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As a star material, perovskites have been widely used in the fields of optics, photovoltaics, electronics, magnetics, catalysis, sensing, etc. However, some
inherent shortcomings, such as low efficiency (power conversion efficiency, external quantum efficiency, etc.) and poor stability (against water, oxygen, UV
light, etc.), limit their practical applications. Downsizing the materials into nanostructures and incorporating rare earth (RE) ions are effective means to
improve their properties and broaden their applications. This review will systematically summarize the key points in the design, syntheses, properties
improvements and application expansions of RE-containing (including both RE-based and RE-doped) halide and oxide perovskite nanomaterials. The critical
factors of incorporating RE elements into different perovskite structures and the rational design of functional materials will be introduced/discussed in
detail. The advantages and disadvantages of different synthesis methods for perovskite nanomaterials will be reviewed/discussed. This paper will also
summarize some practical experiences on selecting suitable RE elements and designing multi-functional materials according to the mechanisms and principle
of RE promoting the properties of perovskites. At the end of this review, we will provide an outlook on the opportunities and challenges of RE-containing
perovskite nanomaterials in various fields.

1. Introduction

Perovskite nanomaterials (PNMs) is becoming a research hotspot and have been extensively studied for their variable
formulae, flexible and structures, numerous unique properties and broad applications.’* The earliest identified perovskite is
CaTiOs, and later the formula has been derived into a wealth of new forms, such as ABXs, A3B2Xo, A2BB’Xe, A2BXs, AsBXe, and so
on, in which A and B are cations (A has a larger radius than B), and X is halide or oxide anion. Perovskites contain BXs octahedrons
in their crystal structures while A atoms locate in the interstitial void of neighboring octahedrons.>8 The diverse compositions
and structures endow perovskite materials with various properties and widely applications:# 5 % 10 l[uminescent perovskites have
been used in the field of illumination, display, sensing and biological imaging, etc.;11-14 some photoelectric perovskites have been
applied in the aspects of photovoltaics, photo-catalysis, electro-catalysis, etc.;15-1° electrical perovskites are used to prepare
dielectric devices, ionic conductor, etc.;2%-22 magnetic perovskites are used in magnetic refrigeration, information storage,
biomedical imaging and other fields.23-25

With the increasing attention on the nanotechnology, scientists have been trying to downscale the perovskite structures into
the nano regime, so as to further boost their performances.l 26 27 Compared with bulk counterpart, nanosized perovskites
exhibit a series of advantages: for the fabrication of thin films and flexible devices, PNMs display a high processability;28 22 for
catalysis, PNMs feature rich and modulatable facets and active sites;3% 31 besides, benefiting from the small-size effect and
quantum effect, PNMs are endowed with outstanding photo-electro-magnetic properties.32-38 All these new characteristics help
to enrich the performances of perovskites and broaden their applications.

However, pristine perovskites have some inherent drawbacks, such as poor stability (against water, oxygen, heat, light), and
limited adjustability of optical, electrical and magnetic properties.2 10.29,39,40 Scjentists have been doping foreign metal ions into
the PNMs to overcome these shortcomings.?’-41.42 Rare earth (RE) elements, known as ‘the vitamin of modern industry’, are
extensively used as dopants to modulate the specific physical and chemical properties of different materials.43 The RE elements,
including 15 lanthanides (Ln: La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu) and scandium (Sc) and yttrium (Y), have
various multivalent ions: the RE3* ions have the electron configurations of [Xe]4f"~1 for Ln3* (n=1-15), [Ar] for Sc3* and [Kr] for Y3%;
the REZ* (Sm?Z*, Eu?* and Yb2*) and RE** (Ce**, Pr#t, Nd**, Tb* and Dy*') ions have the electron configurations of [Xe]4f" and
[Xel4fr2, respectively.) The variable valence states and electronic structures endows RE ions with flexible redox properties,
unique luminous and electromagnetic characteristics.** Therefore, REs have been widely incorporated into the perovskite
nanostructures to improve their performances and broaden their applications.> 46 In addition, researchers also have been
synthesized a series of RE-based perovskite functional materials.4”- 48 Both the RE-doped and RE-based PNMs exhibit satisfactory
performances.> 49

In view of the broad attention focused on RE-containing PNMs, this review will introduce their basic compositions, variable
structures, preparation methods, properties and applications (Scheme 1). The rational design and controllable syntheses of RE-
containing PNMs will be discussed in detail. Furthermore, the mechanisms of REs improving the performances of perovskites will
be summarized. Also, the applications of PNMs in the fields of energy, environment, photo-electrics, and electromagnetics will
be reviewed. This article will also discuss the possible solutions to the problems in the application by optimizing the
compositions, structures and preparation methods. At the end of this review, the emerging opportunities and challenges for the
development of RE-containing PNMs are provided.



2. Design RE-containing PNMs

In order to obtain multifunctional RE-containing PNMs with stable structure and excellent properties, their compositions and
structures should be elaborately designed.® 7.50.51 Beyond the most typical metal oxide and halide compositions, many elements
in the periodic table can serve as the component candidates, yet only a limited selection of them are able to construct stable
perovskite structures. In addition, REs themselves can serve as the matrix element for stable perovskites. In particular, the
stability of perovskite is dependent on the tolerance factor (t) and octahedral factor (u),>2 53 which strongly correlates to the
difficulties of RE doping in the perovskites.>* Furthermore, suitable chemical components can be selected and incorporated to
construct functional perovskites according to the expected performances and applications.>>->7

2.1 The diversity of perovskite crystal structures

In general, the ABX5 perovskite usually display the six-coordinated B site with X by forming a octahedron structure, surrounded
by A sites.> According to the arrangement of the octahedron and A site, perovskite can be divided into four types: zero-
dimensional (OD) perovskites, one-dimensional (1D) perovskites, two-dimensional (2D) and three-dimensional (3D) perovskites
(Fig. 1).58 If the BXg octahedrons share X anions with adjacent ones in the three-dimensional directions, the octahedrons connect
with each other, which corresponds to the 3D perovskite crystal.>® In comparison, when the BXg is connected with the shared X
anions only in two-dimensional plane, then forming 2D perovskite crystal are formed.®° It is also noted when A sites are occupied
by the groups than are too large, such as the long-chain alkyl amine cations, the typical lead halide perovskites would turn into
the 2D Ruddlesden-Popper (RP) layered structure perovskites, which can be further classified by the layer number.5! In a similar
fashion, the 1D connection of BXs octahedron represent the 1D perovskite crystal.2 In particular, if the BXs octahedron is
separated by the excessive A atoms without any connections to each other, it is called the OD perovskite crystal.63 Owing to the
varied crystal structures and compositions of perovskites, the doping of RE ions into the structures become much more
flexible.®3-6¢ Therefore, the doping strategy of RE ions to perovskites opens new opportunities in designing the multi-functional
RE-containing perovskite materials.

2.2 Tolerance factor and octahedral factor

Perovskite was first discovered as a common mineral with the chemical compositions of CaTiOs, and later developed into a
series of derivate with chemical formula of ABXs. A3B2Xs, A2BB’Xe, A2BXe, etc. (Fig. 2)67-70 Perovskites can be divided into halides
and oxides: for the halide perovskites, A is univalent cation (K*, Na*, Rb*, Cs* R-NHs3* etc.), B is multivalent metal ion (Mg?*, Zn?+,
Pb2/4+, Sn2/4+, Sh3*, In3*, Bi3*, etc.), and X represents halide anion (F, Cl-, Br-, I-); Oxide perovskites (X = 02-) have the
compositions of multi-valent metal cations (Ca?*, Ti**, Fe3*, Pb%*, etc.), in which the cations with larger radius occupy the A sites
while the smaller ions occupy site B, and X is 02-.5.56. 71 |n the ideal perovskite of ABXs, the radii of all these cations and anions
should meet the tolerance factor (t = (Ra+Rx)/[V2(Re+Rx)]) and octahedral factor (1 = Re/Rx), and Ra, Rs, Rx refer to the ionic radii
of A, B and X, respectively.”-52 The t value often varies from 0.81 to 1.11; otherwise, the cubic or cubic-like crystal structure
would be distorted, and even destroyed.* A smaller t value would result in the lower-symmetrical tetragonal or orthorhombic
structures. The t value of ideal cubic structure waves in the range from 0.89 to 1.0.52 The value of u ranges between 0.44 and
0.90, which determines the stability of the octahedral, and further affect the stability of the perovskite structure.’2 For the most
well-known perovskite CsPbBrs, the ionic radii of Cs*, PbZ* and Br~ are about 170 pm, 119 pm and 195 pm, respectively, which
derive the value of t of 0.82, the u value of 0.62.
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In the polyatomic hybrid perovskite systems, such as AB1.nB’nX3, A1-mA'mBX3, A1-mA’mB1:nB’n(X1-pX’p)3, and even other complex
systems, the factors of t (Eq. (1)) and u (Eq. (2)) are otherwise deduced, where R is the ionic radii for different ions.® 6673 While,
as for the double perovskites of A;BXs, owing to the numerous B-site vacancies, t is not a proper index for evaluating the stability
of its structure. So a new tolerance factor t (Eq. (3)) is proposed (T < 4.18), where R is the ionic radii, and n, is the oxides state of
A ion. As T decreases, the probability of being perovskite increases.>3 % The t value is more suitable for evaluating the stability of
double perovskites, according to the theoretical calculation and experimental verification.’ In addition, another tolerance factor
t' (Eq. (4)) for A;BB’Xs has been reported, where R is the ionic radii, hx represents the effective height of X in the rigid cylinder.>?
Therefore, the possibility of forming double perovskites and its stability can be quantitatively described.



According to the tolerance factor and octahedral factor, we can select proper RE ions to replace the positions of A and B in
perovskite structures, to further construct new functional perovskite materials. RE ions can replace the B site in the halide
perovskites, and occupy the A site or B site in the oxide perovskites.43: 7576 |n addition, some articles reported the theoretical
calculation results and experimental data to support the possibilities of incorporating RE elements into perovskite crystal
structures.”” 78 |t is worth mentioning that Eu has been identified that acts the redox shuttle in the perovskite to selectively
oxidize Pb® and reduce 19 defects for the long-term stability of perovskites.® Based on the previous reports and theories,
researchers can rationally design various RE-doped multifunctional perovskite materials.

2.3 Theoretical Investigation

Owing to the development of theoretical calculation and simulations, we are allowed to carry out theoretical investigations
beyond the traditional experimental characterizations, which provide insightful information of the electronic behaviours and
energetic behaviours for perovskite. This approach supplies the possible routes to design and synthesize RE-containing
perovskite materials based on the mechanism studies. Guo and his co-workers declared that the A(B) vacancy can easily bind
with the RE3* when in the O-rich areas.® 5% 7° As for the halides and oxides perovskites, RE can be easily introduced into
structures, for instance, in CsPbBr3 perovskite, the ionic radius of divalent Pb2* is about 119 pm, and the RE2* (EuZ*, Yb2*, SmZ*,
etc.) has the radius between 102 pm and 117 pm;*3.80 as for Cs,AgBiCls double perovskite, the radius of Bi3* is 103 pm, which is
very similar to the radius of RE3*(Y3*, La3*, Nd3*, etc.) (86—103 pm),8 82 indicating a lower barrier for RE doping in the halide
perovskite materials. Pazoki and Kullgren further demonstrated the RE-doped iodide as the potential photo-absorbers for PV
applications, which are ascribed to the dominant contribution to the valence band maximum by the localized f-electrons.83

For the oxides based perovskite, such as CeAlOs;, LaMnOs and SmNiOs, which are very easy to incorporate other RE ions,
because the chemical properties of different RE elements are extremely similar.848 By using CaTiOs; as an example, Lu et al
demonstrate the RE ions doping trend based on systematic DFT calculations. For heavier RE ions, the substitution of Ca and Ti
sites are favoured under p-type for trivalent state and n-type growth for divalent, respectively. Meanwhile, the Ca sites doping
dominates the light RE ions.8”

Theoretical calculations are also of great importance in revealing the electroactivity of RE-doped perovskite. For the high
electroactivity of RE-doped perovskite, Kilner et al. reported the unique electronic configuration of RE, in which the partially
occupied d-orbital of RE and the associated partial covalence instead of the complete ionization are responsible for the catalytic
behaviours.88 Furthermore, Shao and his co-workers demonstrate the A-site ionic electronegativity (AIE) as the indicator in
perovskite to predict the HER performance. DFT studies demonstrate that optimal AIE value of ~2.33 indicates the optimal
electronic states of active B-sites in perovskites due to the inductive effects and electron exchange interactions between A-sites
and B sites.??

