA (A = Cl, Br, I) preserves the perovskite-type
structure and allows Li* superionic conductivity similar to the F~
superionic conductivity in NaMgF;, benefiting from the Li-rich
nature. Such newly designed antiperovskite crystalline solids
are lithium-rich (60 at% Li) and lightweight. The X-rich struc-
tural feature also leads to 3D migration paths of the X*ions that
favor high ionic conductivity. For magnetic antiperovskites, the
magnetic exchange within the transition-metal-rich topology is
obviously distinct compared to that embedded in nonmagnetic
skeletons, and a metallic ground state is expected.

3. General Strategies for Synthesizing
Antiperovskite Compounds

Generally, powder samples of most antiperovskite compounds
can be synthesized by the direct solid-state sintering method.
Protective atmospheres are necessary for air- or moisture-sen-
sitive materials. For example, ionic conductors A;0X (A = Li,
Na, Ag; X = Cl, Br, I) have been fabricated starting from A,O0
oxides and AX with a molar ratio of 1:1. To avoid absorption
of moisture, all the mixing and pressing processes should be
performed in an inert gas-filled glove box. For the syntheses of
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antiperovskite nitrides X3BN (X = Ca, Sr, Ba, Mn, Ni, Co; B is
a group-1V or group-V element), nitrogen-excess reagents may
be adopted to release redundant nitrogen gas during high-tem-
perature sintering. A family of alkali-metal-rich antiperovskites
Ca;MN (M = P, As, Sb, Bi, Ge, Sn, Pb) was synthesized using
this method.?®l Chemical manipulations, such as elemental
doping and deficiencies, can be achieved by simply varying the
ratio of the starting materials.

Chemical nitridation of intermetallic or oxide precursors
is another frequently used method to obtain ternary antiper-
ovskite nitrides. In the case of iron-containing antiperovskite
nitrides, avoiding the formation of stable binary impurities is
always difficult due to their lower formation energies. In this
situation, a two-step ammonolysis method combining a high-
temperature (1000-1300 °C) sintering step and a low-temper-
ature (500-600 °C) nitriding reaction was proposed to produce
Fe;BN (B = Rh, Ga, Al) with improved phase purity.?’l NH; was
used as the ammonolysis agent. Brady et al. demonstrated that
intermetallic Cr;Pt alloys could be used as precursors to form
Cr;PtN antiperovskites in a N, atmosphere.’” A higher reac-
tion temperature (i.e., 1000 °C) is needed for N, with lower
reactivity. Metal oxides can also be used as metal sources in
an ammonolysis synthesis process due to the high reactivity
of NH; in substituting the oxygen atoms in the raw mate-
rials. Ternary antiperovskite nitrides X;InN (X = Ni, Co) were
reported to be successfully fabricated from In,O; and Ni/Co
powders under NH; flow at 600 °C.BY Recently, Wang’s group
also reported the successful preparation of thin films of antiper-
ovskites Mn;CuN and Mn;NiN by using dc reactive magnetron
sputtering with either separated Mn/Cu targets or a Mn-Ni
alloy target in an Ar/N, atmosphere.323%] Moreover, a single
crystal of antiperovskites (e.g., Ni;MgC) can be grown from the
self-flux method with the aid of a high pressure (4.25 GPa).3*l

Antiperovskites with high porosity and a hybrid core—shell
architecture are requested to realize advanced electrocatalysts
with both high catalytic activity and robust stability. Recently,
an antiperovskite-based hybrid with a porous conductive
Ni;_,Cu;_,N core and an amorphous FeNiCu (oxy)hydroxide
shell was developed as a promising water oxidation electro-
catalyst.?! For the fabrication procedure of the p-Ni;_,Cu;_,N/
FeNiCu hybrid, the Cu-excess antiperovskite Ni;CuN+Cu was
first synthesized from a mixture of Cu and Ni powders through
solid-gas reactions. Excess Cu was intentionally introduced
to serve as a sacrificial template for the creation of rich pores
during the subsequent etching process. Then, the as-obtained
polycrystalline was etched by an Fe3" aqueous solution to form
an FeNiCu (oxy)hydroxide colloid and deposited on the sur-
face of the antiperovskite phase. The detailed reaction equa-
tions include 1) Cu + 2Fe** — Cu?* + 2Fe?*, 2) Ni + 2Fe*" —
Ni?* + 2Fe?", and 3) Fe** + Ni** + Cu?* + OH — FeNiCu (oxy)
hydroxide + HT. Finally, a p-Ni;_,Cu;_,N/FeNiCu core-shell
hybrid was fabricated with highly efficient and robust oxygen
evolution reaction (OER) performance, outperforming the
benchmark IrO, catalyst in several aspects.

Traditional high-temperature synthetic methods can lead to
various thermodynamically stable antiperovskites for studies
of their intrinsic physical properties. Low-temperature soft
chemical methods, such as ammonolysis, have great potential
to generate metastable antiperovskites or those with a unique
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stoichiometry. Additionally, modern construction strategies for
nanosized materials can also be widely applied in the fabrica-
tion of antiperovskites with greatly improved performances.
One has every reason to anticipate the rapid development of
antiperovskites as advanced functional materials.

4. Emerging Functionalities of Antiperovskites

In the introduction, we discussed in general terms how various
intriguing functionalities of perovskite oxides can be obtained
from a wide range of perovskite-type structures. Although
less frequently observed, several intriguing phenomena have
also been reported in antiperovskite materials. Here, we high-
light the physical properties of antiperovskites, including their
superionic conductivity, magnetism, negative thermal expan-
sion, superconductivity, and ability to act as phosphor hosts
and electrocatalysts. Notably, the flexibility of the antiperovs-
kite structure enables various chemical manipulations toward
greatly enhanced performance. In each part, we will discuss
the syntheses of perovskite compounds if necessary. Personal
perspectives and emerging structural design strategies toward
antiperovskites with better performance are also provided.

4.1. Antiperovskites as Advanced Battery Materials

The urgent energy demands of the modern industrialized world
have triggered much research interest in developing efficient
energy storage devices, especially lightweight Li*/Na* batteries
with a high energy density.’® The primary strategy for realizing
this aim is to develop advanced electrode materials with a high
capacity and a large voltage window. Among various materials,
Li metal anode materials render an ultrahigh theoretical specific
capacity (3860 mA h g™1) and the most negative electrochemical
potential (—3.040 V vs reversible hydrogen electrode (RHE)). A
battery cell with a Li metal anode is therefore expected to power

www.advmat.de

electronic products for a long time while remaining light-
weight. However, to achieve this vision, the flammability and
easy-leak feature of the conventional electrolyte must first be
overcome. A safe solid-state electrolyte (SSE) has therefore been
proposed as a replacement, and the most attractive property is
that the SSE would not only address the safety concerns due to
inflammability but also improve the energy density when it is
of ultrathin thickness. Batteries supported by SSEs are on the
cusp of being a commercial technology.”!

