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lications of rare earths from
metallurgy, magnetism, catalysis, luminescence to
future electrochemical pseudocapacitance energy
storage
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and Xue-Jing Ma *a

Rare Earths (REs) are referred to as ‘industrial vitamins’ and play an indispensable role in a variety of domains.

This article reviews the applications of REs in traditional metallurgy, biomedicine, magnetism,

luminescence, catalysis, and energy storage, where it is surprising to discover the infinite potential of REs

in electrochemical pseudocapacitive energy storage. The use of REs in the field of pseudocapacitance is

an important opportunity to link resources with burgeoning electrochemical energy storage. On the

basis of the electrochemical energy storage potential of REs, typical rare earth oxides are selected as

research objects to provide a comprehensive overview of their research progress in the field of

supercapacitors. The future challenges and opportunities that these compounds will encounter in the

field of pseudocapacitance energy storage are evaluated with a summary and discussion of existing

research outcomes.
Sustainability spotlight

Based on the current situation of increasing energy demand and environmental pollution, the development of new sustainable energy sources has become a key
issue. In accordance with the UN SDG “Ensuring Access to Affordable, Reliable, and Sustainable Modern Energy for All”, this paper investigates the unlimited
potential of abundant and environmentally friendly rare-earth-based compounds for sustainable electrochemical storage applications. Rare earth compounds
are ideal electrode materials due to their environmental friendliness, abundant supply, easy preparation, and excellent redox capacitance properties. This paper
presents a comprehensive overview and future application prospects of rare earth compounds in the eld of pseudocapacitance to provide readers with more
effective preparation strategies and future development directions for pseudocapacitive electrode materials based on rare-earth-based compounds.
1 Introduction

Sustainability of the energy supply and resolving the problem of
environmental pollution are challenging issues that must be
resolved in today's and future societies.1–3 In light of the current
situation of rising energy demand and worsening environ-
mental pollution, the development of new sustainable energy
sources has emerged as a paramount concern in the energy
sector.4,5 Right now the ideal replacement for nonrenewable
energy sources like fossil fuels is hydrogen energy because of its
high caloric value (120 MJ kg−1) and lack of pollutants.6,7

However, present hydrogen storage technologies have inherent
aws, such as low efficiency and a propensity to leak.8 It is
ical Engineering, Chengdu University of
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1

critical to create innovative and effective energy storage tech-
nologies given the present issues with hydrogen energy storage
and the intermittent release of energy from renewable energy
sources.9,10

Current representative electrochemical energy storage
devices include lithium-ion batteries and supercapacitors.11

Lithium-ion batteries will not be able to meet future needs for
more energy use, faster power transfer, and better cycle stability
because they have a low power density and are unstable.12

Supercapacitors make up for this lack and have been extensively
studied.13–15 Electrodes in supercapacitor energy storage devices
determine electrochemical performance.16 Consequently, the
development of novel electrode materials is the next research
priority.

Rare Earths (REs), commonly referred to as rare earthmetals,
comprise a total of 17 elements, including scandium (Sc),
yttrium (Y), and lanthanides.17 Due to their unique electronic
structure, rare earth elements feature optical, electrical,
magnetic, and catalytic capabilities not found in other
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Periodic table of the elements, with the rare earths shown in
blue.
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elements; consequently, they are used in practically every
industry.18 Sc and Y, for instance, are essential components for
improving the crystal structure and mechanical properties of
steels and alloys.19 Nd and Sm are the necessary raw materials
for the manufacture of permanent magnets.20 Ce and Eu are
highly efficient luminous materials for activating ions due to
their unusual 4f–5d electronic transitions, which allow them to
emit light at all wavelengths.21 In the sectors of air purication
and ammonia production, the Ce-based catalyst has an indis-
pensable position.22 In recent years, REs have been extensively
utilized in the energy storage industry. LaNi5 is a solid-state
hydrogen storage material of superior efficiency.23 REs affect
the cathode materials of lithium-ion batteries (such as LiCoO2

and LiMn2O4) to distort the lattice, hence enhancing the
conductivity of the electrode material, and restricting the
dissolution of Mn to enhance the electrode material's electro-
chemical performance.24,25 Some researchers have uncovered
the inexhaustible potential of rare earths in the realm of pseu-
docapacitive energy storage through wide application and in-
depth investigation.26,27 In prior research, rare earth elements
were frequently considered electrochemically inert. Therefore,
the abundant rare earth resources have been neglected in the
eld of pseudocapacitors. However, the majority of rare earth
elements show RE3+/RE2+ or RE4+/RE3+ redox coupling, laying
the thermodynamic groundwork for their employment in
pseudocapacitive energy storage.28 In addition, the aforemen-
tioned redox couples are active in organic solvents and aqueous
environments and can be utilized as redox-active components
in pseudocapacitive energy storage.

In this review, we introduce the applications of rare earths in
traditional metallurgy, biomedicine, magnetism, luminescence,
catalysis, and energy storage. The research advances of typical
oxides in rare earth compounds in the eld of pseudocapacitors
is highlighted, including the energy storage mechanism and
electrochemical performance. In addition, future challenges
and opportunities for rare earth compounds in the realm of
pseudocapacitive energy storage are elaborated upon.

2 Elementary rare earths
2.1 Elementary rare earth elements

Rare earth elements (REs), also known as rare earth metals, are
made up of 17 different elements, including scandium (Sc),
yttrium (Y), and lanthanide elements from the third subgroup.29

According to the regulations of the International Union of Pure
and Applied Chemistry (IUPAC), the elements with atomic
numbers 57–71 (blue in Fig. 1): lanthanum (La), cerium (Ce),
praseodymium (Pr), neodymium (Nd), promethium (Pm),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb),
dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm),
ytterbium (Yb), and lutetium (Lu), are called the lanthanide
elements.30 When the electrons of lanthanide atoms occupy the
4f orbital of the inner layer, an electron in the same 4f orbital
cannot be completely shielded by another electron.31 Conse-
quently, when the atomic number increases, the number of
effective nuclear charges acting on each 4f electron increases,
resulting in a decrease in radius; this phenomenon is known as
© 2023 The Author(s). Published by the Royal Society of Chemistry
‘lanthanide shrinkage’. Table 1 displays the atomic mass, outer
electron, spectral ground state, and other characteristics of rare
earth elements.29–31 16 of the 17 rare earth elements, except
scandium (Sc), are separated into two categories based on the
electronic layer structure and the physical and chemical prop-
erties of the reaction: light rare earths and heavy rare earths. La,
Ce, Pr, Nd, Pm, Sm, and Eu are cerium-group rare earths, that is,
light rare earths (L-RE); Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y
are yttrium-group rare earths, that is, heavy rare earths (H-RE).