2.4 Evaluation of RE-incorporating

Many works have been reported the improved properties and performances of perovskite can be improved and promoted by
the RE doping.1% % It is well all known that Pb-halide-based perovskites have excellent optical and electrical properties, which are
widely used in the field of perovskite solar cells (PSCs), and some of them have outstanding performances.’” However, those
pristine phases of Pb-based halides have various natural drawbacks, such as poor stability against heat, light, and humidity,
etc.2% 91 In order to overcome these shortcomings, the RE ion pair Eu?3* was incorporated into the CsPbls perovskite, where the
redox characteristics of Eu?3* can stabilize the structure.® 92 The Eu?/3*: CsPbls encapsulated solar cell not only exhibits high
photoelectric conversion efficiency (PECE) but also has a durable service life. In addition, when serving as light-absorbing
materials for solar cell, halide perovskites show an absorption ability of halide perovskites is relatively limited from ultraviolet to
visible light,5° which largely waste the solar light in the infrared region and limits the PECE of PSCs. In this regard, RE3* (Yb3*, Ce3*)
were doped into perovskites show the evidentially extended light absorption towards the near-infrared (NIR) region, and the
prepared PSCs show high PECE.%0, 93

Halides perovskites, such as CsPbBr; and Cs;AgBi;-nSbnBrs nanocrystals, have some excellent photoluminescence (PL)
properties. However, because their emission wavelength can be regulated only in the visible light region, it is difficult for them to
emit near-infrared light, and the emission peaks generally have broad full width at half maximum (FWHM) of emission peak, the
PL decay time is very short.*2 %495 Beyond this, the emission spectra of PNMs can be adjusted from ultraviolet, visible to near
infrared region by doping the RE3* (Tm3*, Ce3*, Th3*, Sm3*, Eu3*, Er3*, Ho3*, Dy3* and Yb3*). RE ions have special luminescence
properties: the emission peaks of RE ions are very narrow, with the FWHM only a few nanometers; the luminescence decay time
is relatively long, which can reach to several microseconds; the emission spectra cover a wide range from ultraviolet, visible to
NIR.44 9% Some works have been reported on the RE-doped perovskites, in which the RE ions greatly broaden the spectral range
of perovskite materials.36 97 Furthermore, the addition of RE ions can also improve the luminescence efficiency and the stability
of PNMs.11, 12,98

Compare with the halide perovskites, the oxide perovskite materials display various special functions by incorporating RE
ions.?2-101 By doping luminescent RE ions into oxide perovskites, a series of optical materials are prepared, which can be used in
lighting, display, detection, biological imaging and other fields.102 103 For example, GdFeOs; perovskite oxides exhibit a high



sensitive gas response to NOy and a low detection level at 2 ppm, which show a high resistance variation to NO.1%4 The
perovskites containing magnetic RE ions also have been studied in the fields of biomedical imaging, magnetic devices.25 105-107
For example, Gd(Tb)FeOs has good magnetic properties, which shows great potential in biomedical field as the T, MRI contrast
agents. In addition, the excellent dielectric properties are noted in some RE-based oxide perovskites, which are serving as
dielectrics in various electric devices.108

Different from direct doping strategy, the RE-based oxide perovskites are important catalyst materials with high thermal and
environmental stability.> The multivalent RE ions endow perovskite materials with excellent redox properties and further give
the catalysts special catalytic activity, which is widely used in energy conversion, environmental purification chemical industry,
and other fields.18 109111 There are numerous works of RE-based oxide perovskite as catalysts in different catalysis processes.
LaNiOs can act as efficient electro-catalyst for oxygen evolution reaction (OER) for new rechargeable zinc-air batteries.112 LaFeOs3
has been reported as photo-catalyst for the degradation of organic dyes;!13 LagsBao.sMnOs has high stability and catalytic activity
for CO and CH4 oxidation.1'* La;.nCe,MnOs could catalyse NO reduction to NHs at low temperature.’’> CeAlOs can serve as
catalyst, promoting glycerol steam hydrogenolysis and dehydrogenation-dehydration to produce hydrogen.11¢ All in all, RE ions
play an indispensable role in oxide perovskite catalysts, and the RE ions are remarkable candidate dopants and important
components which can improve the catalytic activities.3 Moreover, the RE based perovskites can be easily functionalized by the
combination the unique perovskite structure and the specific RE ions.117-119

2.5 RE-containing PNMs

In view of both of the PNMs and RE ions have excellent properties, it is necessary to combine them systematically. The RE-
containing PNMs possess special optics, magnetics, electronics and catalytic performances. These unique properties originate
from the effectively shielded electrons in the 4f subshell are effectively shielded by the electrons in outer 5s and 5p subshells.120
Therefore, by doping RE ions, adjusting the sizes and morphologies of PNMs can yield unprecedented and unexpected new
multifunctional materials.32 121,122

Recently, there have various work about RE-containing PNMs been reported. In the photovoltaics, RE-doped perovskite
nanofilms materials have been reported featuring high PEC and durable stability.*3 123 As for LED lighting, RE-containing
perovskite nanocrystals not only improve the luminescence efficiency, broaden the spectral range, but also have high stability.*
11,12,100,103 And RE-containing PNMs exhibit good optical properties in the fields of non-linear optics and lasers.? 124 Besides, in
electronics, RE-containing perovskite nanopowder materials can improve the dielectric properties of materials and expand the
applications of materials in electronics.? 125 In the biomedical fields, RE-containing perovskite nanocrystals can be used as
contrast agents for bioimaging.4* 126 RE-based nanocatalysts have unique catalytic properties.’”- 127 In the field of analysis and
detection, RE-containing perovskite materials have high sensitivities and fast responses to some metal ions, gases, temperature,
X-ray, and so on.14 104, 128-132 Finglly, with the above classical cases, we can design the RE-containing PNMs catering to the
different requirements in practical applications.

3. Synthetic methods

The preparation process is of pivotal importance in studying the compositions, structures and performances of
nanomaterials.5? Developing highly efficient and controllable syntheses strategies of RE-containing PNMs are very important to
design and modulate the new functional materials, and is also essential for understanding the intrinsic mechanisms of the
enhanced performances of PL, catalysis, photovoltaic effect and ferroelectric effect.121,133-135 presently, the major challenge of
RE-containing PNMs syntheses is to achieve flexible control in replacing the position of cations (B or A) in the perovskites
structure with RE ions.34 37,118,136

Over the past years, various synthesis methods have been reported on preparing RE-containing PNMs (Fig. 3). These methods
can be divided mainly into three categories: wet chemical synthesis methods, high-temperature synthesis processes and other
synthesis approaches.’2 101, 137, 138 These advanced methods are feasible for the preparation of RE-containing PNMs for
applications in different fields. Although there are many ways to synthesize nanomaterials, all of these processes involve two
core steps, nucleation and growth.13° The raw materials release abounding free atoms or ions under heating liquifation, solution
ionization and high voltage plasma. These free atoms or ions accumulate into small aggregates, namely, crystal nuclei, to
complete the nucleation step.82 140,141 Then continuously released free atoms or ions bond or assemble on the surface of the
nucleus, which corresponds to the growth step of nanocrystals.’37 The nanomaterials are obtained by stopping the supply of free
ions or atoms via cooling or adding anti-solvents.1 36 Different preparation methods of materials have their special advantages
and disadvantages, and thus it is very important to select the suitable preparation methods according to the characteristics of
raw materials and target compounds.

3.1 Wet chemical (WC) synthetic methods

Wet chemicals synthesis methods have been widely used in the preparation of nanomaterials, including sol-gel (SG) method,
thermal decomposition (TD) approach, hot injection (HI) method, solvothermal (ST) synthesis, co- precipitation (CP) and so on.36



142-145 Among these methods, the HI, RP and TD approaches have been demonstrated to be the most effective method to
synthesize RE-containing halide PNMs, whereas SG and ST are widely used to synthesize oxide PNMs.

3.1.1 Hot injection (HI) and thermal decomposition (TD) method

As for the preparation of PNMs, HI and TD have the advantages of simple operation and good repeatability. Meanwhile, the
materials prepared by Hl and TD method have uniform sizes, controllable morphologies and excellent dispersibility (Fig. 4),11 137
which is essential requirements for achieving good performances. Typically, Hl and TD methods require solvents or surfactants
with high boiling points, such as 1-octadecene (ODE), oleic acid (OA) and oleylamine (OM), and the reaction are carried out in the
flask protected by inert gases.14!

HI method is suitable for the preparation of halide RE-doped PNMs: certain amount of preheated (100~120 °C) precursor (Cs-
oleate) solution is rapidly injected into another higher-temperature (150 ~180 °C) precursor (REXz3, PbX;, X=Cl, Br and 1)
solution, after a period of reaction, the desired nanomaterials were obtained by rapid cooling; the desired nanomaterials can be
obtained by washing the products with nonpolar solvents (toluene or hexane).36:41 98 |n addition to the injection of Cs-oleate
solution, injecting halogen sources (trimethyl chlorosilane, trimethyl bromosilane, acyl chloride, etc.) is also available for HI.146
147 In this case, metal (Pb2*, Cs*) acetates are used as metal sources. Organic halogen reagents decompose at high temperature
to form free halide ions, which combine with metal ions to form halide perovskite nanocrystals.

Since most halide perovskite materials are ionic compounds, they have relatively poor stability in polar solvents, which easily
change their morphologies and lead to degradation.146.148 |n addition, the nucleation and growth processes of halide PNMs are
very fast and sensitive to the reaction system such as the reaction temperature, polarity of the solvent and the ratio of the
different surfactants. These factors show great influence on the size and the uniformity.14” Therefore, all the solvents used in the
HIl injection reaction should be anhydrous and anaerobic, and other precursor reagents used should be of high-purity. Besides,
the solvents used in the post-treatment process must also be purified, for example, the solvents cyclohexane, toluene, and
hexane should be purified by distillation.

The TD method usually is applied to prepare some fluoride perovskites.149,150 Metal (Zn2*, Mn2*, Na*) trifluoroacetate
precursors are added to the mixture solution of OA, OM and ODE, and some small molecular impurities (O3, H,O, etc.) should be
removed by heating under vacuum. The decomposition products of trifluoroacetates formed fluoride perovskite nanocrystals at
higher temperatures.1>!

3.1.2 Co-precipitation (CP) method

The co-precipitation method is another common method to fabricate the PNMs (Fig. 5).148. 152 The general process is that,
dissolving precursors in benign solvents, the precipitation of precursor ions forming NCs by adding precipitators or changing the
solubility of the reaction system. However, the morphologies of certain halides PNMs (i.e. CsPbBr(Cl); and Cs3Bi,Brg) are very
difficult to control by using the CP method.148 153,154 Thjs is due to small amounts of polar solvents can promote the precursors
to form bulk crystal instead of nanosized perovskites. Such nanomaterials are unstable in the dispersants in the long term, and
they can easily to grow larger, aggregate or even be destroyed during the storage.1>> Once the morphologies of NCs change, their
properties decline dramatically, as well as their performances, will degrade irreversibly. To suppress such morphology change
issue, surfactants can be added to stabilize nanocrystals.153 However, additional surfactants may also hamper the properties of
the materials. Yet for the most oxides and fluorides, they have a high stability because of 02~ and F~ have large electronegativity,
and only acidic conditions can destroy their structures.140 145, 152,156

3.1.3 sol-gel synthesis method

The sol-gel method is widely used to prepare oxide perovskite materials, and SG is not suitable for the preparation of halide
perovskites. The raw materials (Ln(NOs)s, TM(NOs)y, citric acid, etc.) are dissolved and mixed in water, hydrolyse and condense to
form a stable sol system, and then nanomaterials are formed after drying and sintering.1>” The morphologies of nanomaterials
prepared by this method lacks uniformity, controllability and the dispersibility (Fig. 6). However, this method has its unique
advantages; it can be used to prepare oxide perovskites with high phase-formation temperature.158 15 There are many oxide
PNMs (LaTiOs, LaFeOs, Yb/Er: La2CoMnOg, etc.) synthesized by the SG method, and these functional materials show excellent
performance.157, 160, 161

3.1.4 Solvothermal (ST) method

Solvothermal is one of the most commonly used approaches for preparing nanomaterials, which can be used to synthesize
various perovskite materials, especially for nanostructured Pb-based, fluoride and oxide perovskites.1 118 162 However, ST is not
suitable for the syntheses of nanosized halide double perovskites.163.164 ST method is based on the hydrothermal method, which
is carried out in a closed system such as autoclaves, the organic compounds as the solvents at a certain temperature, and
autogenous pressures of the reaction solution provide dynamic conditions for the materials generating. In order to obtain
desired nanomaterials with controllable morphologies and uniform sizes, it is often necessary to use some surfactants in the
reaction. CsPbX; perovskite NCs was synthesized by ST method, certain amounts of the precursor solutions (Cs-oleate in
OA/ODE, PbX; in OA/ODE/OM) were added into autoclave, and heated to 200 °C for 50 mins to form the nanomaterials.1%* For
the Eu-doped KZnF; was synthesized by using NH4F, metal (Eu3*, Zn2*) nitrates are the raw materials, and OA, n-butyl alcohol act
as the solvents. The nanoparticles were obtained after the reaction kept 120 °C for 48 h.1%5 Similarly, La-doped SrTiO3 was
synthesized by using metal (La3*, Sr2*) nitrates and tetrabutyltitanate in the solution of OA and ethanol, and heated in the



autoclave at 180 °C for 12 h.1%6 For the post-treatment process of ST reaction, polar or non-polar solvents (ethanol or hexane)
can be used for washing oxides and fluorides, whereas the chlorides and bromides must be washed by non-polar solvents
(hexane or toluene).