However, SSEs still encounter formidable challenges,
including surface contact, Li dendrite growth, stability,
ionic conductivity, etc.’¥! Here, we mainly discuss the ionic
conductivity of the antiperovskite family. Solid electrolytes are
expected to have an ionic conductivity of 6= 1072 S cm™, as
high as an ionic liquid at room temperature; however, without
optimization by material engineering, few of these electro-
lytes can approach such a high level. Considerable research
has focused on seven classes of inorganic SSEs, including
LISICON-like materials, argyrodites, garnets, NASICON:-like
materials, lithium nitrides, lithium hydrides, perovskites, and
lithium halides.3%#

A pioneering work developed the LiRAP Liz;OA (A = Cl, Br)
as a superionic solid electrolyte,””] achieving a Li ionic
conductivity as high as 1.94 x 10 S cm™ in Li;OClysBrgs.
Importantly, the performance of LiRAPs can be improved via
various structural design strategies. Figure 3 presents the struc-
tural design strategies for antiperovskites toward enhanced
ionic conductivity, such as A site mixing to generate lat-
tice mismatch, X site doping and “XA” depletion to generate
vacancies, and A site clustering to induce an order—disorder
transition. Notably, all these methods aiming at superionic
conductivities are simultaneously applicable to one antiper-
ovskite. In Li;OA, halogen mixing (Cl;_,Br,) can push the
tolerance factor from 0.85 for pure Li;OCl to 0.91 for pure
Li;OBr, which represents a less pseudocubic lattice distortion
that can promote a displacive structural phase transition via
phonon softening. Such structural manipulation could promote

o By Sov S B 222 v ¢d 2 .92 @9 é .‘
L J
Y FIX XY ool FIN XY L IOFIN K1
L LR KLY e e* oY e*."e?* oY o® 0o®
o‘.o‘.o‘ 1N EFIN K1 0% @ o9 O o0
e 0. g2 99 Pogtsag G0 @R
X3BA1-A’; Xz:My2BA X3.5BA1.5 X3B(MNs)
A site mixing X site doping “XA” depletion A site clustering
Lattice mismatch Vacancy Order - Disorder

Figure 3. Structural design strategies for antiperovskites toward enhanced ionic conductivity. The antiperovskite structures illustrate the effects of A
site mixing to generate lattice mismatch, X site doping and “XA” depletion to generate vacancies, and A site clustering to induce an order—disorder
transition. Notably, the four methods are simultaneously applicable to one antiperovskite.
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superionic conduction via Frenkel interstitial transport, and the
mixed Li;O0Cl,sBr, 5 shows higher ionic conductivity and lower
activation energy than pure Li;OCl. Composition optimization
of Li;OCl;_,Br, shows that an even higher ionic conductivity
can be achieved in Li;OCl,_,Br, within 0.235 < x < 0.395.57
Similarly, divalent cation doping (Li;_,M,;0A; ;A";) can
increase the concentration of electronic vacancies at the Li sites
to promote neighboring ion hopping via the Schottky route.!
Moreover, introducing vacancies at both the cation and anion
sites (Li3_sO(A;_,A,)1_s) can produce lattice defects/channels
for higher ionic conduction. The highest ionic conductivity
reaches 6> 1073 S cm™ in Li;OCly5Br, s at room temperature,
comparable to that of the best Li* solid electrolyte Li;;GeP,S;,
(1.2x 1073 S cm™ at room temperature).?

A pulsed laser deposition (PLD) method was used to fabricate
a Li;OCl film with an ionic conductivity of 0.9 x 10> S cm™ at
room temperature.”’l Subsequent studies improved the room
temperature ionic conductivity to 2.0 x 107* S cm™* before the
feasibility of using the optimized Li;OCI film in a real battery
LiCoO,||Li;OC]||C was demonstrated. The battery has an initial
discharge capacity of 120 mA h g™! and a discharge efficiency
of 95% after the second cycle. The Li;OCl-based glassy elec-
trolyte with divalent cation doping exhibits an extremely high
ionic conductivity of 25 mS cm™ at room temperature,>* above
those of all other lithium superionic conductors, and is chemi-
cally stable with respect to the Li metal.

The idea of LiRAPs can also be extended to the design of
Na batteries with the development of a series of Na-rich anti-
perovskites (NaRAPs)”**7 and intergrowth NaRAPs: Na,OI,
and Na;SO4F.P®#59 Targer Na* ions are better for stabilizing
the antiperovskite structure, and hence, more NaRAPs are
expected. In the solid solution Na;OX (X = Cl, Br, I), lattice
mismatch and nonequivalent-doping strategies have been
successfully adopted to promote the performance.’” The
optimized Na, ¢St 05sOBr(¢lo4 exhibits a conductivity beyond
102 S cm™ when approaching the melting point. However,
the design of intergrowth antiperovskite Na,OI, reveals an
anisotropic sodium transport route.°!] Notably, since the alkali-
metal-rich antiperovskites (both Li-rich and Na-rich) are very
sensitive to moisture, researchers usually struggle with high
phase purity and stable performance problems. Phase-pure
powders of Na;OX can be synthesized using sodium metal as
the raw material according to the following reaction equation:
Na + NaOH + NaX — Na;OX + 1/2 H,T.1%2 The sodium metal
serves as not only one of the raw materials inside but also the
scavenger of trace moisture.

Recent experimental and theoretical studies also focused
on the improvement of LiRAPs via A site clustering to induce
an order—disorder transition. Substitution of F~ for OH™ in
Li,(OH)g9F(1Cl could stabilize the cubic phase of Li,OHCI to
decrease the activation energy for Li* transport.®?! Moreover,
this fluorine-doped LiRAP is stable upon contact with metallic
Li and has an energy window extending to 9 V versus Li*/Li.
Theoretical calculations revealed the possibility of including
clusters in LiRAPs for enhanced ionic conductivity, such as
Li;0Clys(BH4)os, LisO(BH),, LizS(BF,)o5Clys, and Li;SBF,.[6465)
The ionic conductivity of Li;OCly5(BHy)gs can reach
0.21 X 1073 S cm™ at room temperature, with an activation
energy of 0.299 eV, while in Li;S(BF,)(sCly s, the value can even
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reach 10 S cm™, with a lower activation energy of 0.176 eV.
The high Li* conductivity of these materials was ascribed to
the thermal excitation of the quasi-rigid unit modes of the
BH, ™ cluster and the exceptionally large channel size created
by mixing the large cluster ions together with the elementary
ions. This idea can also be extended to design novel clusters in
NaRAPs, such as Na;OA (A = BH,, NO3, and CN).[%%]

Starting from the discovery of the cation-deficient antiperovs-
kite Fe,0Se,2% (Li,Fe)OCh (Ch = S, Se, Te) were proposed as a
new family of cathode materials,?!! where Li* can be inserted
into the cation vacancy sites and be randomly distributed with
Fe ions. (Li,Fe)OCh adopt a cubic antiperovskite structure
for Ch = S, Se and a 4H distorted antiperovskite structure
for Ch = Te. The general reaction for charging/discharging
is (Li,Fe)SeO + nC (graphite)— (Li, ,Fe)SeO + Li,C,, with
the average oxidation state of Fe changing from 2% to (2+x)*.
(LiyFe)ChO (Ch = S, Se) were tested as cathode materials
against graphite anodes, and they performed similarly, with
outstanding specific charge capacities of 60 mA h g™! at a very
high charge rate (270 mA g}, 80 cycles) and 120 mA h g™! at
a charge rate of 30 mA g}, which is comparable to the experi-
mental value of 160 mA h g! for Li;_,C00,.%0 This antiper-
ovskite cathode material has lower pristine oxidation states of
Fe* compared to TM3* in delafossites LiTMO, (TM = Co, Mn,
Ni), which can lower the working potential window and stabi-
lize standard battery constituents during the charge/discharge
processes, and only exhibits a faint capacity loss during
80 charge/discharge cycles at high rates.