The earth's crust contains up to 153 g t−1 of rare earth
elements, the most abundant of which is cerium. The distri-
bution of rare earth elements conforms to the Oddo–Harkins
rule, which states that elements with even atomic numbers are
more abundant than nearby elements with odd atomic
numbers. Rare earth elements exist in three distinct forms: I.
those that participate in lattice and rare earth symbiosis to form
minerals containing rare earth elements, such as monazite and
bastnasite; II. those that undergo isomorphic substitution, Ca,
Sr, Ba, Mn, Zr, etc., are scattered throughout minerals such as
apatite, europium titanite, etc.; III. those whose ions are
adsorbed on the surface of minerals or between grains,
including clay minerals, mica ore, etc. In minerals, rare earth
elements are mostly found as ionic compounds, which make up
the coordination polyhedrons.
2.2 Typical applications elds

Due to their distinctive electronic structure, rare earth elements
possess optical, electrical, and magnetic capabilities not seen in
other elements.32 As ‘contemporary industrial vitamins’, rare
earths and their derivatives are widely utilized in traditional
materials and emerging industries.33

2.2.1 Traditional elds. The application of rare earth
elements in metallurgy, such as enhancing the characteristics
of steel and alloys, is the most signicant eld in traditional
industrial applications.34 Heterogeneous nucleation in steel
controls the crystallization, segregation, grain development,
and phase transformation processes throughout metallurgical
processes.35,36 Numerous investigations have proven the tight
relationship between heterogeneous nucleation and the type of
oxidant utilized in the metallurgical process: the grain size of
austenite, the oxygen concentration, the rate of cooling, and the
nucleation temperature.37,38 Adding rare earth metals to steel is
RSC Sustainability, 2023, 1, 38–71 | 39
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Table 1 Atomic mass, outer electron, and spectral ground state of the rare earth elements29–31

Element
Atomic
number

Relative
atomic
mass

Electronic
conguration
of atoms

Electronic
conguration
of RE2+

Electronic
conguration
of RE3+

Spectral
ground
state notation

Electronic
conguration
of RE4+

Sc 21 44.95591 3d14s2 — — — —
Y 39 88.90585 4d15s2 — — — —
La 57 138.9055 5d16s2 5d1 — — —
Ce 58 140.115 4f26s2 4f2 4f1 2F5/2 5s25p6

Pr 59 140.90765 4f36s2 4f3 4f2 3H4 4f15s65p6

Nd 60 144.24 4f46s2 4f4 4f3 4I9/2 4f25s25p6

Pm 61 145 4f56s2 4f5 4f4 5I4
Sm 62 150.36 4f66s2 4f6 4f5 6H5/2 —
Eu 63 151.965 4f76s2 4f7 4f6 7F0 —
Gd 64 157.25 4f75d16s2 4f8 4f7 8S7/2 —
Tb 65 158.92534 4f96s2 4f9 4f8 7F6 4f75s25p6

Dy 66 162.50 4f106s2 4f10 4f9 6H15/2 4f85s25p6

Ho 67 164.93032 4f116s2 4f11 4f10 5I8 —
Er 68 167.26 4f126s2 4f12 4f11 4I15/2 —
Tm 69 168.93421 4f136s2 4f13 4f12 3H6 —
Yb 70 173.04 4f146s2 4f14 4f13 2F7/2 —
Lu 71 174.967 4f145d16s2 — 4f14 — —
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one of the most effective methods to address the aforemen-
tioned problems and improve the overall performance of steel.
Rare earth elements readily lose electrons and transform into
positive ions.39 Rare earth metals with extraordinarily high
chemical activity react with sulfur and oxygen to entirely deox-
idize and desulfurize steel, limiting the negative inuence of
impurities on its qualities and boosting its mechanical prop-
erties.40 In addition, the presence of rare earth elements in steel
can alter the distribution of impurities and rene the rigid body
structure. As a result, the rigid body microstructure distribution
is more uniform, exhibiting greater microhardness, and the
corrosion resistance of steel is signicantly enhanced.41

The vast majority of research on rare earth alloys focuses on
lightweight magnesium (Mg) alloys, which are widely employed
in high-performance automobiles and the aerospace industry.42

Mg-based alloys are suited for application in gravity-sensitive
devices due to Mg's low density of 1.7 g cm−3, which is the
lowest among typical structural metals. However, their poor
ductility and susceptibility to corrosion in liquid environments
restrict their widespread utilization.43 Adjusting the metallur-
gical conditions can successfully improve the plasticity issue,
whereas the corrosion issue continues to be the primary focus
and challenge of current research in the eld of Mg-alloys. The
large negative free energy on the surface of Mg-alloys might
facilitate the rapid formation of an oxidation/hydroxide layer,
but the oxidation/hydroxide layer cannot prevent corrosion due
to the following issues: I. the majority of the oxidation/
hydroxide lm is soluble in water. II. The oxidation/hydroxide
lm cannot completely cover the alloy. III. Galvanic corrosion
cannot be avoided in magnesium alloys with high negative
potential.44–46