3.2 High-temperature (HT) method

HT method was developed and widely used to synthesize some inorganic materials with higher phase forming temperature,
which has the merits of easy operation, and mass-produced processes. In addition, the materials synthesized by this method
have high crystallinity, less defects, and high stability. Thus, some oxides perovskite materials with complex compositions can be
easily synthesized by HT method. The HT method can be divided into solid state synthesis (SS) and molten salt reaction (MS). For
example, Lai1«SmyFeOs perovskite was synthesized by SS method, for which La;03, Sm;03 and Fe,03; were milled and annealed in
air at 1473 K for 40 h to form micro-scale samples.16’, And Eu/Pr-doped CaTiOs can be synthesized by MS method, the raw
materials were mixed and ground, then put into muffle furnace annealed at 820 °C for 3.5 h, and the micro-scale spheres were
obtained by washing the products with distilled water and ethanol.13! These two approaches also have common shortcomings:
without ligand or organic molecule protection on the surface of the particles, the morphologies and the sizes of desired materials
are difficult to control precisely.2*

3.3 Others synthetic methods

In addition to the above-mentioned methods, there are other special synthetic processes, such as spin coating technique
(SCT), pulsed laser deposition (PLD), electrospinning technique (EST), and chemical vapour deposition (CVD) approaches, which
have been widely used for the preparation of the high quality thin films. And the as-prepared thin film materials possess the
advantages of a few atoms thickness, uniform surface, high crystallinity and less defects.

3.3.1 PLD and CVD methods

RE perovskite film is an important research topic in the field of physics and materials. Thus, it is of great significance to prepare
high-quality thin film materials to apply in the fields of microelectronics, magnetics and optoelectronics. PLD is known can
deposit material layer by layer on the base surface, which is a common methods for preparing thin films. PLD is known as pulsed
laser ablation, in which the active ions or atoms bombarded by laser radiation are deposited on different substrates to obtain
thin films. This method is widely used to prepare RE-containing perovskite thin films such as Lag.gSro.2Co0s film, YBaCo,0s film,
Sm-doped NdNiOs; film, etc.8 168171 These materials show superior performances in catalysis, electronics, magnetics,
photovoltaics and other fields. Moreover, h-TmFeOs film has been successfully synthesized by PLD method, which has large
ferroelectric polarization (4.7-8.5 uC/cm?2) to further inhibit the rapid recombination of the photo-induced electron-hole pairs.172
Such a material obtained a better power conversion efficiency (PCE) than of the typical BiFeOs. Manuel Bibes and his co-workers
prepared the NdNiOs film by PLD method (Fig. 7).13° The author observed a strong resistance contrast among the metallic and
the insulating regions, and between the sample and the tip has a Schottky barriers. CVD is another effective deposition method
to produce high quality, high-performance based on the vacuum deposition method. Huang et. al. synthesis of CsPbBryls«
nanowires by CVD methods.173 The as-prepared CsPbBryl3« nanowires have uniform size and good crystallinity.

3.3.2 Spin-coating technique

Among various methods, SCT is a relatively simple approach to nanomaterials preparation. This method has the advantages of
energy saving, low pollution, controllable thickness, massive production and high efficiencies. By adjusting the rotational speed
and the viscosity of the precursor solution, the thickness of the film can be modulated easily. In order to obtain a high-quality
film with uniform and smooth surface, the used salts or nanosized raw materials should be dissolved or dispersed in the colloid
solution sufficiently. The last important factor for the film preparation is the heating temperature and heating rate, which
determine the solvent volatilization speed, the nucleation and growth of the film on the substrate. Wang et. al. prepared
Eu2*/Eu3* incorporating CsPbls film by SCT, and the synthesized films are highly uniform, which have good compactness and
mechanical properties.® In addition, Eu2* was successfully introduced into the crystal structure of CsPbl,Br by SCT.43 The grains of
the films were refined and uniform by adding Eu?*, and the efficiency and the stability of the corresponding devices were
improved. This method has been widely used in the preparation of solar cell films and other films.

3.3.3 Electrospinning technique

Electrospinning technology (EST) is often used to prepare fibrous or spherical RE-containing PNMs. The precursor (metal salt,
polymer) solution is added to the syringe. Under the high voltage electrostatic field, the polymer carries metal salt to form a
microjet and deposits on the substrate. The organic matter is removed by sintering and obtains desirable nanomaterials.17* As
shown in Fig. 8, Lao.eSro.4Coo.sMng 203 nanofibers were prepared by EST.17> The fibers prepared by this method have the uniform
diameter and good dispersion. In recent years, this method is also extended to prepare the nanosized RE-containing oxide
perovskite catalysts such as the electrode materials LaosSro.4Coo.2Fe0s03-5/Ce0O> nanofibers with heterojunction structure, which
exhibits high activity and stability in solid oxide fuel cells.176

4. Properties and applications



4.1 Photovoltaic properties and applications

Solar cells, as a device of directly converting abundant solar energy into electrical energy, have been regarded as one of the
most promising solutions to ease the global energy crisis. Since the utilization of CHsNHsPbls perovskite in solar cells by Kojima in
the year of 2009, the PECE of PSCs has been rapidly raised to 23.7%.3%°1 Such a high PECE boosts perovskite-based solar cells
(PSCs) closer to practical applications, with performances similar to those of commercial single crystal silicon-based solar cells.1®
67,74 However, the poor stability of halide perovskite materials against high temperature, humidity and oxidizing substances still
severely limited their service life and industrial applications.1”” Moreover, the PECE of perovskite-based solar cells is still far from
their theoretical maximum value.?® To mitigate this problem, incorporating RE elements into halide perovskites has become an
effective approach.80, 138,178

RE elements, with various electronic configurations sizes, have been reported as key factors in enhancing the stability,
broadening the absorption range, and regulating the band gaps of perovskite materials, therefore further improving the PECE
and durability of the PSCs.% 172 All these improvements are essential for the future industrialization and application of PSCs.%0
There have been a significant amount of articles about RE-containing PSCs. The performances of RE-containing PSCs are
summarized in Table 1, including the open-circuit voltage (Voc), the short-circuit current density (Jsc), the fill factor (FF), and the
PECE. In the following sections, current RE-containing PSCs are reviewed according to the functions of RE elements.

4.1.1 Stability enhancement

The superior performances of Pb-based PSCs are still leading the international research hotspots. However, Pb-based
perovskites suffer from easy decomposition under humid or redox environments, resulting in significant degradation of
performance.126.179-181 The incorporation of RE elements can stabilize the desired phase and increase the redox, humidity, and
chemical resistance of halide perovskites.? 80 Other reports also highlight that incorporating RE ions into perovskite structures
can be a promising method to enhance the performance of the lead-based PSCs.43

Table 1 The RE-doped perovskite material for Solar cells

Perovskites RE Band gap (eV) PECE (%)  Jsc(mA/cm?)  Voc(V) FF (%) Ref.
MAPDbI;3 Eu 1.55 21.52 23.5 1.1438 73.2 9
CsPbl,Br Eu - 13.71 14.63 1.22 76.6 43
MAPDbI3 Eu - 16.7 21.50 1.02 76.3 80
CsPbCl1sBris  Yb,Ce - 21.5 39.8 0.65 - %0
BaSnOs Er/Yb 3.64 4.2 9.69 0.63 69 101
CsPbBrs La, Ce, Nd, Sm, Eu, Gd, - 10.14 7.48 1.598 85.1 123

Tb, Ho, Er, Er, Yb, and

Lu
CsPbls Eu - 6.8 11.1 0.898 68 178
MAPbI3 Nd 21.15 24.33 1.04 83.6 182
MAPDbI3/TiO2 Sm 1.55 14.10 18.11 1.032 68.3 183
MAPDbI;3 CeO: 19.52 23.64 1.09 78.67 184
Glass- Sm/Ce - 7.84 17.85 0.822 83.44 185
ceramic

For example, Duan et.al added RE3* (RE = La, Ce, Nd, Sm, Eu, Gd, Th, Ho, Er, Yb, and Lu) into CsPbBrs films for PSCs via a
multistep solution processable technique.123 The grain sizes of the films increased with the RE3* concentration, which minimizes
the grain boundaries. Meanwhile, the film becomes more and more compact with the decreasing of the atomic number of RE3*.
With the RE-doping, the carrier migration time is further prolonged, and the recombination of charges and holes on the surface
of perovskite film is significantly suppressed. Without metal electrodes and hole transport layer consisted in the solar cells, the
PECE of 10.14% is remarkably high, and the open-circuit voltage is also as high as 1.59 V. The batteries show high stability, with
no obvious change in the PECE at 80% relative humidity for 110 days. Moreover, the cells still maintain high efficiency after
working at 80 2C for 60 days. As Fig. 9 shows, the photovoltaic performances of the PSCs have been significantly improved by
adding RE. In addition, the stabilities of the PSCs are also improved.

In another report, Wang et al. prepared the Nd3*-doped MAPbI; planar heterojunction films for PSCs. The Nd3* incorporation
improved the quality of the films, reduced the trap-states, inhibited the photocurrent hysteresis, prolonged the charge carrier
lifetimes, and further improved the charge carrier mobilities.182 Therefore, the devices reaches a high PECE of 21.15%, and the
author also demonstrates a new strategy to enhance the photoelectric performance of PSCs.

Owning to the high PECE, the PSCs containing Pbl; as the starting material has been extensively studied. However, the defects
of Pb% and 1° always exist. These defects greatly reduce the PECE and shorten the device service lifetime. In the past few years,
few efforts have been made to successfully eliminate these defects simultaneously. Wang et al. introduced Eu3*/2* ions into the
CsPbl; perovskite, in which the Pb® can be oxidized by Eu3* ions and the I° can be reduced by Eu?* ions (Fig. 10).° This reversible



redox cycle ingeniously eliminate both Pb® and 1° defects in the devices. As a result, the efficiency of the device is improved
greatly (PECE: 21.52%, certified 20.52%), and the lifetime of the device is also prolonged. This redox shuffle strategy for
eliminating defects provides a reference for stabilizing other perovskite materials.

There are two other reports on the incorporation of Eu?* in PSCs. The doping of Eu?* ions into the organic-inorganic MAPbl;
perovskite enhances both stability and PECE of the solar cells.?0 It is also shown that Eul, can stabilize the metastable phase of
CsPbl;Br.*3 The corresponding devices exhibit a stable PECE of 13.34%. The electroluminescence test shows that the introduction
of Eu?* reduces the non-radiative recombination, and enlarge the open-circuit voltage to 1.27 V. In addition, the initial efficiency
of the device can retain at 93% for 370 hours under 100 mW/cm? light illumination (Fig. 11).

4.1.2 Absorption range expansion

The natural sunlight covers a broad frequency range from the ultraviolet to the infrared region. However, most perovskite
materials only absorb the ultraviolet and visible light, greatly limiting the utilization efficiency of solar energy. The unique
electronic structure of RE ions opens the opportunities to extend the absorption range to infrared light for the perovskites. As a
result, the RE-doped PSCs are capable of absorbing the light covering from ultraviolet to infrared regions, which further improves
the PECE.

It is reported that when the Yb3*/Ce3* co-doped perovskite is used as the photoabsorption layer, the efficiency of the devices is
enhanced from 18.1% to 21.5%.%0 In addition, LaGaOs: Cr3*, RE3* (RE = Yb, Nd, Er) co-doped perovskite can absorb the NIR light
and then transfer the energy to C-Si-based solar cells.186 The energy transfer processes between RE ions and devices were
studied, and the energy transfer efficiency was as high as 77%, effectively improving the PECE of the solar cells.

4.1.3 Band gap modulation

PSCs consist of electrodes, perovskite layer, hole and electron transport layer. Under the illumination, the holes and carriers
are effectively separated and transferred from perovskites to electrodes. Such transfer requires the appropriate energy match
between perovskites and transport layers. As a result, the large band gap limits the fast and efficient transportation of charge
carriers, and then directly affects the efficiency of PSCs. By the introduction of RE elements, the band gaps and electronic
structures can be used to modulate for boosting the photocurrent or carrier migration rate and the PECE.

The substitution of about 10% of Ba2* lattice site by Yb3*/Er3* reducing the band gap change of BaSnO3 NCs from 3.64 eV to
3.68 eV and increasing the electrical conductivity.191 Moreover, the Yb3*/Er3*-doped BaSnOs utilize the full region of the sunlight,
yielding a PECE of 4.2%. Compared with the undoped BaSnO3; NCs (PECE: 3%), the PECE is increased by 40%. As shown in Fig. 12,
with different Yb3* and Er3* substitution levels, both absorption and emission spectra shifts, implying a successful modulation of
the band gap, leading to the improved J;c and V..

Zn0O/CeOy is an electron transport material (ETM) in PSCs (Fig. 13).184 The incorporation of CeOy regulates the unmatched
energy levels and protects perovskite materials against UV light, high temperature and humidity. As a result, the PECE of PSCs
increases from 16% (Zn0O) to 19.5% (ZnO + 3% CeOy), and the service time of the cell is also prolonged. All reports reviewed in
this section show that RE elements play an important role in enhancing the photovoltaic performance regarding the flexible
modulation in different aspects, which are also a crucial contribution to the photovoltaic industry.