Generally, Li*/Na* antiperovskites exhibit promising intrinsic
high ionic conductivity, which can be further optimized through
structural design and chemical doping. The good stability and
low surface resistance when they contact Li metal anodes are
two other advantages for commercial applications. However,
their high sensitivity to moisture and low potential window are
two drawbacks that need to be overcome. Large-scale industrial
fabrication with low cost remains to be further investigated.

4.2. Magnetism and Magnetoresistance in Antiperovskites

Magnetic perovskite oxides ABO; have been widely used in
modern devices, such as storage devices and those involving
magnetocaloric effects and magnetoresistivity.l*”~7!l Magnetic
antiperovskites M3M’X (M = Mn, Fe, etc.; M" = Ga, Al, Zn, In,
Sn, etc.; X = N, C) have also been frequently studied as a new
class of promising magnetic materials. Among them, Mn-based
magnetic antiperovskites are the most attractive due to their
recently reported giant magnetoresistance (GMR),7>73 large
magnetocaloric effect (MCE),"*7! and giant magnetostriction
(MS).7678] Moreover, these Mn3M’X antiperovskites are
metallic, indicating good electric and thermal conductivity and
mechanical properties.”]

Mn;GaC is a prototype GMR compound that undergoes
three magnetic transitions upon cooling: a paramagnetic
(PM) to ferromagnetic (FM) transition at Tc = 246 K, an FM
intermediate magnetic phase transition (IM) at Tp; = 160 K,
and an intermediate to antiferromagnetic (AFM) transition at
Ti.a = 158 K. In Mn3M’X antiperovskites, the Mn 3d orbitals
contribute to the DOS at the Fermi level, while the Mn-X p—-d
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orbital hybridization broadens the conduction band across
the Fermi level and drives the high conductivity. These Mn
3d electrons participate not only in the conduction behavior
but also in the magnetic exchange interaction. Hence, the
Mn-Mn direct exchange interaction of these 3d electrons will
compete with the Mn-X-Mn magnetic coupling interaction.
Moreover, the 3D network constructed by the corner-sharing
MngX octahedra contains 3D geometrical frustration in terms
of its magnetic interactions.®) The strong couplings among
the various degrees of freedoms and the competing magnetic
interactions make Mn;M’A sensitive to subtle changes in the
chemical composition, temperature, pressure, and external
magnetic field.B1# Mn;GaC exhibits plateau-like GMR curves
versus temperature from 135 to 165 K, with a maximum MR
of 50% at 5 T.® The GMR is associated with the field-induced
AFM-FM/IM transition, where a strong correlation among the
lattice, spin, and charge exists. A GMR with a larger tempera-
ture span could be observed if the AFM ground state can be
effectively suppressed by an external magnetic field. However,
a magnetic field as high as 240 kOe is required to suppress the
AFM ground state.”?]

Chemical substitution provides an efficient way to improve
the GMR in Mn;GaC. Ni- and Zn-doped Mn; Ni GaC are
among the largest GMR materials, such as NisoMns,_In, and
Mn,Sb;_,Sn,.587] Mn;_Ni,GaC (x = 0.05) exhibits an MR
above 60% from 50 to 100 K and even 70% at 50 and 60 K
(Figure 4a—d).I”3l The MR and temperature span are significantly
increased compared with the parent Mn;GaC. For compounds
with x = 0.1, the MR reaches 70% below 40 K, with a larger
hysteresis than that for compounds with x = 0.05. The hyster-
esis indicates a first-order field-induced transition. A higher
magnetic field can significantly lower the onset temperature of
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the Ty, phase transition, and when the magnetic field is up to
50 kOe, the M(T) curve can be remarkably enhanced at low
temperature. For the M(H) curves between 50 and 120 K (below
Ty in zero field), the sharp increase of =70 emu g™! in certain
fields represents an AFM to IM/FM magnetic phase transition.
Above 120 K, the curves exhibit FM behavior corresponding to
the small MRs (<20%). The M(H) curves at 20 K exhibit AFM
behavior, where no MR is observed, while above 120 K, they
exhibit ferromagnetic behavior corresponding to the small MR
(<20%), which indicates that the GMR effect is closely related to
the field-induced AFM-IM/FM transition. The substitution of
Ni can be seen as electron-type doping that benefits the FM/IM
states and weakens the rigid AFM ground state, leading to the
improvement of the GMR effects.

Mn;Ga, ,Zn,C with x = 0.2 exhibits the highest MR of
60% at 40 kOe, covering a broad temperature region.®® The
IM and FM states can be well distinguished under an applied
field of =1 kOe. Under a higher field above 1 kOe, the M(T)
curves gradually increase, rather than the sharp Ni-doped
transition (Figure 4e). Likewise, the M—H curves show sim-
ilar gradual changes (Figure 4f), indicating that the magnetic
transformation induced by an external field is incomplete
under moderate magnetic fields. Intrinsic minor-hysteresis-
loop measurements show the incomplete transitions between
the competing magnetic phases, which suggests that the field-
induced AFM-FI transition is characterized by phase coex-
istence and metastability and is also highly relevant to the
reconstruction of the electronic band structure in the mag-
netic fields. In the Mn;,,Sn;_,C system,®% both Mn;SnC and
Mnj; ;SnyoC were reported to have very small MRs of less
than 4%, with a paramagnetic to ferromagnetic phase transi-
tion around T, = 279 K.°l The abrupt increase in resistivity
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Figure 4. Magnetoresistance in Mn-based antiperovskite carbides. a,b) MR(H) for Mn;_,Ni,GaC with x=0.05 and 0.1. c) Magnetization M(T) measured
at different fields under both warming and cooling processes for Mn;_,Ni,GaC with x = 0.05. d) Field-dependent magnetization M(H) measured at
selected temperatures for Mn;_,Ni,GaC with x = 0.05.7*] Adapted with permission.”l Copyright 2009, AIP Publishing LLC. €) M(T) for Mn3Gag 5Zng,C
under both field-cooled cooling and field-cooled warming processes in different magnetic fields. The inset shows the plots of dM/dT versus T. f) M(H)
at several selected temperatures from 120 to 40 K. The inset shows the plots of dM/dH versus H.®® Reproduced with permission.®® Copyright 2010,
AIP Publishing LLC.
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versus temperature originates from the sharp decrease in the
effective number of conduction electrons, resulting from the
shift of the Fermi surface associated with the structural transi-
tion. Partial substitution of Sn by Zn can change the FM (or
FI) state to AFM at =170 and 142 K for Mn;Zn,4Sn,¢C and
Mn;Zn,sSn, sC, respectively. More importantly, it can improve
the MR of Mn;Zn5Sn,sC to 34% at 95 K under a field of 12 T.