Doping with rare earth elements presents a potential solu-
tion to the problems outlined.47 The effect of doping with rare
earth elements is claried below, using magnesium-based
alloys as an illustration. In 2003, Morales et al. investigated
40 | RSC Sustainability, 2023, 1, 38–71
the corrosion behavior of magnesium alloys containing rare
earth metals in NaCl solution.48 Studies indicate that rare earth
elements can effectively block the hydrogen evolution process
in corrosion and signicantly enhance the corrosion resistance
of magnesium alloys. Hort et al. also conrmed the inuence of
rare earth elements on the improvement of magnesium alloys'
corrosion resistance.49 Notably, only when the rare earth
element Gd occurs as a solid solution in the magnesium alloy is
its performance signicantly enhanced. When the precipitation
phase appears, in contrast, it promotes the occurrence of
corrosion. Consequently, Schlüter and his team fabricated MgY
and MgGd alloy thin lms by sputter deposition.50 The lm is
not only resistant to corrosion but also exhibits remarkable
mechanical properties. Due to the fact that the atomic radius
and electronegativity of rare earth elements are comparable to
those of magnesium, it is simple for them to create solid solu-
tions with magnesium alloys. The rare earth oxides and suldes
produced by eliminating O, S, and other impurities from
magnesium alloys have a minor potential difference with the
magnesium matrix, thereby preventing corrosion. Doping with
rare earths can effectively inhibit the formation of precipitates
and produce solid-solution strengthening. Therefore, doping
with rare earth elements can not only effectively improve the
corrosion resistance of magnesium alloys but also change the
texture of the alloy, rene the grains, and improve its
mechanical properties.51,52 This opens up a new vista for the
improvement of established metallurgical procedures in order
to produce high-performance magnesium alloys. Based on the
corrosion resistance and excellent mechanical properties of the
RE-Mg alloys mentioned above, RE-Mg alloys show great
application potential as degradable alloys in the eld of
biomedicine.53 Except for Pm, which is radioactive, the
remaining rare earth elements have excellent biocompatibility
at low doses. Numerous studies have determined that the rare
earth elements (Y, Nd, Gd, Dy, Ho, etc.) have no effect on cellular
© 2023 The Author(s). Published by the Royal Society of Chemistry
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metabolism, although La and Ce should be added with caution
to avoid adverse reactions, such as gas embolism and tissue
necrosis. Table 2 is a summary of the research that has been
done on rare earth Mg-alloys used in medicine.54–61

In general, the addition of rare earths to magnesium alloys
not only provides advantages in reducing pollution, alleviating
corrosion, and improving mechanical properties, but also plays
an important role in the application of alloys in the circular
economy in terms of low cost and efficient recycling. Current
market developments indicate that the use of La and Ce instead
of Mg in future alloy design concepts has incomparable
advantages in terms of reducing environmental pollution and
improving cost-effectiveness.

2.2.2 Rare earth magnetic materials. Rare-earth-based
materials derive their magnetic characteristics mostly from
the partially empty 4f shell electrons of rare earth ions, which
depends on the total orbital angular momentum L, the total
spin angular momentum S, and the total angular momentum J.
The magnetic moment (m) can be calculated with eqn (1):62

m ¼ g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JðJ þ 1Þ

p
ðB:M:Þ (1)

The value of the Lande factor, denoted by g, is:

g ¼ 1þ JðJ þ 1Þ þ SðS þ 1Þ � LðLþ 1Þ
2JðJ þ 1Þ (2)

The value of the Bohr magneton B.M. is:

B:M: ¼ eh

4pmc
(3)

where h is Planck's constant, e is the electron charge, m is the
mass, and c is the speed of light.

There are as many as seven unpaired electrons in the 4f
conguration of rare earth elements.63 The orbital motion, spin
motion, and spin–orbit coupling of these 4f electrons distin-
guish them from transition metals in their magnetism. Rare
earth elements are the best option for permanent magnet
materials and magnetic refrigeration materials due to their
great paramagnetic susceptibility, saturation magnetization,
magnetic anisotropy and magnetocaloric effect.64–66 A
Table 2 Research on rare earth Mg-alloys utilized in biomedicine54–61

REEs Alloys Research object Biocom

Y, Sc Mg-3Sc-3Y Mouse osteoblast cells No cyto
Y, Nd Mg-Nd-Y-Zr-Ca Subcutaneous rat tissue No toxi

risks
Y, Nd Mg–Zn–Y–Nd–Zr L929 and MC3T3-E1 cells Minim
Y, Nd, Ce Mg-RE Vascular smooth muscle cells Little e

vascula
Nd, Gd, Dy Mg–Y–Zr–RE Aortic endothelial cells No dele

reduces
Gd Mg–Gd Rat tissues Accum
Gd, Dy WE43 RAW 264.7, MG63 and HUCPV cells No cyto
Nd, Pr, Eu No cyto
Ce, La Inuen
Ho Mg–Zr–Sr–Ho SaOS2 cells Little e

© 2023 The Author(s). Published by the Royal Society of Chemistry
permanent magnet material is a material that converts
mechanical energy to electrical energy via a magnetic eld, and
it is a typical material for achieving high-efficiency and light-
weight energy conversion.67 They have widespread use in
refrigerators, air conditioners, wind turbines, and other small
electrical appliances and electric equipment.68 Nd and Sm are
the rare earth elements utilized most typically in permanent
magnets.69 Due to the extraordinary magnetic anisotropy and
high energy product, nanostructured SmCo5 and Nd2Fe14B have
become the key research objects among the numerous Nd-
based and Sm-based compounds.70 For the transition from
rare earth resources to clean energy, SmCo5 and Nd2Fe14B are
essential application materials, fully aligning with the Sustain-
able Development Goal (SDG): ensuring access to affordable,
reliable, and sustainable modern energy for all. It has been
discovered that the microstructures of SmCo5 and Nd2Fe14B,
such as particle size, shape, and interface, determine the coer-
civity and maximum energy product.71 The most effective way of
optimizing the magnetic characteristics of SmCo5 and Nd2Fe14B
is, therefore, exact control over the microstructure. The control
structure focuses mostly on the following three actions: I.
regulating the grain size of the oxidation precursor; II. regu-
lating the reduction–diffusion process of the oxidation
precursor; and III. regulating the oxidation precursor's thermal
stability, getting rid of reaction byproducts.72 The majority of
studies are centered on grain rening, grain boundary phase
change, and grain boundary diffusion processes based on the
preceding notions. Hou et al. pioneered the manufacture of
SmCo5 by annealing core/shell-structured Co/Sm2O3 nano-
particles at high temperatures, utilizing KCl as a dispersion
medium to enhance the reduction of Sm2O3, prevent SmCo5
from developing into single crystals, and address the question
of rening grain size.73 The synthesized SmCo5 demonstrates
a Curie temperature (Tc) of 1020 K, and a coercivity of up to 24
kOe at 100 K. Ma et al. proposed a novel strategy for precisely
controlling the precursor size in order to produce highly
magnetically anisotropic SmCo5, employing a hydrothermal
process to synthesize precursors consisting of sheet-like
Co(OH)2 (250–400 nm) and rod-like Sm(OH)3 (15–20 nm),
which were subsequently reduced to SmCo5 nanosheets.74