4.2 Dielectric properties and applications

Perovskites are very good dielectric materials. Due to their high dielectric constant (g;), processability and stability, therefore,
they are widely used in electric vehicles,187 pulse weapon systems, energy storage!88, power electronics, etc.18° Owning to the
unique electronic structures and intrinsic elemental characteristics of RE elements, doping RE into the perovskites structure may
significantly improve the dielectric performances.’®© In the future, the novel perovskite possess the great potential in
applications of mobile communications, radio, television, and microwave technology, which requires new dielectric materials
with low permittivity and loss. This section summarizes the recent progress of RE-containing PNMs as piezoelectric, pyroelectric,
and ferroelectric materials. 11°

4.2.1 Piezoelectric materials

Recent studies have illustrated that RE doping improves the dielectric properties of PNMs,1°1 providing a promising approach
to access new piezoelectric materials. RE-doping can enhance the heterogeneity of perovskite structures. The increasing atomic
diffusion rate promotes the densification of perovskite ceramics, reduces the sintering temperature, and simultaneously enables
the applications of a higher polarization electric field.

Chen et. al. demonstrated that nanoparticles have more advantages than microparticles in improving electrical
performance.’®? Fig. 14A showed the TEM images of well dispersed CeO, nanoparticles calcined at 800 °C, with an average
diameter of 20 nm. BCTS (Bao.96Ca0.04Tio.90SN0.1003)-nano CeO, (0.03 mol%) has better piezoelectric performances than other
ceramics, and its SEM image (Fig. 14B) presents the dense microstructure of BCTS ceramics with the inclusion of nano CeO,. The
nano CeO; contributes to the improvement of piezoelectric properties (Fig. 14D) because of the morphotropic phase boundary
(MPB) effect, which makes the domain a greater space in the rotational motion. Moreover, the improvement of dielectric
properties of the ceramics is ascribed to the weakening of strain potential energy (Fig. 14C). Therefore, the inclusion of nano
CeO; elevates the piezoelectric properties of BCTS ceramics (Fig. 14E).



In addition, as Fig. 14F-1 shows, Chen and co-workers further demonstrated that the piezoelectric properties of BCTS-Y
(Bao.g0Cao.10Tio.aSN0.103-xY203) ceramics could be improved by incorporating Y>03.193 TEM and SEM images showed that BCTS-Y
ceramics have uniform and well-distributed microstructure, with the maximum value of ds3 (596 pC/N) and K, (0.571) obtained
when 1% of nanoY,0s is incorporated, and this material has higher d33 and K, than those of the micro-Y,0sincorporated samples
reported in literature.’®* Hence, the incorporation of nanoscale RE-containing compounds is more effective than the micron-level
RE-containing compounds for the piezoelectricity of perovskite materials.

Lead zirconate titanate [Pb(Zr«Ti1—x)Os, PZT], a representative material simultaneously possessing outstanding dielectric,
piezoelectric, pyroelectric, ferroelectric properties, has already been used in high-performance electronic devices.3?” However,
the Pb-containing materials are harmful to the environment and our health. Currently, some lead-free perovskites have been
extensively investigated for environmentally friendly piezoelectric systems.125 195 196 QOn this foundation, developing high
performance (low cost) lead-free piezoelectric RE-containing perovskites are of critical significance. Especially, these materials
with remarkable performances have potential applications in the field of industrial ultrasonic testing, transducer, medical
imaging and other fields.197. 198

4.2.2 Pyroelectric materials

RE-containing PNMs are capable of exhibiting outstanding pyroelectric properties. When pyroelectric effects are presented,
the electricity is generated under the thermal stimulation, which provide an important way for energy conversion, and which is
also useful for temperature sensing. Pyroelectric effect is associated with the electrically charged species of the crystal structure
along the direction of charge polarization displacement.!® This is usually caused by the asymmetry positive and negative charge
centres, which constitutes the ferroelectric dipoles and shows the pyroelectric effect.200

A good thermoelectric material should have a large Seebeck coefficient, good conductivity and a low thermal conductivity
coefficient.20! Kaya et. al. prepared perovskite based LaNiOs-La,CuO4 layered heterojunction materials on the substrates of
LaSrAlO, by atomic layer-by-layer oxide molecular beam epitaxy technique.292 The electrical conductivity decreases while the
Seebeck coefficient increases with the reduced thickness of the heterojunction layers. HAADF-STEM showed that Laz(CuCo)O4
solid solution was formed in the heterojunction with the thickness of the layer decreases (Fig. 16).

The thermopower and barrier potential of the material increase with a small amount of La3* doping into SrTiO3 perovskites
with a particle size of 20 nanometers. The results show that RE doping can modify the grain boundary and further adjusted
thermoelectric properties of materials.2°2 Gd and W were introduced into CaMnOs to form double substituted Ca;«GdxMni.
xWxO03.5. The thermoelectric properties were tested from 25 °C to 700 °C. With the amount of incorporated Gd and W increasing,
the electrical conductivity of the sample improved and the thermopower reduced. When x=0.01, the material exhibits a
thermoelectric figure of merit of 0.12 at 700 °C.2%4 In addition, Kinemuchi, Y et.al. also demonstrated that doping of RE can
improve the Seebeck coefficient of Y-doped SrTiOs, and promote their pyroelectric performances.20>

4.2.3 Ferroelectric materials

With the development of nanotechnology, some RE-containing perovskites are widely investigated as ferroelectric materials
for sensors and other devices due to their outstanding dielectric and ferroelectric properties.2% Incorporating RE elements into
the lattice structure of perovskites decreases of the crystal size and distortion of lattice, which optimizes the ferroelectric
performance of the materials.

Liu et.al demonstrated that when La3* or Nd3* ions are doped in the PZT lattice, they act as donors, effectively reducing the
movement of defective charges including free electrons and oxygen vacancies. Meanwhile, the appearance of the morphotropic
phase boundary (MPB) greatly improves the holistic electrical properties of films. The substitution of RE-elements at the A-site
also eliminates oxygen vacancies. All above interpretation is shown in Fig. 15A-C.37 In addition, Guo and co-workers studied Nd3+-
doped PZT films prepared by different deposition sequences and revealed that the BNF/PZT bilayer had better electrical
properties than the corresponding PZT/BNF film, which is shown in Fig. 15D-F. Moreover, the P-E curve of pure PZT film was
presented the upper inset in (F) and the lower inset is the DC leakage characteristics of the laminar film, implied that BNF/PZT
bilayer composite films possess better ferroelectricity than those of BNF/ PZT.1%° A new idea for the design of multi-layer
structures is therefore provided in terms of enhancing the ferroelectricity of RE-containing PNMs. Other examples of the
dielectric properties of RE-containing PNMs are shown in Table 2.



Table 2 RE-containing perovskite nanomaterials for electrical properties

Perovskites RE3* Methods  Morphology  Performance Application Ref.

PbZro.s2Tio.4803 La/Nd SG NFs RT, 100 Hz, & = 1053.36; tané = 0.13; 37
LC = 8.3*10° A/cm?; ds3 = 36.4 pC/N; P,
=64.32 uC/cm?; Ec = 57.40 kV/cm;

Bao.ssCao.04Tin.ooSN0.1003  Ce HT NPTs RT, 1 kHz, &r = 32945.8; d33 = 512 pC/N; 192
ko = 0.415; Pr = 14 uC/cm?; y = 1.44;

Bao.sCao.1TiosSn010s Y HT NPTs ds3 = 596 pC/N; k, = 0.571; 193

La-Pb(Ni1/3Sbhas3)- La cP NCs ds3 = 449 pC/N; Tc = 286 °C; power harvesting 207

PbZrTiOs

Pbo.92L20.08Zr0.6Ti0.403 La MBM NPDs RT, 1 kHz, & = 2293; tané = 1.98; P, = sensors, actuators, 208

30.7 uC/cm?; Ec = 9.4 kV/cm; Tc = 190  transducers
°C; vy =1.98;

Lai«DyxFe1yMn,03 La, Dy ME NPTs RT, 6 kHz, & = 1340; recording media 209

BaTiO3 Y SG NPTs RT,10 kHz, &= 2069; tand = 0.05; T, = 142

125°C; vy =1.0;

SrTiOs La,Ce,Nd,S ST NCBs RT, 100 Hz, & = 1800; ds3 = 380 pm/V; 205

m,Gd,Th,Y ko = 0.45;

Lai«NaxFe1.,Mn,0O3 La PR NCs RT, 1 kHz, & = 1256; tané = 1.01; capacitors, 206
resonators and
memories

Bi1.xNdxFe1.,Co,03 Nd SG NPTs RT, 100 Hz, & = 1050; Pr = 26 uC/cm? intelligent devices 210

Ec=5.6 kV/cm;
YCrOs Y PR NCs =137 °C; 211
BiFeOs La/Nd SG NFs RT, 100 Hz, &= 195; tané = 0.191; P, =  devices design 135
61.21 uC/cm?; Ec = 44.86 kV/cm;
Bio.sNdo.1FeOs - Nd SG NFs LC = 4*10°% A/cm?; Pr = 11.39 uC/cm?  device design 199
PbZro.52Ti0.4803 Ec=87.16 kV/cm;
PbZrOs Dy ME NCs RT, 1 GHz, & = 16.02; tané = 0.275; high frequency 38
memory devices
La1.Sr«Co1yFe,03 La ME NCs RT, 15 MHz, & = 103.35; tané = 0.57; microwave devices 212
CoFeOs Nd SG NCs RT, 100 Hz, & = 31.08; tané = 0.16; microwave devices 213
LaxSr1-xCoOs La SG NPTs RT, 100 Hz, &= 16; sensing, memories 214
LaFeOs Eu ME NPTs RT, 30 MHz, & = 14.18; tané = 0.52; frequency devices. 191
MnFeOs Gd SG NCs RT, 100 Hz, & = 5.53; tand = 0.129; microwave devices 215
PbZr1xTixO3 La SC NFs Pr=10.14 uC/cm?; Ec = 42 kV/cm; 216
CrFeOs Gd, Er CCB NPTs Pr=1.94 uC/cm?; Ec = 214.8 kV/cm; data storage and %7
camera flashe
Lao.osLio.ssNbO3 La HT NCs Pr=0.15 uC/cm?; Ec = 1.31 kV/cm; 218
PbZros;Tio.4s03 La/Nd SG NFs RT, 100 Hz, & = 1053.36; tané = 0.13; £y
LC =8.3*10° A/cm?; d33 = 36.4 pC/N; P:
=64.32 uC/cm?; Ec = 57.40 kV/cm;

Bao.96Ca0.04Tio.90SN0.100s  Ce HT NPTs RT, 1 kHz, & = 32945.8; d33 = 512 pC/N; 192
ko = 0.415; P = 14 uC/cm?; y = 1.44;

Bao.sCao.1TiosSn010s Y HT NPTs ds3 = 596 pC/N; k, = 0.571; 193

La-Pb(Ni/3Sbas)- La CcpP NCs d33 = 449 pC/N; T = 286 °C; power harvesting 207

PbzrTiOs

Pbo.s2La0.08Zro.6Tio.403 La MBM NPDs RT, 1 kHz, & = 2293; tané = 1.98; Pr = sensors,  actuators, 2%

30.7 uC/cm?; Ec = 9.4 kV/cm; Tc = 190
°C; vy =1.98;

trans-ducers

Note: RT, Room temperature; SG, sol-gel method; HT, high temperature method; ST, Solvothermal method; CP, columbite precursor method; MBM,
mechanochemical ball milling; PR, Pechini method; CCB, citrate auto combustion method; ME, micro-emulsion route; NCs, nanocrystals; NPTs, nanoparticles; NPDs,
nanopowders; NFs, nanofilms; NCBs, nanocubes; &, Dielectric constant; tané, Dielectric dissipation factor; ds3, Piezoelectric constant; LC, Leakage current; k,, Planar
electromechanical coupling coefficient; P,, Remanent polarization; E., Coercive electric field; T., Curie temperature point; y, Relaxation behaviour; DC, Direct current.




4.3 Luminescent properties and applications

Luminescent PNMs have various applications including (light-emitting diodes) illumination sources and anti-counterfeiting
labels.124 Currently, their applications are still constrained by the low stabilization energy and weak ionic bonding ability. RE ions
have abundant 4f levels and variable ionic valences, which show excellent optical properties and environmental stability when
doped with perovskite matrix materials.21® In addition, the spectral range of perovskites have been greatly broadened by
incorporating RE elements.”> 81, 220As follows, we choose several representative optical mechanisms and optical applications for
detailed comparison and introduction. 11, 32,221, 222

4.3.1 Luminescent materials

Song et. al. systematically studied the optical properties of Ln3*-doped CsPbCls NCs (Ln=Yb, Er, Dy, Tb, Eu, Sm, Ce).3¢ The
absorption spectra of the Ln3*-doped CsPbCl; NCs exhibit blue shift with the increase of atomic number of the doped Ln3* ions,
which is due to the lattice shrinkage caused by the radius of lanthanide ion shrink. Compared with the undoped CsPbCl; NCs,
Ln3*-doped samples emit characteristic peaks of each Ln3* ions (Fig. 17). Yb3*-doped sample exhibit a high PLQY of 143% due to
the quantum tailoring effect.32 221, 223 The electrons in the conduction band and the holes in the valence band reach the
intermediate defect states, and then the energy transferred to Yb3* ions. The PLQY of Eu3* is low for the electrons on the excited
state transferred to the non-radiative emission level.