Mn-based antiperovskites show a considerable MCE com-
parable to those observed in the typical giant MCE materials.
In Mn self-doped Mn;,,Ga;_,C,°! the —~ASy(T) peak grows
wider and exhibits a table-like curve versus temperature at
x = 0.08. The largest relative cooling power (RCP) is =301 ] kg!
at =296.5 K with AH = 45 kOe when x = 0.07, which is nearly
40% larger than that of the parent Mn3;GaC for the same mag-
netic field change. In Mn;Ga;_,AL,C*? the magnetic entropy
change —ASy™* decreases from 4.19 ] kg™ K for x = 0 to
2.11 ] kg'! K for x = 0.15 under AH = 45 kOe, while the RCP
gradually increases due to the broadening of the —ASy(T) peak
and reaches a maximum of 293 | kg™! at =312 K for x = 0.15.
In Mn,Niy;GaC, the RCP is enhanced to 285.5 ] kg* with
AH = 45 kOe at =260 K.”)l When Ga is completely substi-
tuted by ALP*%! the maximum magnetic entropy change —
ASy™* reaches 3.28 ] kg™! K at AH = 45 kOe, and the RCP
is 328 ] kg'!, which is 1.5 times that of Mn;GaC. The RCP is
80% that of Gd, which is the only material used in most mag-
netic refrigeration prototypes. In addition to the relatively large
RCP and adjustable broad working temperature, the antiper-
ovskite Mn;M’A compounds have advantages as a refrigerant
material, such as their abundant, low-cost, and non-noxious
raw materials, good stability, easy fabrication and shaping, good
conductivity, and good mechanical properties. Therefore, the
antiperovskite Mn;M’A compounds provide a promising alter-
native material system for pursuing new large MCE materials
at room temperature.

4.3. Emergence of Superconductivity in Antiperovskites

The first observation of superconductivity in an antiperovskite
was that in Ni;MgC discovered in 2001.°% The cubic Ni;MgC
represents an s-wave BCS-type type-II superconductor, which
gives a rare example similar to the noncuprate supercon-
ductor Ba;_,K,BiOj; for exploring the superconducting mecha-
nism. Consequently, extensive experimental and theoretical
investigations were carried out on NizMgC-related supercon-
ductors, such as Niz;CuN, Ni;ZnN, Cr;GaN, and K,NiF,-type
layered A,CNi, (A = Al, Ga, Sn).””7'%7] The high Ni content in
the crystal structure indicates that the magnetic interactions
may play a crucial role in the emergence of superconductivity.
Ni K-edge X-ray absorption and *C NMR measurements
and theoretical computational simulations were performed
to reveal the contributions of the local structure, electronic
states, and electron-phonon interactions to the supercon-
ductivity. Experimentally, T. could be slightly improved by
increasing the x value in Ni3sMgC, but decreased when the Ni
site was doped with other transition metals, such as Mn, Fe,
Co, and Cu.

The family of ternary platinum phosphides Pt;AP
(A = Ca, Sr, La)l1% provides another interesting example of an
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antiperovskite-based structure closely related to the heavy fer-
mion superconductor Pt;CeSi.l'%! All three compounds show
superconductivity at low temperatures, with the highest critical
temperature of T, = 8.4 K for Pt;SrP, as evidenced by the resis-
tivity, the diamagnetic transitions, and the specific heat jump at
T. (Figure 5a—c). The experimental results on Pt;SrP highlight
that the charge carriers accommodated in the multiple Fermi
surface pockets strongly couple with the low-lying phonons,
and therefore, strong coupling superconductivity is realized at
a relatively high temperature of 8.4 K. The presence of multiple
Fermi surface pockets may also enhance the electron—phonon
coupling by increasing the likelihood of Fermi surface nesting
and the resultant phonon softening, which is consistent with
the contrasting superconducting properties of Pt;LaP and
Pt;SrP, with different Fermi surface topologies. The observa-
tion of superconductivity in centrosymmetric Pt;SrP not only
provides a unique opportunity to study the influence of no
inversion symmetry on the superconductivity within similar
materials but also suggests that the low-lying phonons strongly
coupled with the multiple Fermi surface pockets might be the
key to realizing strong coupling superconductivity at relatively
high temperatures.

Superconductivity was also discovered in the so-called anti-
postperovskites V;PnN, (Pn = P, As).''% These compounds
crystallize in the filled Re;B structure, and the positions occu-
pied by the cations and anions are the reverse of those in the
postperovskite structure. The anti-postperovskites V;PnN, are
composed of alternately stacked NV, octahedral layers and Pn
layers, creating a quasi-2D electronic state. Bulk supercon-
ductivity is found in V3PN and V;AsN at T, = 4.2 and 2.6 K,
respectively. Figure 5d shows the field-dependent resistivity and
magnetization of V;PnN,, which gives the upper critical field
He¢, of 34.9 and 27.9 kOe for V5PN and V;AsN, respectively,
and the lower critical field H¢; of 207 and 134 Oe for V5PN and
V3AsN, respectively (Figure 5e). The magnetization isotherms
at 1.8 K exhibit typical type-1I superconducting behavior. The
superconductivity observed in N-deficient V3PnN, indicates
that the 3d electrons of V are predominantly responsible for the
emergence of superconductivity. The highest T; reaches 5.6 K,
as observed in V3PN .

Sr3_,SnO is the first superconducting antiperovskite oxide
(T. = 5 K).'"" Stoichiometric Sr;SnO possesses Dirac points
in its electronic structure, and possible topological odd-parity
superconductivity analogous to the superfluid *He-B can be
proposed in moderately hole-doped Sr;_,SnO from theoretical
analysis. Upon hole doping, the Fermi surfaces originating
from the Dirac points merge into one Fermi surface around the
I' point. Figure 5f shows the unusual orbital texture of the Fermi
surface in Sr;_,SnO with a deformed-octahedral shape. Further-
more, Sr;_,SnO could show topological superconductivity. The
parity of Cooper pairs formed in Sr;_,SnO reflects the orbital
texture of the underlying Fermi surface, and the electrons on
the Fermi surface favor the formation of odd-parity and spin-
triplet pairs. Thus, Cooper pairs can have either a purely p or a
d-p mixed orbital character depending on their location on the
outer and inner Fermi surfaces (Figure 5g). Mirroring the rich
variety of functionalities in perovskite oxides, the observation of
superconductivity in Sr;_,SnO uncovers unexpected properties
in materials with an antiperovskite structure.
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Figure 5. Emergence of superconductivity in antiperovskites. a—c) Superconducting transitions of Pt;SrP in terms of the normalized resistivities,
Meissner effects, and heat capacities.¥] Adapted with permission.'%® Copyright 2012, American Physical Society. d) Temperature-dependent
resistivity at zero magnetic field and DC susceptibility (M/H) curve under the ZFC condition at H = 1 kOe for V3PnN (Pn = P, As). Arrows indicate
the superconducting transition temperature (T¢). The inset shows the low-temperature M/H-T curve under ZFC and FC conditions at H = 10 Oe.
e) Temperature dependence of the specific heat (C/T) at zero magnetic field. Solid lines indicate the results of fitting with C=yT + BT3 in the normal state
and with the function based on the BCS model in the superconducting state. The inset shows the C, /YT value, where C, is the electron contribution
to the specific heat. The solid curve is calculated from the BCS model with an isotropic gap.I''% Adapted with permission."% Copyright 2013, Nature
Publishing Group. f) Orbital texture of the Fermi surface of Sr;_,SnO around the T point, reflecting the band inversion. The color represents the degree
of mixing between the Sn-5p and Sr-4d orbital wavefunctions at each k point on the Fermi surface. g) Possible Cooper pair symmetries of Sr;_,SnO.l'"]
Reproduced with permission.""l Copyright 2016, Nature Publishing Group.
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All the abovementioned discoveries will stimulate further Manganese antiperovskites Mn3;BA (B = Zn, Cu, Ni, Ge, Sn;
exploration of new superconductors with extended antiperovs- A =N, C)’71227132] represent a unique metallic NTE family with
kite structures. Enhancing T; and further revealing the intrinsic ~ good electric and thermal conductivity, isotropic NTE, and good
relationship between the electronic and crystal structures will — mechanical performance compared to ceramic NTE materials.
be goals for both material scientists and physicists. In addition, = Unlike common ceramic NTE materials, such as ZrW,Ox,
investigating the superconducting behavior of low-dimensional =~ the NTE property in most transition metal antiperovskites
antiperovskites is expected to be an interesting topic in the  originates from their specific magnetic interaction evolution
future. upon cooling, accompanied by a first-order transition with a