SmCo5 nanosheets show substantial magnetic anisotropy and
patibility Application Ref.

toxicity Degradable implant material 54
cological or pathophysiological Degradable implant material 55

al cytotoxicity Orthopaedic implant material 56
ffect on biological activity of
r cells at low dose

Cardiovascular stent 57

terious effect on platelets and
platelet adhesion and activation

Vascular stent 58

ulate in animal organs Use with caution 59
toxicity High solid solution element 60
toxicity Low solid solution element
ces viability of cells Use with caution
ffect on cells at low dose Orthopedic degradable material 61

RSC Sustainability, 2023, 1, 38–71 | 41
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excellent magnetic characteristics at room temperature. The
coercivity of the SmCo5 nanosheets was 19.3 kOe, and the
maximal energy product reached 14.4 MGOe, which is the best
performance among the SmCo5 nanosheets yet synthesized.
Nd2Fe14B is prepared in a manner similar to SmCo5, in which
oxide precursors are reduced and transformed.75 Notably, the
saturated vapor pressure of Nd is higher than that of Sm,
necessitating the addition of additional Nd2O3 to the precursor
to compensate for the loss of Nd element during the evapora-
tion process.76 Current research ndings on Nd2Fe14B-based
permanent magnet materials are presented in Table 3,
demonstrating that the selection of appropriate dispersants can
effectively alter the kinetics of the reduction–diffusion reaction
and optimize the crystal size of Nd2Fe14B.77–80 Current research
reveals that coupled Nd2Fe14B/a-Fe nanocomposites created by
the reduction–diffusion process have higher coercivity than
Nd2Fe14B, but the manufacture of homogenous Fe nano-
particles remains challenging.81,82

A magnetic refrigeration (MR) technique based on the
magnetocaloric effect (MCE) has become a possibility for
replacing gas compression refrigeration technology because of
its high conversion efficiency, lack of gas pollution, safety, and
other advantages.83 The peculiar magnetic characteristics of
rare-earth-based compounds have incomparable advantages in
the realm of magnetic refrigeration. Changes in magnetic
moiety (DSM) and refrigerant capacity (RC) are the main
parameters for evaluating the performance of magnetic refrig-
eration. DSM in response to variations in magnetic eld (DH)
can directly characterize the MCE. Based on Maxwell's magne-
tization experiment, eqn (4) establishes the link between
temperature (T), DH, and DSM.84

DSMðT ;DHÞ ¼
ðH
0

�
vMðH;TÞ

vT

�
dH (4)

RC is calculated from eqn (5):85

RC ¼
ðT2

T1

jDSMjdT (5)

where T1 and T2 represent the temperature at
1
2

��DSmax
M

�� on both
sides of the −DSM(T) curve.

In the following sections, RECrO3 is used as a study object to
show how rare earths can be used in the eld of magnetic
refrigeration. Magnetic phenomena, such as temperature-
induced magnetization reversal and temperature-induced
magnetization hopping, were reported in the RECrO3 system
Table 3 Research on Nd2Fe14B-based composites utilized in permanen

Material Preparation

Nd2Fe14B R-D process
Nd2Fe14B High-energy ball milling
Nd2Fe14B Mechanochemical processing
Nd2Fe14B High-energy ball milling
Nd2Fe14B/a-Fe Thermal decomposition, annealing
Nd2Fe14B/a-Fe Microwave assisted combustion

process

42 | RSC Sustainability, 2023, 1, 38–71
due to the presence of RE–RE, RE–Cr, and Cr–Cr magnetic
interactions.86 Fig. 2 depicts both the crystal structure and the
spin structure of RECrO3. Yin et al. synthesized single crystals of
RECrO3 (R: Dy, Tb, Er) via a solvent method.86,87 The relation-
ship between the magnetization and temperature (M–T) of
RECrO3 (R = Dy, Nd, Tb, Er) crystal and the evolution of the
crystal's spin structure along various axes is depicted graphi-
cally in Fig. 3a–d. The Cr3+ in each RECrO3 crystal exhibits
magnetic anisotropy within a particular temperature range. In
terms of magnetization anisotropy, RECrO3 (R= Dy, Nd, Tb, Er)
demonstrates a notable degree of anisotropy (Fig. 4a–d). These
ndings are congruent with those of prior research. Interest-
ingly, Fig. 5a reveals that the decrease in NdCrO3 magnetization
along the c-axis (Mc) coincides with the increase along the a-axis
(Ma), a phenomenon that persists even in the presence of a 3 T
magnetic eld. On the saturation magnetization–magnetic eld
(M–H) relationship curve of the TbCrO3 crystal (Fig. 5b),
a unique behavior of stepwise magnetization rise can be
observed. Even in the absence of a magnetic eld, the original
curve demonstrates stepwise growth, demonstrating that this is
a unique attribute of the TbCrO3 crystal itself. The magnetic
moiety (DSM), maximum magnetic moiety (DSmax

M ), and refrig-
erant capacity (RC) of RECrO3 were computed using eqn (4) and
(5), and the results are presented in Table 4. This work describes
how the rare earth affects the spin effect of RECrO3 and the two-
step-up behavior of saturation magnetization. This suggests
that the RECrO3 system has great magnetic anisotropy and
magnetocaloric properties and could be used for magnetic
refrigeration.