Zheng et. al., synthesized LiYbF4:0.5%Tm@LiYF, sensitized CsPbX3 (X=Cl, Br, 1).224 The upconversion photoluminescence (UCPL)
spectra of RE ions are used to stimulate the CsPbX3 QDs to emit the luminescence. Under NIR excitation, the RE-based
nanoparticles emit blue-violet light that excites perovskite QDs, which makes the QDs emit luminescence (Fig. 18). By adjusting
halide cations, perovskite QDs can be emitted from perovskite structure sensitized by RE nanomaterials under NIR laser
irradiation. This study realizes the radiative energy transfer up-conversion (RETU) system.

4.3.2 Anti-counterfeiting labels

In order to raise the NIR emission, Zhang et.al delineated a Yb3* and Yb3*/Er3* doping CsPbCls; NCs with the total PLQY
increased from 5% to 127.8%.21° Meanwhile, the doped CsPbCls NCs are more stable than the undoped one. Furthermore, Zhou
and co-workers successfully synthesized Yb3*/Ce3*-doped CsPbCl; sBr15s NCs by the modified HI method, the NCs exhibited strong
infrared emission peak at 980 nm with a high PLQY of 146%.%°



Table 3 Summary of the perovskites-type, decay curve and applications of some representative doped RE.

Perovskites Emission PLQY Decay Curve Application Ref.
CsPbBr; Ce®/515 nm 89% 12.69 ns - 11
CsPbCls Ce*/430 nm 24.3% 9.7x103us - 36

Sm3*/605 nm 14.1% 600 ps

Eu3*/620 nm 27.2% 714 ps

Tb3*/550 nm 31.2% 598 us

Dy3*/572 nm 27.6% 583 us

Er3*/548 nm 15.1% 654 ps

Yb3*/982 nm 142.7 588 us
CsPbxM1xBrs Mn?*/Eu?*/492 ~ 520 nm 75% 5.04 ns - 63
Cs2AgInCls Yb3*/994 nm 100% 2.7 ms - 7
CsPbXs (X=Cl, Br, Ce*/Eu3*'/398~620 nm 50% - LED 98
)

Ce3*/Sm3*/399~604 nm 38%

Bi**/Eu3*/403~620 nm 40%

Bi3*/Sm3/401~604 nm 26%

Ce3*/Mn3/450~592 nm 72% 4.9 ns
CsPbBr; Eu3*/545 nm - 0.82 ms - 154

Tb3*/612 nm - 0.37 ms
CsPbCls Yb3*/Er3*/986 nm 127.8% 941.9 us - 219

Yb3*/Er3*/1533 nm - 868.2 us
KsInFs Eu3*/615 nm - 0.64 ms - 163

Tb3*/615 nm 0.45 ms

Er3*/548 nm 0.59 ms

Er3*/656 nm 0.57 ms
LiNbO3 Er3*/543 nm - - Anticounterfeiting/ 2%

Toxicity Tests

CsYbls 675 nm 58 % 23.3 ns Photodetector 133
CsPbCls Yb3*/990 nm 190% 280 ps - 226
KxCs1xPbCl3 Y3+/410 nm 17.6% 12.41 ns - 227

La3*/410 nm 15.8% 9.29 ns

Eu3*/410, 438, 455, 473, 495 nm 31.2, 38.8, 10.55ns

50.5, 80.8,
89.9%

Lu3*/410 nm 8.7% 14.17 ns
RbPbls Yb3*/Er3*/763.50 nm - 4.9 ns Resonator 228
CsSrls Yb?*/426 nm ~ 442 nm - 10 ps - 229
KMnF3 Yb3*/Er3*/660 nm - 589 us Biolabeling 230
KMgF3 Eu?*/3*/360-590 nm 30% 3.2ms RL dosimeter 231
KMnF3 Nd/Yb/Er/668 nm 0.023% 100 ps - 232
CaTiOs Eu®*/619 nm - 0.8 ms Lighting device 233
BalLaMgSbOs Mn#/700 nm 83% 0.90 ms LED 234




Oxide and fluoride perovskite NPs have unique upconversion/downconversion photoluminescence (UC/DCPL) properties and
good thermal stability, such as La3*:CsPb(Clo7F03)3, RE3*:LiNbO3; (RE = Pr, Tm, Er, Yb), and 2% Yb3*(5% Mn2*, 0.01% Er3* or
Ho3*):KCdF3;. These materials can serve as multilevel anti-counterfeiting materials. As shown in Fig. 19A, letter, Chinese
characters and image patterns were fabricated via nanoprinting on the paper where the patterns printed by CsPb(Clo7Fo3)3:La3*
QDs would appear under the 365 nm UV light. Moreover, the Tm3*, Er3*, or Pr3*-doped LiNbO3 presented a luminescent rainbow
(Fig. 19B), which meet the most anti-counterfeiting needs at the present. In Fig. 19C, printed luminescent red flower and green
leaves by the inks of 2% Yb3*/5% Mn2*/0.01% Er3*-doped KCdFs; and 0.01% Ho3*-doped KCdFs, respectively. The intense
luminescence together with multiple nanoprinting patterns show great potential of this anti-counterfeiting technology.

4.3.3 Lighting and Display screens

As a class of luminescent materials, perovskites have pure luminescent chroma and adjustable spectral range, which is highly
desired in the field of the high resolution display screen. However, most luminescent halide perovskites emit weak blue and red
spectra, which limit their practical applications as the displays screen materials.* 4% Owing to the RE ions that can emit narrow
and sharp blue and red spectra, the RE-doped perovskites complement each other and promote the application of perovskite
materials in the field of display and light emitting diode (LED).

Yao et. al. used Ce3* doped CsPbBr; NCs to encapsulate LED devices (Fig. 20). The devices with and without Ce3* were
evaluated with and without Ce3* systematically. Both the CsPbBr3, Ce3*-doped CsPbBr; samples and corresponding devices emit
narrow and strong emission peaks. With Ce3* doping, the brightness enhanced with the increase of device voltage. The current
density and current efficiency of the devices with Ce3* addition are greatly improved. The external quantum efficiency (EQE) of
the Ce3* doped devices is higher than that of Ce3* undoped devices different voltages, which gave the highest EQE of 4.4%. There
are some RE-doped PNMs, their optical performances were listed in Table 3.

4.4 Detection and sensing

The optical, magnetic and electrical properties of RE-containing perovskites can be sensitive to various external stimuli
including metal ions, gases, temperature, electromagnetic waves, etc. These materials can, therefore, be used to fabricate
sensors, selectively detecting certain external stimulus. This section summarizes the applications of RE-containing PNMs as
sensors (Table 4),

Table 4 Various sensors based on RE-containing PNMs.

PNMs RE Morphology Stimulus Sensing performance Ref
YMnOs Y NPs, 50 — 100 nm NO2, 180 °C, 30%@10 ppm, 1 min 14
GdFeOs Gd NPs, 10 — 35 nm NO 140 °C, 2 ppm, 1~2 min 104
Yb/Er,Er:NaYFa, Yb/Er,Er  NWs, d =150 nm NIR, 980 nm; 980 nm, 2.5 —17.5 W/cm?; 124
MeNHsPbBrs 1532 nm 1532 nm, 5 — 30 W/cm?
Au/Cl, LaFeOs La NPs, 29 nm Ethanol gas 100 ppm, Tp=120 °C 129
CsPbBrs QDs, ~12 nm Yb3*,Cu? 2nM =2 uM 128
NaMgFs Eu?,Ce / X-ray 12 Gy 132
Y0.2Sro0.8TiO3 Y NCbs, 20 nm Temperature  Spk, ~ 890 pV/K, 500 °C 205
PrFeOs Pr NPDs, 10— 100 nm  CO: 2.36 ppm; Ty, 200 °C; 72% RH 235
EuPQ4,CsPbBrs Eu NCs, 50 —300 nm Temperature 303 — 483 K, Sa = 0.082 K%, S, = 1.80% %3¢
K™% I min
DyFeOs Dy NPs, 26 nm HaS 340 °C, 5x107° volume % 237
DyCoOs Dy NPs 0.2 — 8 um uv Ee=100 mW/cm?, 2 min ~ 0.5 s; A/, 0.027 38
—0.1mA;

4.4.1 lons and gas sensing

The detections of toxic ions and gases are pivotal for human health. Luminescent and electrochemical detection of toxic ion
and gases are quite successful approaches due to their advantages of high sensitivity, convenience, fast response and low cost. In
recent years, PNMs also show great potential in this emerging area.

One example is the selective detection of CuZ* ions using CsPbBr; nanocrystals.128 As shown in Fig. 21, the addition of different
metal ions induces very different response of the PL intensities. Cu?* effectively quenches the luminescence of CsPbBrs3;, whereas
the response is negligible for other ions with a detection limit as low as nM. These results demonstrated the great potential of
PNMs in detecting metal ions.

In other reports, PMNs are used to detect volatile organic compounds (VOCs) and toxic gases. The PrFeO3; nanopowders can
be used to detect CO, at a low concentration of 2.36 ppm, under the relative humidity of 72% at 200 2C.235> Moreover, YMnOs3,
GdFeOs and DyFeOs nanomaterials were applied to detect NO,, NO and H,S, respectively.1# 104,237 | gFeO3; nanoparticles, surface
modified by Au and Cl, have been used to detect ethanol (Fig. 22).12° The Au atom and Cl atom on the surface of the LaFeOs3



nanoparticles inhibited the pollution of foreign carbon atoms. The oxidation of ethanol molecules on the surface of the
nanoparticles formed La carbonate and adsorb the oxygen species. The calculation results showed that the Au and Cl atoms
enhanced the charge transformation from ethanol to Fe-O and terminated on the surface of LaFeOs (001) face, which is both
beneficial for the response of LaFeOs; to ethanol. Thus, the detection limit reaches as low as 100 ppm at 120 oC. This method is
also suitable for the detection of other gases, providing a new idea for the VOCs sensing.235

4.4.2 Detection of heat and electromagnetic waves

It is well-known that the optical properties of luminescent materials can be sensitive to temperature. As shown in Fig. 23 (A)
and (B), the emission of EuPO,@CsPbBr3; hybrid system changed under different temperature.23¢ The emission intensity of
CsPbBrs3 at 516 nm decreased with increasing temperature. However, the characteristic emission of Eu3* at 593 nm, 611 nm and
700 nm showed negligible changes. The spectral change of the hybrid system as a function of temperature can be clearly read
out on the chromaticity map. When the temperature increases from 303 K to 483 K, the colour of EUPO,@CsPbBrs; gradually
changed from yellow-green to orange-red. Therefore, this composite structure is very suitable for thermal sensing.

In addition, the electromagnetic waves (x-rays, ultraviolet rays, etc.) can also change some electrochemical properties of the
materials. Based on such effects, a series of materials have been developed to detect electromagnetic waves.130 231,239 For
example, DyCoOs was used for ultraviolet detection.238 The photocurrent can clearly respond to repeatedly turning off-on of the
ultraviolet lamp, and it is stable under repeated cyclic tests. The photocurrent shows a good linear relationship with the UV
power, facilitating the applications as UV sensors.

4.5 Catalysts

The unique 4f electronic structure of RE elements may result in catalytic activities that are not observed in other compounds.
To date, various RE-containing PNMs are reported as efficient catalysts in for water-splitting (OER, Oxygen evolution reaction,
HER, Hydrogen evolution reaction), CO and CH,4 transformation, NOx degradations, etc.

4.5.1 Water-splitting

Hydrogen is a clean, high-energy and recyclable power, which attracts tremendous attention. Searching for highly efficient and
stable catalysts for water-splitting is essential to utilize the abundant water resources. HER and OER are two half reactions of
water decomposition and are used to evaluate the performance of electrocatalysts. RE-containing oxide perovskite materials
have been considered as promising electrocatalysts for water splitting due to their high OER activity. In addition, they are also
good candidates for the photocatalytic water splitting.

Table 5 The experimental results of oxide perovskites and derivatives for water splitting applications.

Perovskites RE3* Overpotential Intrinsic activities or Tafel slopes Ref
(VrHe@-10 mA cm??)

LaMno.75C00.2503-5 La 1.66 V (OER) 97 mV decade(Tafel slope) 28
RNiOs La, Nd, Sm,Gd  1.69 V (OER) 75 mV decade*(Tafel slope) 48
LaNiOs La 1.45V (OER) 36 mV decade}(Tafel slope) R
LaFexNi1«O3 La 1.53 V (OER) 50 mV decade*(Tafel slope) 127
Lao.eSro2MnOs La 1.51V (OER) 42 mV decade™(Tafel slope) 240
Laos(Bao.sSrosCao2)osCoo.  La 0.28 V (OER) 46 mV dec (Tafel slope for HER) 21
8Fe0.203-5/r-GO -0.338 V (HER) 80 mV decade(Tafel slope for OER)
La0.2Sro.sCo1-xFexOs-s La 1.53 V (OER) 56 mV decade*(Tafel slope) 242
La1xSrxNio.sFeo.203.4 La 1.60 V (OER) 70 mV decade}(Tafel slope) 243
LaCoOs3 La 0.47 V (OER) 180 mV decade}(Tafel slope) 244
(Lno.sBao.s)Co0z.4 Pr, Sm, Gd, Ho 1.66 V (OER) 60 mV dec? (Tafel slope) 245
LaCo1«FexOs La 1.63 V (OER) 0.27 mA cmoxide 2@1.63 VRHE (MA) 246
La1xSrxFe0s.« La 0.37 V (OER) 60 mV decade*(Tafel slope) 247
LaCoOs La 1.75V (OER) N/A 248
PrBaCo206.q4 Pr 1.72 V (OER) 70 mV decade*(Tafel slope)+ 249
NdNiOs Nd 1.63 V (OER) 70 mV decade*(Tafel slope) 250
PrBao.sSro.sCo1.5Fe0.50s+5 Pr 1.62 V (OER) 58 mV decade}(Tafel slope) 251

4.5.1.1 Electrocatalysis

Many efforts have been devoted to developing the perovskites that possess prominent performance of OER and HER. For
instance, the effects of different materials,24% 241 elements,48 108,127, 242,243,252 3nd microstructure,’. 28,48 were studied to improve



the activity and stability of the electrocatalysts, achieving much progress. (HER catalysts were also facilitated to obtain superior
performance.) Most of the concerns have been concentrated on the sluggish OER catalysts research.