dramatic magnetovolume effect (MVE). In other words, the NTE

behavior of most magnetic antiperovskites is effectively broad-
4.4. Adjustable Thermal Expansion Behavior in Antiperovskites ening of the MVE into a wider temperature range. Frequently,

an elemental alloying strategy is used to tune the NTE behavior
Negative thermal expansion (NTE) is an intriguing and uncon-  of manganese antiperovskites, and controllable positive thermal
ventional thermal expansion behavior resulting from the com-  expansion (PTE), NTE, giant NTE, and near-zero thermal expan-
plex interplay among the lattice, electrons, and phonons of  sion (ZTE) have been achieved in these materials over a wide
solids.''2113] Studies on NTE materials have been a hot topic ~ range of temperatures. In addition, NTE is also found in the
in solid-state chemistry since the discovery of isotropic NTE in  nonmagnetic antiperovskites Na;OBr and Na,OI,.[133]
ZrW,04 by Sleight and co-workers in 1996.114 After that, many Antiperovskite manganese nitrides Mn;NA (A = Zn, Ga,
oxides and fluorides adopting the ReO;-type structure with NTE  etc.) are well known for their large MVE and have been pro-
behavior were developed and have been applied to compensate  posed as potential candidates for observing large NTE effects.
for the positive thermal expansion of other materials either in ~ As shown in Figure 6a,b, the lattice volumes for A = Ga and
expansion-controlled composites or as separate components. In  Zn compounds exhibit a sharp and pronounced increase with
addition to ZrW,0g, a number of material systems with open-  decreasing temperature at 290 and 165 K, respectively. Most
framework structures exhibit NTE behavior, such as the sodium  importantly, these lattice anomalies are associated with dra-
zirconate phosphate family,"'*117I M1,[M2(CN)] (M1 = Ag, Fe;  matic magnetic structure transitions (i.e., an antiferromagnetic
M2 = Fe, Co),'"81201 and ScF;-derived fluorides."?!l In such  transition to the triangular T8 spin structure, as revealed by
materials, the NTE is believed to arise from low-frequency  neutron diffraction studiesl®). Partial elemental doping (such
vibrations involving the correlated motion of the corner-sharing  as Ge) at the A sites and increasing the dopant concentration
polyhedra. can effectively broaden the MVE transition to produce NTE
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Figure 6. Adjustable NTE and ZTE in antiperovskite manganese nitrides. a) Linear thermal expansion and b) inverse magnetic susceptibility
of Mn;NA.?31 Solid line: cooling process; dashed line: warming process. AL/L is directly related to the volume (V) expansion in the manner of
AL/L = (1/3)AV/V. The inset shows the antiferromagnetic I8 spin structure of Mn;ZnN and Mn;GaN. Adapted with permission.['?l Copyright 2005,
AIP Publishing LLC. c¢) Thermal expansion behavior of three Mn;CuqsGeysN materials with different microstructural length scales. d) Magnetic
moments of the three materials as a function of temperature. The arrows indicate the magnetic ordering transition temperatures. The error bars in the
figures indicate the standard deviation. e) Cubic antiperovskite crystal structure obtained from the refinement of neutron powder diffraction intensity
data. f) Magnetic structure proposed from the refinement of neutron powder diffraction intensity data. The arrows indicate the magnetic moment
directions. g) Mechanism for the occurrence of ZTE. NTE,, and PTE; denote the NTE caused by magnetic ordering and the PTE caused by temperature,
respectively, and ay and ar are the corresponding lattice parameters. Aay, and Aay are the changes in the lattice parameters caused by magnetic
ordering and temperature, respectively. In the temperature range between T, and T, where Aay + Aar = 0, the ZTE behavior occurs.l*4l Reproduced

with permission.l'*l Copyright 2011, Wiley-VCH.

over a wider temperature range. For example, Mn;3(Cug 53Geg 47)
N and Mnj;(Cugs5Geys)N show an NTE of or=-16 x 10° K! at
T =267-342 (AT =75 K) and x=-12 x 107° K~! at T = 280-365
(AT = 85 K), respectively.'?*]

The thermal expansion behavior in Mn-based antiperovs-
kite nitrides can be rationally controlled by modulating the
occupancy of the transition metal ions at their lattice sites.
Mn;CuysGeysNI13* demonstrates that the degree and rate
of the magnetic ordering with temperature and, hence, the
amount and rate of NTE with temperature can be dominated
by the Mn site occupancy. Figure 6¢,d shows the variations
in the cubic lattice parameter a and magnetic moments at 3¢
sites as functions of temperature. The three materials with
Mn site occupancies of 100% (Mn 1000), 87.8% (Mn 878), and
78.7% (Mn 787) exhibit distinctly different characteristics of
the thermal expansion behavior. For the ultrananocrystalline
Mn 787, the lattice parameter a is essentially constant within
the temperature range of 12-230 K, with a minuscule CTE of
o =1.18 x 107 K%, The drastically extended ZTE temperature
range, with AT = 218 K, is 3—4 times larger than those of pre-
viously reported manganese nitride antiperovskites. Figure 6e,f
shows the cubic antiperovskite crystal structure (Pm-3m) and
rhombohedral magnetic structure (R-3) of Mn;CugsGegsN.
The Cu/Ge, N and Mn atoms are located at the 1a (0, 0, 0), 1b
(1/2, 1/2, 1/2), and 3¢ (0, 1/2, 1/2) sites, respectively. Figure 6g
shows the proposed mechanism of the ZTE occurring in the
ultrananocrystalline Mn 787. Below the magnetic ordering tem-
perature, NTE is induced, leading to an expanded lattice para-
meter ay. When the contribution to the lattice expansion from
magnetic ordering (Aay) is larger than the temperature-induced
thermal contraction (Aay), the NTE behavior appears. Due to
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the reduced degree of magnetic ordering caused by the low
Mn site occupancy, the lattice expansion compensates for the
thermal contraction, and thus, ZTE (Aay + Aat = 0) is observed
over a wide temperature range (AT = T, — T;). The dependence
of the NTE or ZTE performance on the Mn site occupancy sug-
gests the possibility of tailoring the thermal expansion behavior
and operating temperature range of Mn-based antiperovskites
and other magnetoelastic materials.