Despite having stronger magnetic characteristics than
nickel–cobalt alloys, ferrite, and steel magnets, the recovery of
rare earth magnetic materials is a signicant obstacle to the
long-term sustainable use of rare earths.88 The separation stage
is a crucial processes that impacts the recovery efficiency. At the
moment, leaching for chemical separation using hydrometal-
lurgy is a particularly efficient approach for separating rare
earth elements. Sarfo et al. used a novel hydrometallurgical
process to recover rare earth magnet scrap, which consisted of
H2SO4 leaching, NH4OH precipitation and NH4F$HF reaction.89

The magnet scrap was converted into rare earth uoride, which
was then converted into rare earth metals by high-temperature
calcination. The process of this work not only avoids the use of
hydrouoric acid, but also optimizes the process through
statistics and modeling to achieve high-purity rare earth
resource recovery, which lays a solid foundation for the
sustainable development of rare earth magnetic materials.
t magnets77–82

Coercivity Reference

10 KOe 77
8 KOe 78
12 KOe 79
6.8 KOe 80
12 KOe 81
9 KOe 82

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The crystal and the spin structures of RECrO3.
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2.2.3 Rare earth luminescent materials. The luminescence
of rare earths is dependent on the transition of 4f electrons
between the f–f and f–d congurations. Rare earth elements can
emit light across the entire spectrum of wavelengths due to
their unique electronic layer structure, abundant ion energy
levels, and peculiar transitions of 4f electrons.90 The electron-
less Sc3+, Y3+, and La3+ and the electron-lled Lu3+ of the 4f
orbital have a closed shell; hence they are optically inert and can
be utilized as thematrix of optical materials.91 The remaining 13
rare earth ions with un-full electron-lled 4f orbitals, repre-
sented by Ce3+, can emit light via 4f electron transitions.92

Consequently, they are suitable as luminous materials for
activating ions. Awareness of the optical characteristics and
microstructure of rare earth luminescent materials has reached
a new level as a result of their widespread application and in-
depth research.93,94 It is vital to understand the mechanism of
rare earth luminescence before elucidating the mechanism of
rare earth luminescence. For lanthanides, the electron–electron
© 2023 The Author(s). Published by the Royal Society of Chemistry
interaction is stronger than the spin–orbit interaction, but the
spin–orbit coupling constant is considerably larger; hence the
Russell–Saunders coupling equation is still utilized. The
Hamiltonian (H) operator expression is as follows:95

H ¼
Xn

i¼1

h2

8p2m
Di �

Xn

i¼1

ze2

ri
þ

Xn

i. j�1

e2

rij
þ
Xn

i¼1

xðriÞsili (6)

where ze is the amount of charge, n is the number of electrons,
m is the electron mass, i is the Laplace operator, h is the Planck
constant, and x is the spin–orbit coupling constant.

Rare earth luminescent materials (RELs) can be divided into
different excitation methods: cathode ray, photoluminescence,
electroluminescence, X-ray luminescence, thermolumines-
cence, and laser materials, etc.96 They have the incomparable
advantages of radiation resistance, resistance to light decay,
good temperature resistance, high visual efficiency function
value, high color purity, etc., and are thus widely used in
RSC Sustainability, 2023, 1, 38–71 | 43

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2su00054g


Fig. 3 The relationship between themagnetization and temperature of the RECrO3 crystals and the evolution of the crystal's spin structure along
various axes.

Fig. 4 The isothermal magnetic field dependency of different axial directions of RECrO3 crystals.

44 | RSC Sustainability, 2023, 1, 38–71 © 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Sustainability Tutorial Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 2

/2
0/

20
26

 6
:4

3:
06

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2su00054g


Fig. 5 Schematic illustration of the isothermal magnetization and corresponding spin structure evolution of RECrO3 and TbCrO3 crystals: (a) the
isothermal magnetic field dependency of different axial directions of RECrO3 crystals, (b) the evolution of the isothermal magnetization and
related spin structure of TbCrO3 crystals is depicted via a schematic.

Table 4 The magnetic parameters of RECrO3 crystals87

Material

−DSM (J Kg K) −DSmax
M (J Kg K)

RC (J Kg−1)DH = 2T

DH
=

4.5T DH = 2T

DH
=

4.5T

DyCrO3 11.5 15.2 11.4 14.8 300
NdCrO3 −0.2 −1.1 — — —
TbCrO3 5.0 12.2 0.7 5.4 125
ErCrO3 10.1 20.6 9.5 16.9 276
GdCrO3 14.1 31.6 4.3 3.8 —

Tutorial Review RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 2

/2
0/

20
26

 6
:4

3:
06

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
lighting, display, radiology, national defense, and other elds.
Eu3+-activated YVO4, Y2O3, and Y2O2S are currently the most
efficient cathode-ray luminous materials, replacing the original
Mn3+-activated Zn3(PO4)2 used in TVs, greatly improving the
distortion of TV images, brightness–current saturation, and
other characteristics, a leap forward in the color TV industry.97

With in-depth research into rare earth trichromatic (red, blue,
and green) phosphors, rare earth photoluminescent materials
have been rapidly developed. Y2O3:Eu

3+, with quantum effi-
ciency of up to 100%, is nearly ideal for red phosphors; Tb3+ is
mostly chosen as the activating ion for green phosphors. For use
of 5D4–

7Fj energy level transition luminescence, subsequent
research proved that doping with sensitizer Ce3+ can achieve
radiation-free energy transfer between Ce3+ and Tb3+, greatly
improving the luminous efficiency.98,99 Currently developed rare
earth electroluminescent materials (RE-EL) are mainly Eu2+ and
Ce3+ activated CaS or SrS, where the CaS or SrS matrix allows
high-energy electron transport inside the crystal. Eu2+ and Ce3+

based on (4f)n−15d–(4f)n transitions preserve structural stability
at high electric eld intensities; therefore CaS:(Eu2+/Ce3+) and
SrS:(Eu2+/Ce3+) should in future realize the unique color lumi-
nescence potential of RE-EL.100,101 For rare earth laser materials,
garnet-type Nd3+-activated yttrium aluminum garnet
(YAG:Nd3+) with a narrow uorescence spectral line, low
threshold, and high power has shown the best performance.
Nd3+ single replacement of Al3+ in the lattice in YAG, where the
emission spectrum can broaden uniformly, is currently the best
© 2023 The Author(s). Published by the Royal Society of Chemistry
option for laser guidance, laser ranging, laser medical treat-
ment, and other elds.102 A variety of non-linear optical crystals
have been made to meet more civilian and military laser needs.
Fig. 6 shows the crystal structure of the currently used RE-
sulde (RE-S).103 Fig. 6a shows the crystal structures of 0-
dimensional Ln8Sb2S15; Fig. 6b–d represent the 1-dimensional
structures including Ln4GaSbS9, Ln3MxTyS9, and Ba2InYSe5; Fig.
6e and f show the crystal structures of 2-dimensional Eu2Ga2-
GeS7 and EuCdGeQ4; and Fig. 6g and h depict the crystal
structures of 3-dimensional Ln3GaS6 and La2CuSbS5. The RE-S
active group is extremely distorted and can greatly raise the
second harmonic generation (SHG), but the band gap does not
surpass the 3 eV threshold. The combination of RE with other
reactive groups X–O (X = P, B, C and N) enables tuning of the
band gap and SHG effects to achieve optimum laser perfor-
mance. Subsequent studies discovered that the unique synergy
between the RE-S and B–O/C–O groups improved SHG effects
and widened the band gap. Future research on RELs should
therefore concentrate on rare earth borides and rare earth
carbides.