Lao.5(Bao.4Sro.4Cao.2)o.sCo0.sF€0.203-5 perovskite nanorods were adhered to reduced graphene oxide (rGO) nanosheets to
prepare the hybrid material as bifunctional electrodes, showing excellent performance of OER and HER concurrently in the
alkaline media. It was operated at the voltage of 1.76 V at 50 mV cm2, which is highly close to the commercially IrO,/C-Pt/C
couple (1.76 V @ 50 mA cm=2).241 A two-step calcination method was applied to obtain the LaMng75C002503-5 perovskite
nanofibers showing highly promising OER activity that was comparable to the commercial RuO; catalysts and 26.5 times higher
than that of the LaMnOs catalysts.?8 By a FeCls post-treatment, the bulk crystalline LaNiOs perovskite was transformed into an
amorphous nickel-iron-based motifs on the perovskite matrix, which exhibited a superior OER activity and an ultra-low
overpotential of 189 mV at 10 mA cm~2.17 In addition, the La and Ni were partially substituted by Sr and Fe, respectively, to
obtain the Lai4SrxNiosFeo203.5. The OER results showed that the Sr and Fe co-doped perovskite exhibited an excellent OER
activity even above the benchmark RuO,, which is attributed to the promising active sites of Ni3*, 02~ /0~ and an optimized
Ni/Fe ratio.?*3 An Fe-doped LaFexNi1.xO3 hanorods also showed a remarkable performance of OER with a low overpotential of 302
mV at 10 mA cm2 and a small Tafel slope of 50 mV dec1.127 Table 5 listed some electrocatalysts for water splitting.

To improve the performance of OER and HER electrocatalysts, the chemical properties of the surface and the conductivity of
the material are important, both greatly affected by the electronic structure. Recently, many new perovskites have been
developed as highly active electrocatalysts for water-splitting. The double perovskites (LngsBao.s)CoOs.q (Lh=Pr, Sm, Gd and Ho)
has been reported to be a family of highly active catalysts for OER.245 It was found that the RE-containing perovskite was much
more stable than common pseudo-cubic perovskites with comparable OER actives. The high activity and stability of these double
perovskites were ascribed to the appropriate distance between O p-band center and the Fermi level modified by the RE
elements’ adjustment. After that, the LaCoOs film grows on the LaSr1xMnxOs (LSMO) film by PLD was reported to exhibit a higher
OER activity than that of benchmark catalysts.248 The band gap of Co 3d-O 2p decreased due to the transfer of electrons from
LSMO to the LaCoOs film, inducing the closer distance between O 2p band center and Fermi level. This indicated the lower
activation energy and prominent OER activity.

LaCoO3; showed remarkable performance in the base for oxygen evolution reaction, so it was often chosen as the substrate to
study the electronic structure-function effect of single perovskites244 246, 248 By the sol-gel method, the Fe substitution was
introduced to the LaCoOj; obtaining the LaCoi-«Fe O3 to improve the performance.?46 With 10% Fe substitution, there appeared a
Co3* spin-state transition from generally low spin state to a high spin state and enhanced Co 3d-O 2p covalency, which resulted
in a transition from insulator to half-metal and promoted OER performance for LaCog oFe.103. Besides the substitution, as shown
in Fig. 24 D-E, lattice-orientation control growth of LaCoOs epitaxial films was applied as the strategy to optimize the spin-state
regulation of the LaCoOs perovskite.?** A spin-state transition of cobalt from a low spin state (LS t25°€¢°) to a high spin state (IS tyg
5eg!) was induced by different distortion degrees of the CoOg octahedron for different lattice-oriented LaCoOs films. Hence,
LaCoOs (100) film presented lower adsorption free energy, higher conductivity and better OER performance than the other two
films.

In addition to the modulation of the electronic structure of the perovskites, the control of surface oxygen vacancies has
become one of the most important issues for catalysts of water splitting. A series of Sr-doped perovskite oxide La;SrxFeOs.s was
synthesized by a bulk iodometric titration method?247. Lag ;SrosFe0s.s, with the optimum amount of surface oxygen vacancies and
higher surface Fe valence states, exhibited the best performance of OER. As shown in Fig. 24 A-C, Liu et al. reported that the OER
performance of PrBagsSrosCoisFeqsOs.s was significantly improved by controlling the oxygen vacancies. The results indicated
that the excessive oxygen defects facilitated the OH- affiliation and brought lowered the formation energy of O* on the surface,
greatly boosting the OER kinetics.2>! A series of RE nickelates films (RNiOs; R= La, LapsNdos, Lao2Ndos, Nd, NdosSmgs, Sm, and
Gd) ware studied for the OER performance.*® Through changing the composition of the catalysts, the partial reduction of Ni3* to
Ni2+ induced by the oxygen vacancies evidentially improved the OER activity. However, the oxygen vacancies on the catalysts are
not always beneficial for the catalytic process of water oxidation. The role of oxygen vacancies is still controversial. Shi et al.
found that largely increasing the concentration of oxygen vacancies led to a significant reduction in the intrinsic OER activity.
Structural studies revealed that oxygen vacancies tended to orderly align in PrOy.s. This ordered structure not only lowers the
cobalt oxidation states but also triggers a spin-state transition from high-spin to low-spin states for cobalt ions, both greatly
slowing the OER kinetics.24?

Table 6 The experimental results of oxide perovskites for photocatalytic water splitting.



Perovskites RE3*  Bandgap Incident light Scarification regents Electro-catalyst Activity Ref.
in the solutions

LaSrFeOas/LasSrFe207  La 2.16 eV >250 nm Neutral phosphate 1 wt% Pt 477 pmol ht g 2%
buffer 1

LaFeOs La 2.16 eV 575 nm 0.1 M NaOH w/0 -0.1 mA cm?
@1.41V

LaNiOs/CdS La 2.4 eV 420 nm wW/0 w/0 3700 umol ht 2%
g—l

LaFeOs- 0.75PANI La 1.92 eV >420 nm 10% triethanolamine 3 wt% Pt 3080 pmol ht 256
g—l

LaGao0.4C00.603-5 La >420 nm wW/0 1.0 at% IrOx 470/717 umol 27
ht g-1

LaFeOs La 2.19 eV >420 nm 50 mM AgNO3 2 wt% Au 23 umol/202 ©
pmol h't gt

LaTaON: La 1.94 eV 420 nm<a<620 nm 20 % methanol 0.5 wt% Rh 110 pmol ht g 3!
1

LaTao.9Zro.101+yN2-y La 1.99 eV A>420 nm 50 mM AgNOs 1 wt% Pt 110 umol ht g 258
1

10%Er-K>Ta206 Er 3.50 eV A =270 nm 10% formic acid w/0 4620 umol ht 29
gl

Er-KTaOs Er 3.37 eV A =270 nm 10% formic acid 2% Pt 24705 260

Pr-KTaOs Pr w/0 A =270 nm 10% formic acid 2% Rh 19830 260

Pr-K2Ta20s Pr 4.40 eV A =270 nm 10% formic acid 2% Pt 27948 260

Er-K.Ta20s Er w/0 A =270 nm 10% formic acid 2% Rh 11082 260

4.5.1.2 Photocatalyses

Besides the electrocatalysis, the perovskite-type materials are also promising photocatalysts for water splitting. To promote
the performance of the photocatalysts for HER, many strategies have been developed, such as interface engineering,26-258
energy-band engineering,254 259,260 gnd crystal structure modulation.31, 110, 255

Similar to the electrocatalysts, surface structure and property of the perovskite materials are extremely important for
photocatalysts. It was reported that higher surface hydrophilicity of the catalysts enhanced the photocatalytic activity of water
oxidation reactions (listed in Table 6). Thus, Zr was doped into the structure of the LaTaON, to induce better surface
hydrophilicity and mesoporous microstructures, which led to a more efficient mechanism of the reaction to facilitate water
oxidation.258 Besides, LaFeO3; was coated by conductive polyaniline (PANI) aerogel to modify the surface hydrophilicity, showing a
promoted photocatalytic performance, because of elevated effects for water adsorption and diffusion, visible-light (photon)
adsorption and photoinduced carries transfer.256 The redox ability of the catalysts is also important for photocatalysts. A Sr- and
Co-doped La14SrkGai-yCo,03.5 perovskite exhibited much higher H, production than the benchmark without doping, attributed to
the lower activation energy.2>7 As shown in Fig. 24 F-G, the highly active crystal phase and structure of the perovskites have been
studied. With K and Na doping, the LaKNaTaOs plates gradually transformed to core-shell LaTaON,, exposing more active (010)
faces to promote the H; evolution activity to 4 times higher.31 The p-type LaFeOs and LaSrFeO, have an ideal bandgap and band
edge positions for overall solar water splitting.253: 254 The oxides have been prepared and the physicochemical properties such as
surface area, optical absorption and crystal structure are modified to acquire superior photocatalytic performances.

The properties and origins of the charge carriers are one of the most crucial factors for photocatalysts. The heterostructure of
LaNiO3/CdS showed highly improved H, production performance, ascribed to the effective separation and transport of
photoinduced charge carriers.255> The plasmon-based Au/LaFeOs composite photocatalyst was built to enhance the activity for
water reduction and oxidation, and the complex effects of hot electrons and holes for the reaction were investigated.

4.5.2 Removal of pollutants

Clearing up nitrogen oxides, carbon monoxide and other pollutants have great significance on environment protection. RE-
containing oxide perovskite materials can possess the excellent catalytic activity and high-temperature stability, thus can be

widely used in the catalytic degradation of nitrogen oxides and other pollutants (dye molecules, phenol, and etc.).
4.5.2.1 Water treatment



Perovskites are effective photocatalysts for the degradation of various organic compounds in water. A series of perovskite-
type titanate MTi,O, (M= transition and RE metals) compounds with different structures and sizes were synthesized by the
thermal decomposition method.261 The relationship between bandgap and crystalline sizes were identified: smaller crystallite
sizes induced lower band gaps, resulting in stronger visible light absorption and better performance of pyrocatechol degradation.
The new double perovskite Dy,ZnMnOg nanoparticles were successfully synthesized and applied as the photocatalyst of the
degradation of methyl violet and methyl orange.262 The novel LaFeOs perovskites partially substituted with Ti have been
synthesized via a sol-gel method.262 After substitution of Ti, the catalyst exhibited a greatly improved stability, which is attributed
to the fewer Fe leaching during the reaction. The RE-doped K;Ta,Os perovskites were successfully synthesized and exhibited
greatly improved degradation efficiency under UV—vis light compared with pristine K;Ta>06.2%°

To obtain the materials with superior photocatalytic performance, perovskites have been modified by forming composites
with other functional units. Fig. 25A-B showed that the heterostructures of LaFeO3/Ag,COs nanocomposites were successfully
constructed and showed a very high electron-hole pair decoupling efficiency, resulting in the greatly improved photocatalytic
activity for the degradation of rhodamine B (RhB).113 Moreover, the Au/La-SrTiOs; showed a superimposed effect of Au
nanoparticles and La-doping, inducing a good photocatalytic activity in photodegradation of RhB.16¢ The CuO/LaFeOs
nanocomposite synthesized by the sol-gel method exhibits an outstanding activity of degradation of RhB, attributed to the
simultaneous effects of the photocatalysis.?63 RE ions (Er, Pr) doped KTaOs/K;Ta;Os photocatalysts were decorated by
monometallic nanoparticles (Au, Pt, Rh), resulting in boosted photocatalytic performance compared with that of pristine
KT303/K2T3206.260

4.5.2.2 Automobile exhaust

NOy, CO and CH,4 from the incomplete combustion of the fuel have been considered as main pollutants in the air. It is,
therefore, essential to develop catalysts such as perovskite materials to eliminate these pollutants due to their high
electroactivity in degradation.