In summary, NTE materials have been well developed
in the last two decades, and antiperovskites have been well
demonstrated as specific members of the NTE family. The
NTE in antiperovskite materials can be expected to be modu-
lated via further structural design efforts, theoretical predic-
tions and especially magnetostructural coupling. Future work
may also focus on multifunctionalization of NTE antiperovs-
kites, multiple ways to control their thermal expansion, NTE
enhancement, and so on.

4.5. Antiperovskites as Host Lattices for Luminescent Materials

Alkaline-earth metal silicates AE;SiO5 (AE = Ca, Sr, Ba)[!3-1%7]
and alkaline-earth metal fluoroaluminates AE;AlO,F (AE = Ca,
Sr, Ba) have recently aroused intense research interest as the
host lattices of new luminescent materials due to their good
chemical stability and tunable luminescence performance.
Both families can be derived from the antiperovskite-type struc-
ture in a hierarchical sense with MO, (M = Si, Al) tetrahedral
building blocks located at the A sites of the antiperovskite
structure. Park et al. first reported the Fu?*-doped Sr;SiOs as
an efficient orange-yellow emitter (centered at =580 nm).['%8!

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

500 600 700 800

00 400
A (nm)
e(J.45—I i 'ol—
@ 4 — Planckian locus
- ®m 3500K
1 4 6500K
-1 O x=1.0
1 © x=1.0+red
03 04 05
CIE x

Figure 7. Crystal structures and luminescence of antiperovskites AEsMO,F (AE = Sr, Ba; M = Si, Al). a,b) Crystal structures of Sr;AlIO4F and Sr;SiOs
showing similar antiperovskite-type frameworks. The light gray, blue, brown, orange, and green spheres represent the Sr, Al, Si, O, and F atoms,
respectively.'*) Adapted with permission.l“% Copyright 2013, Elsevier. c,d) Luminescence of the InGaN LED (A, = 405 nm) integrated with
Sr;_Ba,AlO,F:Ce** (x = 1.0) and Srs_,Ba,AlO4F:Ce3* (x = 1.0) + commercial red phosphors under different forward bias currents. e) CIE chromaticity
coordinates of the device under different forward bias currents (as in panels (c) and (d)). The Planckian locus line and the points corresponding to
color temperatures of 3500 and 6500 K are indicated.'*!l Reproduced with permission.[>* Copyright 2010, American Chemical Society.

Subsequent research efforts, including Ba?* ion doping in
Eu?*-doped Sr;SiOs, successfully shifted the yellow emission to
longer wavelengths near 600 nm.[3% Compared to the commer-
cial yellow phosphor YAG:Ce*" for white light-emitting diodes,
the antiperovskite-type hosts can overcome or partially over-
come the drawbacks of the packaged products, such as the low
color rendering index (CRI) and high color temperature.
Benefiting from the feasibility of antiperovskite-type struc-
tures, the host lattice and luminescence performance can be
tuned in a pretty wide range via elemental substitution or a
solid solution method. This strategy has been frequently dem-
onstrated within both the AE;SiOs and AE;AIO,F systems
and their solid solutions, i.e., AE;SiOs—AE;AlO,F. Figure 7a,b
displays the crystal structures of Sr;AlO,F and Sr;SiOs along
the [001] direction, which evidently shows their structural
similarity, forming a continuous solid solution over the entire
composition range. Sr;AlO,F Dbelongs to the tetragonal
Cs;3CoCls-type antiperovskite structure (space group I4/mcm)
and is very closely related to Sr;SiOs (space group P4/ncc),
which can be written as Sr;SiO4O with oxygen replacing the
F atoms. In the unit cell of Sr;AlO4F, all the AlO, tetrahedra
are well aligned, while in Sr;SiOs, the SiO, tetrahedra rotate
relative to each other, leading to a lower symmetry. The solid
solution of Sr;AlO,F and Sr;SiOs activated with Ce®* exhibits
asymmetric yellow-orange emission bands that can be broad-
ened and shifted to longer wavelengths when coactivated with
Tb*". When combined with blue InGaN LEDs, the Tb3*/Ce3*
codoped Sr;AlO,F-Sr3SiOs solid solution phosphor exhibits
a high CRI and excellent correlated color temperature,/'*’]
which demonstrates the potential use of antiperovskite solid
solution phosphors in white light-emitting diodes. Many other
examples of antiperovskite or antiperovskite-derived struc-
tures with or without elemental substitution as advanced host
lattices for luminescent materials can also be found, such as
SrsMOLF (M = Al, Ga, In)*71%41 and AE,;_,A,SiO,F (AE = Ca,
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St; A = Li, Na).l1*>148] Moreover, the persistent luminescence of
Eu’*-activated AE;SiOs (AE = Sr, Ba) phosphors has also been
frequently investigated.[14-153]

Ce-doped (St,Ba);AlO,F (SBAF:Ce?*!) has been developed as
a highly efficient green oxyfluoride phosphor family for solid-
state white light-emitting diodes.>* In the antiperovskite struc-
ture of (Sr,Ba);AlO,F, Sr and Ba occupy the 8h and 4a sites,
respectively, and the 4b site is fully occupied by Al. The eight-
fold coordinated Sr sites (SrO4xF,) and tenfold coordinated Ba
sites (BaOgF,) are desirable for lanthanide ion doping. The
resulting SBAF:Ce3* phosphor emits a green output (centered
at 502 nm) under excitation at 405 nm, with a quantum effi-
ciency approaching 100%. When Sr,BaAlO,F:Ce*" is incorpo-
rated with an ultraviolet LED (405 nm), greenish-white light
with a CRI of 62 is obtained under a forward bias current of
20 mA. Figure 7c—e shows the electroluminescence spectra
from a device fabricated with the Sr,BaAlO,F:Ce** phosphor
on a 405 nm InGaN LED under forward bias currents varying
from 2 to 30 mA. From the observed CIE chromaticity coordi-
nates of (0.28, 0.42) and color temperature of 6900 K at 20 mA,
the bare Sr,BaAlO,F:Ce*" phosphor pumped by a blue LED
achieves a CRI value of =62. The further addition of proprietary
red components to the phosphor can improve the CRI to 87.

Owing to the excellent tolerance of the antiperovskite-type
structure to many elements, much room for the future explo-
ration of novel host materials remains. For instance, a series
of oxonitridosilicate oxides, RE;[SiON;]O (RE = La, Ce, Pr,
Gd) with antiperovskite structures, were reported by Schnich's
group.” In the crystal structure, two different RE atoms are
located at the vertices of the elongated ORE4 octahedra, and
the isolated SiONj tetrahedra are located in the cavities of the
corner-sharing ORE¢ frameworks. Obviously, these compounds
with multiple doping sites and the incorporation of weakly elec-
tronegative elements (N) are desirable for application as the
host lattice for novel luminescent materials.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4.6. Antiperovskites for Electrochemical Energy Conversion
and Storage

In recent years, the use of hydrogen fuel cells!’®® has been
treated as a powerful and suitable approach for energy supply
since the resources to form the energy carriers are almost omni-
present in the form of water and air. Strong electrical energy
in the form of hydrogen and oxygen is realized by a series of
electrocatalytic reactions, that is, the oxygen reduction reaction
(ORR), the hydrogen oxidized reaction (HOR), the hydrogen
evolution reaction (HER) and the OER. These reactions take
place on the electrodes, and thus, searching for efficient and
durable catalysts as electrodes to optimize the catalytic process
(maximum conversion efficiencies and stability and minimum
energy losses) has always been a challenge.