RELs have become a pillar material in the display, lighting,
and optoelectronic industries, and their continual development
and organic integration with other elds of technology has
resulted in the development of new high-precision technologies
and industries.104 Nevertheless, it is indisputable that the direct
excitation of RE3+ ions is a relatively inefficient luminescence
process due to forbidden jump of the rare earth ion 4f jump and
the quenching promoted by the –OH, –NH and–CH bond
vibrations in the adjacent ligands.105 Development of quantum
dots with exceptional electronic characteristics could provide
a remedy. Wang et al. synthesized SnS and SnS: Ce3+ quantum
dots and used the density generalized rst principle to compute
the energy band structure, total density of states (TDO), and
partial density of states (PDO); the ndings are depicted in
Fig. 7a–d.106 The spin polarization caused by Ce ions was
analyzed using the spin density distribution (Fig. 7e and f), and
for the Sn36S36, the majority of the spin density is located on S,
yet that of Sn36Ce1S36 is found on the Ce ions. The energy level
provided by the 4f orbital of the Ce ions effectively promotes the
electron jump, and the strong coupling between the carrier and
RSC Sustainability, 2023, 1, 38–71 | 45
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Fig. 6 Schematic diagram of the structure of rare earth sulfides.
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the 4f state considerably boosts the photoluminescence inten-
sity of the SnS quantum dots.

In addition to quantum dots, researchers are becoming
increasingly concerned with the potential uses of quantum
wires, superlattices, and ordered nanostructure arrays.107,108

Most of the research going on right now is about how quantum
connement and quantum scale affect the structure of energy
bands and spectral features. New methods for the preparation
of rare earth luminous materials should be developed and
studied in the future, beginning with the materials' preparation
and processing. For instance, microwave sintering, ultrasonic
dispersion, and further synthesis processes will be integrated to
promote the development of rare earths in the luminescence
eld.

2.2.4 Rare earth catalytic materials. The 4f electrons of rare
earth elements are shielded by 5s and 5p electrons, and their
activity is lower than that of transition metal elements. Hence,
rare earth elements are frequently employed as cocatalysts in
catalyst systems.109 However, rare earth catalysts possess a wide
variety of catalytic properties, such as the electrocatalytic-based
hydrogen evolution reaction (HER), oxygen evolution reaction
(OER), oxygen reduction reaction (ORR), catalytic-based CO2

methanation reaction (CMR), ammonia synthesis reaction
(ASR), and a number of other reactions, and their chemical
stability and thermal stability are considerably greater than
those of other catalysts.110–112 Therefore, rare earths have vast
application potential in numerous organic and inorganic
chemical industries.

As the industrialization process accelerates, volatile organic
compounds, such as automotive exhaust and formaldehyde, are
polluting the atmosphere more and more.113 Strictly regulating
the emission of volatile organic compounds is a signicant
environmental concern. Due to its low ame-out temperature,
46 | RSC Sustainability, 2023, 1, 38–71
consistent combustion, high efficiency, and high-temperature
oxidation resistance, rare earth–precious metal oxidation
catalysis has been extensively investigated in comparison to
other methods for removing organic compounds.114,115 As
illustrated in Fig. 8a, Hu et al. fabricated Pt-deposited CeO2

nanospheres (Pt-CeO2-NS) and nanorods (Pt-CeO2-NR) as cata-
lysts and evaluated the reaction mechanism of Pt-loaded
CeO2.116 CeO2 considerably improves the catalytic activity for
the CO reduction of NO, while Pt provides the NO conversion
activity. Compared to rod-shaped CeO2, spherical CeO2 contains
more oxygen vacancies and demonstrates a stronger interfacial
interaction with Pt particles, which further stimulates the
surface reaction sites and effectively lowers the CO poisoning
effect of platinum. Jiang's investigation revealed the Frankel
oxygen vacancy as the crucial active site for catalytic oxida-
tion.117 MnOx–CeO2 produced by the sacricial template
approach possesses exceptional catalytic oxidation performance
for ethyl acetate (T99 = 210 °C, which is the temperature
required for 99% conversion), and Fig. 8b depicts the catalytic
oxidation mechanism. In rare earth–precious metal catalysts,
the rare earth can enhance the oxygen storage capacity and
lattice oxygen reaction activity of the catalyst, promote the
uniform dispersion of precious metals on the carrier, and
increase the catalytic efficiency, while decreasing the amounts
of precious metals needed.

Furthermore, rare earth catalysts play an important and
wide-ranging role in making and breaking down ammonia.
Ammonia (NH3) is the primary source of nitrogen fertilizer and
nitrogen compounds used in agriculture, and its synthesis is
depicted in eqn (7).118 It is thermodynamically reactive, but
because N2 is an inert gas, it is difficult to obtain the kinetic
conditions of ammonia synthesis at low temperatures.119
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Band structures of the structural models of SnS (Sn36S36) and SnS: Ce3+ (Sn35CeS36): (a and b) energy band diagrams, (c and d) total and
partial density maps, (e and f) spin density maps.
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Therefore, scientists are committed to inventing catalysts that
facilitate ammonia synthesis:

N2 + 3H2 / 2NH3 (7)
© 2023 The Author(s). Published by the Royal Society of Chemistry
Currently, molten iron catalysts still occupy an absolute
position in ammonia synthesis, and it has been found that their
activity decreases when the R-value (Fe2+/Fe3+) is higher or lower
than 0.5.120 This led to a broad consensus among researchers
that the composition of molten iron catalysts is set, and that
RSC Sustainability, 2023, 1, 38–71 | 47
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Fig. 8 Catalytic reaction mechanism of rare earth catalysts: (a) reaction mechanism of CO reduction of NO with Pt/CeO2-NR catalyst, (b)
catalyzed oxidation processes mediated by Ce-based catalysts.
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consequently changing the composition would not improve the
catalytic performance of such catalysts. The classical theory that
the catalytic activity is optimal at an R value of 0.5 for molten
iron catalysts was followed for more than 80 years until a new
cobalt-containing molten iron catalytic system with better
performance was found to break this classical conclusion.121