For the NO, degradation, the oxidation and reduction reaction have been both applied. The Mn-based?64 265 perovskites with
porous nanostructure have been successfully synthesized and exhibited rather well performance of NO oxidation. Furthermore,
as shown in Fig. 25C-D, when La was substituted by the Co, the activity of NO oxidation was further improved.254 The Cu-doped
perovskite LaCoOsthat was doped by Cu showed prominent activity than the pristine oxide.256 The reduction of the NO were
performed with the NH311% 136or CO267-269 reactant gases. La;—xCexMnOs/attapulgite nanocomposites were synthesized by the sol-
gel method with different doping fraction of Ce. When the doping fraction x was 0.1, the highest activity of NO reduction was
obtained.115 LaBOs/attapulgite (ATP) (B=Mn, Fe, Co, Ni) composites were prepared, and the order of NO reduction capacity was
is LaMnOs3/ATP > LaNiO3/ATP > LaFeOs/ATP > LaCoOs/ ATP.136 Pure perovskite LnFeOs (Ln = La, Pr-Tb) porous hollow spheres and
solid spheres (Ln = Dy-Yb, Y) were successfully synthesized, in which the activities of hollow spheres were obviously higher than
those of the solid spheres.267 Fig. 25 E-F showed that the LaFeOs with hierarchically porous structure was successfully prepared
and showed the remarkable performance of the NO reduction reaction.268

Meanwhile, the oxidation of the CHj is crucial for green gas reduction.2’? The LagsBapsMnOs; nanocubes have been
synthesized and presented a high activity and stability for oxidation of the CO and CH..12* A novel double perovskite Las-
xSrxNiAlOg catalyst showed the excellent catalytic activity with 0.1 fractions of Sr doping showed the excellent activity for CH,
combustion.?’! The RE-containing double perovskite oxide La;CoMnOg supported on CeO, was synthesized by three methods,
and the activity of CH4 combustion was: co-precipitation > sol-gel > impregnation.16° The calcination temperature of preparation
of perovskite-type LaFeOs oxides was reported to make a great effect on the performance of CH4 oxidation.111

4.5.3 Carbon and Nitrogen conversion

The conversion of carbon-based compounds is an important chemical reaction in industry. For the special structure and
chemical inertia, RE-containing oxide perovskites have very important applications in the conversion of carbon chemicals, such as
the oxidative coupling of methane, oxidation of methanol or urea, conversion of carbon dioxide, and etc. Many RE oxide
perovskites exhibit flexible redox properties, high surface oxygen mobility, abundant surface active sites and good thermal
stability, which is applicable in a wide range of applications in traditional heterogeneous catalysis for chemical product and
energy industry. 134, 272-278

Methane convert to C2 hydrocarbons (ethane and ethylene) by oxidative coupling (OCM) is a promising direct methane
conversion technology, which has been investigated extensively during the last three decades. Sekine et al. reported that
Lap.7Cap3Al0s.s catalyst exhibited high CO,-OCM activity in an electric field with a C2 yield of 7.4% at 348 K, attributed to the Ca
doping.?’> Jung et al. investigated the effect of pH values during LaAlOs; preparation on the OCM activity. It was found that the
sample prepared at pH = 8 presented the highest C2 yield due to its well-developed oxygen vacancies and electrophilic lattice
oxygen.272

Another important route of the methane transformation is to the syngas by the partial oxidation of methane (POM)?77 or dry
reforming of methane (DRM)?74. The layered perovskite material noted as Lai1+xSri1—xCoO4 (x = 0; 0.25) and NdCaCoOs3.9¢ Was
synthesized by the solid state method, which has better stability and higher activity in the reaction of partial oxidation of
methane to syngas. This originated from the different effects of alkali metals.2’’” The synergistic La-Ce effect was applied to
optimize the reactivity of DRM by CO, on the supported perovskite LaxCe;x-Fe,03/Al,03. With the assistance of La-Ce effect, the



reactivity of the catalysts was greatly enhanced due to the promoted lattice oxygen migration.2’4 As shown in Fig. 26, Gao et al.
prepared the LaMnOs-Pt coated on ZnO nanoarray by a simple low-temperature hydrothermal synthesis method. Pt was
uniformly distributed on the surface of the catalyst, which greatly increased the oxidation of propane.?’? The most effective
routes for the production of hydrogen without Cox byproducts are methane and ammonia decomposition.276: 279 pudukudy
reported the successful synthesis of a set of porous CeO,, zirconia and lanthana supported nickel catalysts for H, generation. It
was noted that the lanthana-based perovskite formed during the reaction greatly improved the reactivity.27¢

4.6 Magnetics

The unpaired electrons in oxide perovskites containing transition metal ions (TM: Fe, Co, Ni, Mn, etc.) and RE ions (RE: Gd, Sm,
Tb, Ho, etc.) can result in excellent magnetic properties. Those magnetic materials are of great significance in the application of
magnetic devices and spintronic devices.280, 281

4.6.1 Ferromagnetic, antiferromagetic, and superparamagnetic materials

Table 7 The RE-based perovskite material for superconductor, electronic, magnetic devices

Perovskites RE Synthesis Morphology Magnetics; Application Ref.
LaosSrosMnOs  Gd, Tb, Dy, Ho  SG NCs, ~30 nm Tc=320-330K, 282,
LnFeOs Eu, Gd, Tb SG NPs,30-115 nm Tc=5-8K; Bioimaging 283
BaTiOs Eu SG NCs, sub 15 nm No date 284,
YbMnOs Yb ST NRs/NPLs 50-200 nm TN~86K; 285
LaFeOs Ti cpP NPs 7,
LaFeOs Ce cpP NPs Ms=0.56 emu/g; 140,
Ce1xEuxCrOs Ce1xEu,CrOs CBs NPs, 50-100 nm Tc=280 k/3.5T, TN~182 K; 286
BiFeOs Ce SG NPs, 30-50 nm MH,1.766 emu/g; Mr 0.0572 emu/g; Hc 2%
0.1468 KOe
BiFeOs Ho SG NPs, Ms=5.3 emu/g, Mr =1.5 emu/g, Hc=140 Oe 288

Both TM and RE ions can have unpaired electrons, which endowing excellent magnetic properties many TM and RE oxide
perovskites. In particular, RE-based oxides combined with nickel, cobalt, and iron have been extensively studied for their
ferromagnetic and antiferromagnetic phase transitions. This provides both theoretical and experimental supports for the
development of new magnetic materials.289-291

Despite its importance, there are limited research focusing on the quantum size and crystal structure effects on the
magnetism of RE PMNs reported.2?2 As the description in Fig. 27A, the saturation M/H curves of bulk-phase Lag7CapsMn0Os at 5,
100 and 200 K, respectively. Contrarily, curves measured on nano Lag7Cap3MnO3; show no sign of saturation at all below (Fig.
27B). The coercive field of nano sample at 5 K is more than two orders of magnitude higher than that of bulk phase. The authors
attributed the results to the size effect, which led to a strong frustration of ferromagnetic ordering in nano Lag7Caog3MnOs as
compared to basically stable and homogeneous ferromagnetic ground state in bulk. The parent host PrFeOs; showed
superparamagnetic behavior (Fig. 27C, D). Through introducing Al3* cations into the PrFeOs; (site-B) with the adjustment of
different proportion, the magnetization can be greatly improved. 293-2%5 Such observation was likely because the introduction of
the ferromagnetic component results in the weaker antiferromagnetic coupling between iron spin moments and the
rearrangement in PrAlsFe; O3 nanocrystals than that of PrFeOs. These results unambiguously demonstrate that quantum size
and crystal structure have significant effects on the magnetism of REs host perovskite-type oxides nanomaterials.

4.6.2 Magnetocaloric materials

The entropy changes of RE-based perovskite materials between magnetic ordering and disordering states result in a
magnetocaloric effect, suitable for magnetic refrigeration. 23 29, 297 As depicted in Fig. 28A, the initial randomly oriented
magnetic moments are aligned by a magnetic field, resulting in the heating of the magnetocaloric material. This heat is removed
from the material to the ambient environment by heat transfer. Upon removing the field, the magnetic moments randomize,
which leads to the cooling of the material below ambient temperature. The heat from the cooling process of the system can then
be extracted using a heat-transfer medium. Depending on the operating temperature, the heat-transfer medium may be water
(with antifreeze), air or, for very low temperatures, helium. This technology, owning the merits of high security, low energy
consumption and low pollution, is expected to replace the traditional compressed liquid refrigeration. Therefore, it is of great
importance to develop high-performance RE-based perovskite magnetocaloric materials.



Recently, RE-containing PNMs have been demonstrated as excellent candidates for magnetic refrigeration based on the
enhanced magnetocaloric effect. Ddue to an enhanced magnetocaloric effect.2°2 298 The intense interest in perovskite-type
manganese oxides R1xBxMnOs (where R is a RE ion and B is a divalent alkali) is initially prompted by the observation of colossal
magnetoresistance.?> However, they also exhibit large magnetocaloric effects (Fig. 28B) associated with the transition from a
second order ferromagnetic to a paramagnetic state near room temperature. The magnetic entropy change (-ASwm) of 3.28 J kg1K-
1 with a relative cooling power of 120 J kg* and an adiabatic temperature change (AT.q) of 2.11 K at 310 K under 50 kOe magnetic
field are already comparable to the best Gd-based clusters.2® In addition, the magnetic cooling performance of exfoliated
nanosheets may be even better (Table 7). With excellent processability and facile large-scale production, RE-containing PNMs
have opened up a new avenue and therefore are extremely worthwhile to be explored.

5. Conclusions and prospect

In this review, we summarize RE-containing PNMs with great compositional turnability, structural variability, and broad
applications in optics, photovoltaics, catalysts, dielectrics, magnetics, etc. The intrinsic reasons for the property improvements
induced by RE elements are briefly discussed, providing a valuable reference for the design and application of RE-containing new
functional materials. Although several problems and challenges exist, the research on RE-containing perovskites is highly
prospering. New opportunities associated with RE-containing PNMs such as high efficiency, superior stability, the ease of mass
production, models for fundamental research, environmental protection, and interdisciplinary, will be outlooked in the following
section.

5.1 High efficiency and stabilities

Although lead halide (APbXs, X=Br, 1) perovskites have been widely used in photovoltaics with high PECE, there is still a
considerably big gap between the current PECE and its theoretical maximum. In addition, the poor stability of APbX3 makes them
easy to decompose and thus lose photovoltaic activity in a humid environment. Improving the PECE and stability of APbX;
perovskite materials is significant for their future applications. In addition, as the photoactive materials in solar cells, perovskites
(oxides, BaSnOs;, TmFeOs, etc.; halides, Cs3BizXs, CsSnXs, Cs,AgSbXs, etc., X=Br, I.) cannot absorb NIR light. By incorporating RE
into perovskite structures, it is possible to improve the absorption efficiency of solar light in the NIR range, and thus enhancing
the PECE. The incorporation of RE ions can also adjust the band gap of perovskites and improve the performances of the devices.
Another important area is to replace APbX; with lead-free perovskites. The application of halide perovskites as illumination
sources is also hindered by the low EQE and poor stability. It is therefore of both fundamental and practical importance to
improve the EQE and stability of perovskite-based illumination sources. The exploration of white-light illumination sources is also
desirable and current white-light perovskite-based devices are very rare.

In catalytic applications, some halide perovskites indeed show good photo-catalytic activity, but with poor stability. To the
best of authors’ knowledge, there is no report regarding the catalytic performances of RE-containing halide perovskites. The
exploration of RE-containing halide perovskites is, therefore, a promising area. Although oxide perovskites have been widely
used in various catalytic reactions including ORR, OER, NOy elimination, etc., the catalytic performances still need to be
improved. The incorporation of RE ions with various radius and valences into perovskite structure will yield defects, strains and
oxygen vacancies, and therefore enhance the catalytic performances in the reaction of ORR, carbon or nitrogen transformations.

Selective RE doping has made some breakthroughs in improving the dielectric, piezoelectric, thermoelectric and ferroelectric
properties of perovskites. However, from the material compositional design point of view, there are still great challenges for RE-
doped perovskites to meet the requirements of high-temperature piezoelectrics and sensor in commercial applications. The
development and design of perovskite materials with high transition temperature, high dielectric and piezoelectric constants are
urgently needed.

RE-based oxide perovskites are excellent electrode materials of solid oxides fuel cells with high activity and energy conversion
efficiency (~60%). However, the efficiency is still considerably lower than the theoretical value. In addition, the high operation
temperature and acidic (or basic) environment pose great challenges to the stability of electrodes. All of these important issues
must be resolved. In the case of metal-air batteries, although some highly active catalysts have been designed, the fabrication of
high-capacity, stable and efficient batteries is still difficult. Therefore, it is essential to explore reliable battery assembly process
and find suitable electrode materials. Besides, the match between electrolyte and electrode materials is an important factor for
high capacity batteries.

When used as magnetic materials and detectors, oxide perovskites have high stability but are rarely involved in biomedical
magnetic resonance imaging. It may have great potential for researches. In addition, the majority of magnetic devices and spin
devices are still in the stage of fundamental research, requiring considerable efforts to promote practical applications.
Meanwhile, achieving high selectivity and sensitivity is always desirable for the detection of unknown substances. The
application of perovskites in analysis and detection is a new area.

5.2 Green and Mass Production



The mass production of RE-containing perovskites is a prerequisite for their applications. The fabrication of solar cells requires
large-scale preparation of halide perovskite thin films, with low cost and simple and efficient fabrication processes. The
application of oxide perovskites as catalysts and electrolytes requires materials with tunable size, high crystallinity, adjustable
catalytic active sites and good dispersion. It is a great challenge to the preparation of nanomaterials.