A great variety of electrocatalysts, including precious metals,
transition metals, and metal-free materials, have been exten-
sively studied on the basis of numerous nanosynthesis strat-
egies. Since antiperovskites can accommodate different metal
elements at their X and A crystallographic sites, they are
inherently designable as multifunctional catalysts when elec-
trocatalytically active species (transition metals or precious
metals) are introduced into their lattice. The first example of

Adv. Mater. 2020, 32, 1905007 1905007

an antiperovskite investigated as an efficient ORR catalyst is
Cu3PdN nanocrystals with a uniform size of =20 nm obtained
by the solution-phase (oleylamine and 1-octadecene) synthesis
method (Figure 8a—c).">’l The pure compound exhibits an ORR
performance with a half-wave potential of —0.13 V (vs Ag/AgCl)
in 0.1 v KOH solution, which is only 60 mV more negative
than that of noble metal Pd (-0.07 V vs Ag/AgCl). Moreover,
Cu;PdN exhibits higher mass activities and stability compared
with commercial Pd. Shortly afterward, a noble-metal-free anti-
perovskite embedded in nitrogen-doped carbon, Co;InCj ;5@
CN,, was developed as an efficient ORR catalyst.'®! Its ORR
onset potential (in 0.1 m KOH) was reported to be 0.84 V, yet
its true chemical composition and the indium catalytic role
remain debated. Similarly, nanohybrid Co;ZnN@N-CB (carbon
black) obtained via direct nitridation of metallic salts can serve
as an efficient non-noble bimetallic ORR electrocatalyst.[">")
The onset potentials for the nitride catalysts are =0.9 V, and the
half-wave potentials are ~0.829 V, 30 mV less than that of com-
mercial 20 wt% Pt/C. Generally, these studies on the catalytic
performance of bimetallic antiperovskites are inspiring. How-
ever, their ORR performances in acid media were not inves-
tigated, and their active sites were not discussed. In addition,
rotating ring disk electrode measurements for these catalysts
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are still required to reveal their true electron transfer numbers
during the ORR process.

The nickel-based antiperovskite Ni;FeN exhibits efficient
overall water splitting electrocatalytic activity.'®” When using
NiFe-LDH nanosheets as precursors for thermal ammonolysis,
Ni3FeN nanoparticles (size of =100 nm, thickness of =9 nm)
exhibit extraordinarily high activities for both the HER and
OER, with overpotentials of 158 and 280 mV at 10 mA cm™
and Tafel slopes of 42 and 46 mV dec’!, respectively. DFT
calculations reveal that the band structure and DOS near the
Fermi level are continuous, which can benefit the charge-
carrier transport and electrical conductivity during catalysis.
The intense energy states at Fe centers could serve as electron
active sites and result in enhanced H,0 adsorption. This work
demonstrates that the antiperovskite NizFeN is a very prom-
ising, nonprecious metal electrocatalyst for both the OER and
ORR. Encouraged by this, researchers utilized a nanomaterial
synthesis strategy to optimize its catalytic properties. When
loaded on graphene,1°!l Ni;FeN exhibits rich defects, such as
twin crystal defects or grain boundaries (also including five-
fold twinned crystals and microtwinned structures, as shown
in Figure 8d-f), which leads to an enhanced OER perfor-
mance with an onset overpotential of 0.22 V at 10 mA cm™.
In Figure 8g, we can clearly see that the overpotential of the
antiperovskite Ni;FeN composite is much smaller than those of
the defect-free sample (0.27 V) and commercial IrO, (0.28 V).
At 1 = 350 mV, the current density of the composite can reach
172.3 mA cm™2, which is 13.7 times that of the IrO, catalyst.
Its smaller Tafel slope (38 mV dec™!) and higher TOF value
(0.46 s7' at 1 = 350 mV) further confirming its superior OER
catalytic activity. Meanwhile, when loaded on reduced graphene
oxide (r-GO) aerogels, ' the resultant Ni;FeN/r-GO materials
can exhibit a greatly enhanced HER performance (overpoten-
tial of 94 mV) while maintaining an efficient OER performance
(overpotential of 270 mV) in alkaline media. Ni;FeN/r-GO was
used as both the cathode and the anode to build an alkaline
electrolyzer, and a 10 mA cm™ current density at 1.60 V with
a durability of 100 h for overall water splitting was successfully
achieved. DFT calculations reveal that the surface electronic
structure of NisFeN is tuned by transferring electrons from the
Ni3FeN clusters to the 1-GO through the interaction of the two
metal species.

Based on the excellent OER performance of nickel-based
antiperovskites, researchers have attempted to assemble zinc-
air batteries with alkaline electrolytes using hybridized nano-
materials. The hybridized Ni;FeN-supported Fe;Pt intermetallic
nanoalloy catalyst shows both superior ORR and OER perfor-
mance comparable to those of the state-of-the-art ORR cata-
lyst (Pt/C) and OER catalyst (Ir/C).'%3 The bimetallic nitride
Ni;FeN mainly contributes to the high activity for the OER,
while the ordered Fe;Pt nanoalloy contributes to the excellent
activity for the ORR. The Fe;Pt/NisFeN bifunctional catalyst
enables Zn-air batteries to achieve a long-term cycling perfor-
mance of over 480 h at 10 mA cm™2 with high efficiency. As
shown in another work, when precious metals are not involved,
the hybrid NizFeN/Co, N-carbon nanoframe shows an overall
potential gap AE of 0.69 V, better than that of the Pt/C+IrO,
mixture (0.77 V).1*4 Impressively, the battery displayed very
stable operation over a 540 h test with an initial AE of 0.79 V
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at a current density of 6 mA cm™ and could withstand a high
current density of 50 mA cm~? while maintaining a low voltage
gap of 1.15 V during a 136 h test. More recently, an antiperovs-
kite-based porous Ni;_,Cu;_N/FeNiCu (p-Ni;_,Cu;_N/FeNiCu)
(oxy)hydroxide core-shell structured hybrid was reported as
a high performance OER catalyst with excellent activity and
durability.*>! As shown in Figure 8h, close observation reveals
a distinct Ni;_,Cu;_4N-FeNiCu interface (as indicated by the
white dashed line). In the core—shell structure, Fe is located
across the entire area and possesses strong signals in the shell
region (Figure 8i). The as-obtained product needs an overpoten-
tial of only 280 mV to drive 10 mA cm™2, and when the product
is fixed at this current density for the stability test, its poten-
tial remains almost unchanged throughout the entire 24 h test.
Figure 8j plots the mass activity and specific activity of the var-
ious electrocatalysts at 7 = 400 mV (1.63 V vs RHE). The mass
activity of p-Nis_,Cu;_,N/FeNiCu is 258.3 Ag™!, 1.5 times that of
IrO; electrocatalysts. The intrinsic OER activity of the various
catalysts follows the order of (Ni;CuN+Cu) < IrO, < Ni;CuN
< Ni_Cuy_N/FeNiCu < p-Ni;_,Cu;_,N/FeNiCu, which indi-
cates the attractive activity of antiperovskites and the highest
OER performance for the p-Ni;_,Cu;_,N/FeNiCu catalyst. This
excellent OER activity can be ascribed to the unique advantage
of the core-shell structure, as well as to the synergistic effect
of Fe, Ni and Cu and the highly porous hierarchical structure.
The antiperovskite core not only acts as a conductive substrate
but also plays a vital role in promoting the OER performance
during electrocatalysis.