Cobalt-containing catalysts are an important development of
traditional Fe-based fused iron catalysts, marking a new period
of development for ammonia catalysts. ICI (UK) rst success-
fully developed an Fe–Co catalyst (type 74-1 containing drill
catalyst), which led to a certain improvement in its activity and
was applied in the ICI-AMV process. China has also successfully
developed Fe–Co catalysts (type A201 and A202) and applied
them to industrial production with good production benets.122

In 1976, Takeshita was the rst to discover that rare earth
intermetallic compounds absorb hydrogen faster, indicating
that they have increased catalytic activity for the dissociation of
hydrogen molecules and for diatomic molecules such as N2.123

Compared to commercially available iron catalysts with high
cobalt content, the use of rare earth blends can reduce the
cobalt content or even replace it completely, which signicantly
reduces the cost of molten iron catalysts. Subsequently, Niwa
discovered in 1998 that the rare earth element La had
a considerable impact on the ammonia synthesis activity of
MgO-supported ruthenium.124 And noble metal catalysts doped
by rare earth composite oxides demonstrated superior catalytic
performance in terms of reactivity, selectivity, and stability
under high-temperature settings. Since then, rare earth catalyst
research has entered a new era. Okura investigated the effects of
various rare earth oxide supported Ni catalysts on the break-
down of ammonia.125 In a study of reaction kinetics, rare earth
oxide supports can effectively ameliorate the phenomenon of
hydrogen inhibition in the reaction process. The Y2O3–Ni
catalyst shows the highest catalytic activity at elevated temper-
atures, and research indicates that the optimal Ni loading is
40% (wt%), and Ni can be supported uniformly on the Y2O3

carrier under these conditions. Moreover, the perovskite-type
rare earth composite catalyst showed outstanding reaction
kinetics during ammonia production. Li produced BaCeO3

modied with rare earth elements (La, Y, Pr), and the ammonia
48 | RSC Sustainability, 2023, 1, 38–71
synthesis rate of BaCe0.9La0.1O3−d supporting 5% Ru at 3 MPa
and 450 °C was as high as 34 (mmol (g−1 h−1)), with no loss of
catalytic performance aer 100 h of continuous reaction.126 The
addition of La3+ increases oxygen vacancies in the lattice and
decreases the particle size of Ru, which is advantageous for the
increase in electron density on the Ru surface and the produc-
tion of more b5-type active sites that promote N–N dissociation.

In conclusion, the ammonia synthesis reaction is of high
industrial importance and the fused iron catalyst has excellent
properties that cannot be matched by some other ammonia
synthesis catalysts.127 However, in achieving the sustainable
development of materials and processes, the aim is to minimize
the consumption of non-renewable resources and the negative
impact on the environment. In addition, minimizing depen-
dence on a particular raw material is essential to sustaining
high-tech industries and maintaining economic progress.128

Considering the non-renewable nature of iron-bearing ores and
the cost of Co resources, a logical step for the industrial
economy is to promote the substitution of reserve-rich, envi-
ronmentally friendly and low-cost rare earth resources, and
therefore research and development of rare earth catalysts is
crucial for the current and future ammonia industry to comply
with the concept of sustainable green development.

2.2.5 Rare earth energy storage materials. The sustain-
ability of the energy supply and tackling the problem of envi-
ronmental contamination are difficult problems that today's
and future society must face.129 In light of the current situation
of rising energy demand and worsening environmental pollu-
tion, the development of new sustainable energy sources has
emerged as a high priority in the energy industry. Due to its
high caloric value (120 MJ kg−1) and lack of pollutants,
hydrogen energy is currently the best alternative to nonrenew-
able energy sources such as fossil fuels.130 Hydrogen can be
utilized as an energy carrier to complement intermittent energy
release from renewable energy sources, such as wind energy and
solar energy. Additionally, hydrogen can be exploited directly as
a heat source, with fuel cells or internal combustion engines
converting it to power or heat.131 However, the conventional
method of storing hydrogen in gas cylinders is inefficient and
prone to leakage. Thus, the best and safest way to store
© 2023 The Author(s). Published by the Royal Society of Chemistry
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hydrogen to date, solid-state hydrogen storage, is being looked
into.132 Solid-state hydrogen storage materials allow for safe and
efficient transportation, and many studies have been conducted
on solid-state hydrogen storage materials.133,134

Among the various candidate materials for hydrogen
storage, ionic hydrides (e.g. LiH and MgH2 based on rst and
second main group elements) are gaining interest due to their
high hydrogen storage capacity (7.7 wt%), low rawmaterial cost,
and great cycle reversibility.135,136 There are downsides, however,
such as poor hydrogen absorption and discharge kinetics, high
operating temperature, and poor stability in air. From a prac-
tical standpoint, such hydrogen storage materials require
further improvement in terms of hydrogen discharge tempera-
ture, hydrogen discharge rate, and reversible hydrogen storage
performance, and the strong chemical bonding interactions
between the atoms of constituent elements in Li- and Mg-based
hydrides present signicant thermodynamic and kinetic chal-
lenges for hydrogen storage applications.137,138

Against the backdrop of contemporary research on hydrogen
storage, AB5-type (A: RE metal, B: transition metal) RE-based
alloys exhibit exceptional performance. The hydrogen storage
capacity of LaNi5 is as high as 190–200 cm3 g−1.139 It features
easy activation, a moderate equilibrium pressure, minor
hysteresis, rapid hydrogen absorption and desorption rates,
and nontoxicity, so it has become a representative hydrogen
storage material of high quality.140 Since 1970, when Van Vucht
rst documented the behavior of LaNi5 reversibly absorbing
and releasing hydrogen at ambient temperature,141,142 LaNi5
hydrogen storage materials have experienced fast growth. Due
to the limitations of the initial experimental conditions, it is
difficult to set up a prolonged isothermal reaction; hence, there
are a variety of differing opinions regarding the primary factors
governing the reaction kinetics of LaNi5: I. it is controlled by the
chemical reaction of hydrogen atoms with the a-phase solid
solution at the two-phase interface.142 II. It is controlled by the
diffusion of hydrogen molecules in the beta phase.143 III. There
is chemisorption control of hydrogen molecules on surfaces.144