With the rising of wearable technology, the fabrication of flexible devices opens up great opportunities for perovskite
materials. In particular, the large-scale preparation of flexible solar cells, flexible sensors, flexible capacitors and batteries has
boosted the development of RE-containing PNMs. In the process of batch production, several factors including the cost,
environmental protection and market demand must be balanced. All of these considerations are directly related to the
commercial success of devices, and even determine the future development of this field.

5.3 Fundamental researches

Although some studies have shown that perovskite materials play important roles in the fields of luminescent materials,
catalysts, dielectrics, magnetics, solid-state batteries and sensors, most of the studies are still preliminary. The details of how RE-
doping improves the performance of perovskite materials, by modulating the composition, local structure and molecular
orbitals, are still unclear. Especially, the studies on the changes such as phases, vacancies, stress and defects induced by doping
are still empirical and lack of theoretical interpretations. The reliance on expensive and state-of-the-art characterization tools
also limits the further exploration of mechanism. The development of new materials, especially RE-containing materials, may
create new structures and therefore new functionalities, among which some have been predicted theoretically. It is essential for
their syntheses and characterizations.

5.4 Environmental protection

Although lead-based halide and oxide perovskites can exhibit excellent properties in applications such as luminescent
materials, solar cells, and dielectric materials, Pb is harmful to both the environment and human health. Moreover, the
replacement of precious element-based perovskites with RE-containing perovskites are beneficial for broad applications.
Currently, lead-free perovskite materials have shown great to achieve similar or even better photovoltaic performances. It has
been demonstrated that the incorporation of RE regulates the valence band as well as the light absorption ability of lead-free
perovskite materials. On the other hand, the catalytic activity of some RE-containing perovskite materials has become
comparable to that of noble metals, but the stability of these oxides is still poor. To meet the Green Chemistry criteria, the
preparation and application of perovskite materials should utilize environmental-friendly raw materials, high-efficiency
preparation processes, and minimal waste discharges.

5.5 Interdisciplinary studies

Perovskite materials are is the focus of many disciplines. The study of RE-containing perovskite materials requires knowledge
from many disciplines such as theoretical physics, chemistry, materials science, optical engineering, electromagnetics,
biomedicine, etc. The interdisciplinary collaborations are therefore essential. We encourage more scientists in various fields to
pay attention to this emerging field and promote the applications of perovskite materials.

Abbreviations and acronyms lists

Ln lanthanides

RE rare earth

PNMs perovskite nanomaterials

t tolerance factor

u octahedral factor

oD zero-dimensional

1D one-dimensional

2D two-dimensional

3D three-dimensional

PSCs perovskite solar cells

PECE photoelectric conversion efficiency
PL photoluminescence

FWHM full width at half maximum
OER oxygen evolution reaction
ORR oxygen reduction reaction
HER hydrogen evolution reaction

acac acetylacetone




wcC wet chemical

SG sol-gel

D thermal decomposition

HI hot injection

ST solvothermal method

CP co-precipitation

ODE 1-octadecene

TEM transmission electron microscope

OA oleic acid

oM oleylamine

HT high-temperature method

SS solid state synthesis

MS molten salt reaction

SCT spin coating technique

PLD pulsed laser deposition

ES electrostatic spinning

CVvD chemical vapor deposition

PCE power conversion efficiency

Voc open-circuit voltage

Jsc short-circuit current density

FF fill factor

NIR near Infrared

ETM electron transport material

NPs nanoparticles

NPLs nanoplates

NCs nanocrystals

NWs Nanowires

NPDs nanopowder

NTs nanotubes

Qb quantum dots

NCbs nanocubes

To sensors working temperature

Sa absolute temperature sensitivity

Sr relative temperature sensitivity

Sbk Seebeck coefficient

uv ultraviolet light

EQE external quantum efficiency

MPB morphotropic phase boundary

CcpP columbite precursor method

RT Room temperature

MBM mechanochemical ball milling

PR Pechini method

CCB citrate auto combustion method

ME micro-emulsion route

ATP attapulgite

NFs nanofilms

er Dielectric constant

tand Dielectric dissipation factor

dss3 Piezoelectric constant

Lc Leakage current

Kp Planar electromechanical coupling
coefficient

P Remanent polarization

Ec Coercive electric field

Te Curie temperature point

Y Relaxation behaviour




DC
CB
VB
MA
LHPs
UCPL
RETU

ucC
DCL
EL
PL
Qy
rGO
PAN
RhB
OCM
POM
DRM
™
RP
AIE
Hc
My
Ms

Tn
CBs
VOCs

Direct current

conduction band

valence band

methyl amine

Lead-based halide perovskites
Upconversion photoluminescence
radiative energy transfer up-
convsrsion

upconversion

downconversion luminescence
electroluminescence
photoluminescence

quantum yield

reduced graphene oxide

| polyaniline

rhodamine B

Oxidative coupling of methane
partial oxidation of methane
dry reforming of methane
transition metal
Ruddlesden-Popper

A-site ionic electronegativity
coercivity

maximum magnetization
saturation magnetization
remnant magnetization

Neel temperature

Combustion method

volatile organic compounds
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Fig. 2 The various types and and components of halide and oxide
perovskites.
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Fig. 3 The various preparation methods for PNMs preparation. (A) Hot-injection method, (B) ultrasonic co-precipitation method. Ref. 137. Copyright 2018, Wiley-VCH.(C)
solvothermal method, (D) spin-coating technique, (E) chemical vapour deposition method. Ref. 138. Copyright 2018, Wiley-VCH.
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Fig. 4 The RE-doped CsPbCl; NCs synthesized by HI method. (A-H) TEM (transmission electron microscope) images of Ln3* doped CsPbCl; NCs (Ln = Ce, Sm, Eu, Th, Dy, Er, Yb). ()
XRD (x-ray diffraction) patterns of CsPbCl; NCs doped with Ln3*. Ref. 36. Copyright 2017, American Chemical Society.

Fig. 5 RE-doped KMnF3 nanowires were synthesized by CP method and. TEM images of (A) KMnFs: Yb/Ho, (B) KMnFs: Yb/Tm, (C) KMnFs: Yb/Er. (D) The nanowires arrays prepared
by direct-writing method. SEM images of (E-G) the aligned, (H, I) crossed, and (J-L) curved KMnFs: Yb/Er NWs on Si substrate. Ref. 154. Copyright 2018, American Chemical
Society.




Fig. 6 The La;.«NasFeO3; NPTs were synthesized by SG method. The SEM images of samples (A) LaFeOs, (B) LagosNagosFeOs, (C) LaggNagiFeOs, (D) LaggsNag1sFeOs. Ref. 158.
Copyright, 2018 Author(s).
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Fig. 7 The growth of NdNiO3 nanofilms onto the substrates of LaAlO; by PLD method. (A) RHEED (reflection high-energy electron diffraction) oscillations results shown a layer-by-
layer growth process. (B) AFM (atomic force microscopy) images of the film gave a stem-and-terrace morphology. (C) HAADF-STEM (high-angle annular dark field, Scanning
transmission electron microscope) images of the transverse section of NdNiO; films and LaAlO; substrates. (D — G) Atomic-resolution EELS (Electron energy loss spectroscopy)
mapping of the La, Al, Ni, and Nd from the edges of the heterojunction. Ref. 141. Copyright 2018, American Chemical Society.
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Fig. 18 (A) The patterns printed by CsPb (Cly7Fo3)3:La3* QDs inks on the paper under
the 365 nm UV irradiation. Ref. 225. Copyright 2019, Royal Society of Chemistry. (B)
Fabrication of RE**-doped LiNbOs (RE = Pr, Tm, Er, Yb) luminescent rainbow river
logos printed on a PDMS substrate. Ref. 226. Copyright 2019, American Chemical
Society. (C) The plantlet (flowers and leaves) images printed by the inks of KCdF;:2%
Yb3*, 5% Mn2*, 0.01% Er3* and KCdF3:2% Yb3*, 5% Mn?*, 0.01% Ho3*, respectively. Ref.
227. Copyright 2019, Royal Society of Chemistry.
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Fig. 20 (A) The structure diagram of the LEDs. (B) The band distribution in each
functional layer of the device. (C) PL and EL spectra of the CsPbBr; and Ce3* doped
CsPbBrs; samples and corresponding devices. (D) The luminance changes with the
driving voltage of the devices. (E) Relationship between current efficiency and
current density of these devices. (F) The relationship between the driving voltage
and the EQE of these devices. Ref. 11. Copyright 2018, American Chemical Society.
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Fig. 21 (A) The PL intensity of CsPbBr; QDs (=1.0 x 10-° M) with addition of different
metal ions (2.0 x 10®M). (B) The images of CsPbBr; QDs in cyclohexane without
and with Cu?* under UV light. (C) The PL spectra of CsPbBr; QDs with addition of
different amounts Cu?*. (D) The PL intensity of CsPbBr; QDs changes with addition
of Cu?* and Yb3*. Ref. 128. Copyright 2017, WILEY-VCH.
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Fig. 22 (A) The resistance of LaFeOs;-x% HAuCl; (x=0, 0.5, 1.0) in air (104 A) The
resistance of LaFeO3-x% HAuCl, (x=0, 0.5, 1.0) in air (104 — 200 oC), inset: the curves
of InR/T vs. 1000/T (168 - 200 °C). (B) Temperature dependence of ethanol (100
ppm) gas response. (C) The response curves of resistance to ethanol (120 2C, 100
ppm). (D) The response performances of different gases (120 2C, 100 ppm). Ref. 129.
Copyright 2019, American Chemical Society.
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Fig. 23 A) Temperature (303 — 483 K) dependent PL emission intensities of CsPbBr;
and Eu3* at different peaks (Aex= 393 nm). B) The CIE (x,y) diagram of the emission
colour with different temperatures, inset: photos of the samples under different
temperature. Ref. 236. Copyright 2018, Royal Society of Chemistry. C) The electrical
current of DyCoO; pellet under on/off cycles (30 s) UV irradiation. D) Quantitative
current response of DyCoO; to UV light (with different Ee values). Ref. 238. Open
Access.
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Core-shell structured  Plate-like Conventional ® LaKNaTaO, (001) facet LaTaON, (010) facet

LakNaTaO,/LaTaON, LaTaON,  LaTaON,
Fig. 24 (A) The polarization curves and (B) Tafel plots of OER for the PrBag sSro.sCo1sFe0s0s.5 (PBSCF) thin films after thermal annealing. (C) Schematic diagram of the difference
in oxygen vacancy distribution in PBSCF thin film after annealing and electrochemical reduction. Ref. 252. Copyright 2019, WILEY-VCH. (D) Comparison of the reactivity (solid
line) and Tafel slope (dashed line) for obtained LCO films. (E) Schematic diagram of the relationship between spin configuration (free energy, conductivity and e electrons
filling status) and OER activity of the LCO films with different orientation. Ref. 245. Copyright 2017, Elsevier Inc. (F) Direct comparison of H, production rates for the core—shell-
structured LaKNaTaOs/LaTaON,, the plate-like LaTaON, and the conventional LaTaON, powder. (G) The crystal structures views of the (001) facets of LaKNaTaOs and (010)
facets of LaTaON,. Ref. 31. Copyright 2019, WILEY-VCH.
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Fig. 25 (A) The HRTEM image and the scheme diagram of the mechanism for the generation of different reactive oxygen species. (B) Photocurrent tests of the pure LFO,
Ag,CO;, and 1% LFO/Ag,CO; samples. Ref. 113. Copyright 2019, American Chemical Society. (C) The HRTEM of the LaCoMnO-A sample. Ref. 265. Copyright 2019, Elsevier
B.V. (D) NO conversion for studied LaMnO, LaCoMnO and LaCoMnO-A samples. (E) The supposed scheme diagrams for adsorption of metal ion precursors on the surface of
pomelo peel. (F) NO conversion of template LaFeOs and bulk LaFeO3 samples at different temperatures. Ref. 269. Copyright 2017, the Partner Organizations.
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Fig. 26 (A) The TEM image of a mesoporous LaMnO3; nanotube with Pt loading and (B) HAADF images of aged LaMnOs nanotube with Pt nanoparticles. (C) Propane conversion
over all tested catalysts. (D) Bar charts of propane conversion over all samples tested at T10, T50 and T80. Ref. 274. Copyright 2018,Wiley-VCH. (E) Scheme diagram of the
structure conversion of LaFe;,Rh,03/SiO, during the reduction process and reaction pathways among over the catalyst. Ref.134. Copyright 2019, The Royal Society of Chemistry.
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Fig. 27 Field dependences of the magnetizations measured on bulk (a) and
nanosized (b) samples at different temperatures below its Curie points. Ref. 293.
Copyright 2007 IEEE. The magnetic hysteresis curves for PrAlFe; O3 at x = 0.0, 0.1,
0.2, 0.5 and 0.6; (c) overlaid, (d) separated. Ref. 294. Copyright, 2014 Elsevier.
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Fig. 28 (A) Mechanism for cryogenic magnetic refrigeration. Ref. 299. Copyright
2002, Springer Nature. (B) The magnetic entropy change at 10 kOe, 20 kOe and 50
kOe magnetic fields. Ref. 23. Copyright 2017, Elsevier B.V.