In summary, the investigation of antiperovskites for electro-
chemical applications may open a new field in developing novel
materials for energy generation and storage. Taking advantage
of numerous controllable nanosynthesis methodologies and
material design principles, one may extend the application of
antiperovskite-based nanomaterials to Li-batteries,['®! CO,
or N, electroreduction,['®*17] and more catalytic systems that
arouse general interest. Substituting precious-metal catalysts
with low-cost antiperovskites is expected to be a new direction.
Producing hybridized antiperovskite-based materials as multi-
functional HER, OER or ORR catalysts will be another inter-
esting pathway to achieve metal-air batteries and overall water
splitting electrolyzers.

4.7. Other Emerging Functionalities of Antiperovskites

Antiperovskites also exhibit other emerging properties such
as ferromagnetic shape memory effects and giant magneto-
striction in some manganese nitride antiperovskites.[1%8-170]
A new family of 3D topological insulators with an antiper-
ovskite structure has been proposed based on first-principles
calculations.l'”! A near-zero temperature coefficient of resis-
tivity was observed in the antiperovskite Mn;Ni;_,Cu,N.['72
The (AE3N)Bi (AE = Ca, Sr, Ba) family is chemically inert, and
the lattice is well matched to important semiconductors, which
provides a platform for easy integration with electronic devices.
Moreover, recently developed antiperovskite-type organic—inor-
ganic hybrids that can serve as new ferroelectrics!'”*174l enrich
the antiperovskite family and extend the application scope of
multifunctional antiperovskites.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Antiperovskites also show intriguing properties under
external fields such as pressure and temperature. Typically,
Mn;Gag9sNg o4 Was reported to exhibit a remarkable so-called
“baromagnetic effect,”'”! ie., a magnetic phase transition
caused by external hydrostatic pressure. Piezomagnetism
was studied theoretically in a series of magnetically frus-
trated Mn-based antiperovskite nitrides and experimentally in
Mn;NiN.[76177] Boldrin et al. studied the multisite exchange-
enhanced barocaloric response in Mn;NiN across the Néel tran-
sition temperature.78 All these findings highlight the potential
of discovering novel materials with enhanced multifunctionali-
ties in the broad and chemically flexible antiperovskite family.

5. Conclusions and Perspectives

In this review, we summarized recent explorations of antiper-
ovskite-type materials and their intriguing functionalities for
potential energy-related applications. These functionalities
include their electrical and magnetic properties, ionic conduc-
tivity, superconductivity, NTE, ability to act as the host lattice
for photoluminescence and electrocatalysts, etc. Nevertheless,
antiperovskite-type materials are still poorly studied compared
to traditional perovskites. More efforts are needed to explore
new compounds with an antiperovskite structure and the new
phenomena within them. Perovskite structures offer many
opportunities for designing materials with unique properties
based on structural chemistry approaches, such as A/B site
doping and defect control. Therefore, more research to improve
the performance of known materials and to understand their
structure—property relationships is also desirable.

5.1. Exploration of New Antiperovskites

An important characteristic of antiperovskites X;BA is their
susceptibility to partial substitution at all the A, B, and X
positions with a wide range of ions and valences. The flex-
ibility of the antiperovskite-type structure enables antiperovs-
kite materials themselves to be tuned by chemical tailoring.
In light of the numerous artificial perovskites with signifi-
cant applications, future research efforts are anticipated to
greatly expand the structures and functionalities of antiper-
ovskites. For example, based on a given X3;BA, we can design
double antiperovskites with the formula XB,AA” or X;BB’A,.
Studying whether the A/A” and B/B’ at the A and B sites are
ordered or disordered and, thus, the impact of anion ordering
on the physical properties will be interesting. Based on a given
X3BA, we can also design new deficient antiperovskites with a
formula such as X;B,A,. The valence of the transition metal
ions, magnetism and potential battery performance of such
deficient antiperovskites may greatly depend on the ordering
of the X vacancies.

5.2. Antiperovskites with Novel Intergrowth Structures
Two familiar types of layered perovskites can be derived from

the 3D ABO; perovskites: the Dion—Jacobson (DJ) type with the
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general formula A’[A,_;B,03,,1] and the Ruddlesden-Popper
(RP) type with the formula A’)[A, B,O3,1]. The thickness of
the perovskite slab is given by n, which determines the number
of corner-sharing BOg octahedra along the ¢ axis. KCa,Nb;O,
and K,LnTi;04, are two representatives of n = 3 members for
the DJ and RP phases, both of which are prototypes of a series
of materials with novel functionalities and interesting chemical
reactivity. For example, the weakly bonded alkali ions in these
layered structures can undergo ion exchange reactions and
subsequent exfoliation. For antiperovskites, some intergrowth
structures are already known, such as Na,OX, (X = Br, I)
adopting the K,NiF,-type structure. Can we continue to explore
more interesting but complex structures such as (XA),,(X3AB),,,
(XA) (X1 5AB),,, (XGAB),(X5AB), or (XzAB),(X'1sA'B),? In
some low-dimensional antiperovskite structures, can some low-
temperature topochemical manipulations, similar to those in
perovskites, be performed?!'7%180)

5.3. Structural Manipulations toward Enhanced Performance

An important characteristic of antiperovskites is their suscepti-
bility to partial substitution at both the A and B sites. Because
of the wide range of ions and valences that this simple crystal
structure can accommodate, antiperovskites lend themselves to
chemical tailoring. Elemental doping and vacancy control are
two commonly used strategies. Specific manipulation methods
could be considered for a given structure and its unique
functionality.

Another possibility is to involve small molecules at the A
sites of an antiperovskite structure. One recent example is the
organic—inorganic hybrid CH;NH;MX; (M = Pb, Sn; X = Cl,
Br, I) with methylammonium at the A sites for solar cell appli-
cations.>-% Antiperovskites Na;OCN and Na;NO; with CN~ or
NO,™ groups at the A sites were reported to show high sodium
ion conductivity because the aspheric groups at the A sites may
induce order/disorder transitions. Such first-order phase tran-
sitions can sometimes boost the ionic conductivity by several
orders of magnitude and are worth considering in solid electro-
lyte design.

In summary, antiperovskites are currently a rarely devel-
oped family of materials. Antiperovskites benefit from not
only the built-in potential of the perovskite-type structure
but also their cation-rich features. Antiperovskites are rela-
tively simple to synthesize due to the flexibility of their struc-
ture, which enables a diverse chemistry. In light of the great
possibilities of antiperovskites as functional materials, fur-
ther investigations are anticipated to expand the scope of
the structural and functional perspectives examined in this
review and contribute greatly to the development of solid-state
sciences.
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