IV. Controlled variables uctuate with degrees of response.145

On this basis, Silin et al. systematically studied the reaction
kinetics of LaNi5 hydrogen storage by the two-phase coexistence
initial rate method. They assumed that LaNi5 was a spherical
particle with a constant density before and aer hydrogenation;
the reaction's apparent activation energy is 4700 cal (g−1 mol−1),
and the reaction rate equation is as follows:146

dX

dt
¼ 64:33

�
p� peq

�
expð�4700=RTÞ (8)

Knowing that pH2
= p0, pH2

eq = peq, X ¼ nh
nf
, represents the

ratio between the amount of hydrogen absorbed (nh) and the
entire amount of hydrogen that can be absorbed in the two-
phase zone (nf). This model correlates well with the kinetic
data of LaNi5 during the reaction process, demonstrating that
the chemisorption of hydrogen molecules on the alloy's surface
is the primary factor governing the kinetics of the hydrogena-
tion reaction. However, LaNi5 undergoes a substantial volume
© 2023 The Author(s). Published by the Royal Society of Chemistry
expansion of 23.5% during the hydrogen absorption and
desorption process, and the usage of pure metal as a raw
material is expensive, hence limiting its implementation on
a broad scale in the eld of hydrogen storage.147 Therefore,
further research focuses primarily on three aspects: enhancing
reaction kinetics, cycle stability, and cost reduction.148 The
internal stress caused by the volume expansion and contraction
of LaNi5 during the hydrogen absorption and desorption
processes will damage the material's internal structure, and the
newly exposed surface will be oxidized to form an impurity
phase, which hinders the hydrogen absorption and desorption
processes. Adding polymer to form composites is the optimal
solution for resolving this problem of cycling stability.149 The
existing series of LMBNH-TPX, LMNH-TPX,150 Mg-NCs/
PMMA,151 Mg-PMMA,152 SP-MnO6,153 SPMnO2 (A, B, E)154 alloy-
polymers provides a good barrier for hydrides, preventing
oxidation and corrosion of the material, considerably
increasing the reversible cycle life, and inhibiting side reactions
of metal hydrides during hydrogen absorption and dehydroge-
nation reactions. By ball milling and wet milling, Almeida Neto
et al. made BM-AES/LaNi5 and WM-AES/LaNi5 composites with
AES-polymer-doped LaNi5.155 The molten BM-AES/LaNi5 was
generated into laments signied as P-AES/LaNi5, and the
preparation procedure is depicted in Fig. 9a. Fig. 9b(1 and 2)
depict the sample's short- and long-term hydrogen absorption
capacity. AES-LaNi5 has the best hydrogen absorption kinetics.
P-AES/LaNi5 has a poor short-term capacity for hydrogen
absorption, but aer 12 h, its hydrogen capacity is comparable
to that of other samples. The changes in hydrogen capacity
during cycling are depicted in Fig. 9c(1 and 2). All samples
exhibited a declining and then stabilizing trend. During cycling,
defects that trap hydrogen atoms in the hydride structure may
account for the loss in capacity. In sum, this study demonstrates
that LaNi5 particles with superior particle dispersion have
superior hydrogen storage capabilities. Adding AES can effec-
tively increase the performance of the composite's hydrogen
absorption/dehydrogenation cycle and prevent the negative
effect of air on the kinetics of hydrogen uptake.

To lower costs, mixed rare earth elements (La, Ce, Pr, Nd) are
used to replace high-valent La,156,157 and Al, Mn, Cr, Fe, and Co
are used to replace Ni. In these investigations, it has been
discovered that the stability of hydrides can be enhanced
without incurring any capacity loss. Increasing the amount of
Ce and Pr in a misch metal can accelerate reaction kinetics and
improve temperature stability. In contrast, the presence of a lot
of La and Nd decreases the performance. The mixed rare earth
RENi5 with the ratio La0.1645Ce0.7277Pr0.0234Nd0.0845Ni5 has the
highest hydrogen storage capacity, according to numerous
experiments.158–161 Al and Mn partially replacing Ni can boost
cycle stability and decrease reaction equilibrium pressure; Fe,
Co, and Cr can partially replace Ni to increase hydrogen storage
capacity, as Fe, Co, and Cr exhibit greater electron attraction
and considerably increase the number of hydrogen atoms.

The aforementioned research strategies are efficient in
enhancing the hydrogen storage performance and reducing the
cost of RE-based alloys, but they are insufficient to suit the
needs of practical industrial applications. To further enhance
RSC Sustainability, 2023, 1, 38–71 | 49
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Fig. 9 Flowchart of the preparation and hydrogen absorption content
cycle stability: (a) diagram illustrating the transformation of BM-AES/
LaNi5 into filamentous P-AES/LaNi5, (b-1) hydrogen absorption of
different samples within 300 s, (b-2) hydrogen absorption of different
samples over 10 h, (c-1) cyclic stability diagram of actual hydrogen
content, (c-2) hydrogen content cyclic stability diagram for the initial
absorption phase.
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the hydrogen storage capacity as well as the kinetics and ther-
modynamics of rare-earth-based compounds, the following
modication methods can be used: nanosizing, synthesizing
sub-stable phases, doping with catalytic additives, forming
nanocomposites, changing the reaction mode, etc.162 However,
it is important to note that none of the aforementioned modi-
cation techniques can entirely meet the requirements of real
applications. Doping, synthesis of sub-stable phases, and
altering the reaction path, for instance, can effectively reduce
the enthalpy of generation; however, not all reactions are totally
reversible, resulting in a lower hydrogen storage capacity.163

Although rare earths still face serious challenges in the practical
application of hydrogen storage, they offer a new idea in the
development of hydrogen storage materials.

In light of the existing limitations associated with hydrogen
energy storage and the intermittent release of energy from
renewable energy sources, it is vital to create new and efficient
energy storage devices, among which lithium-ion batteries (LIB)
and supercapacitors are representative.164–166 In electrochemical
energy storage, RE-based compounds also show amazing
promise. Typically, rare earth elements are doped in LIB to
modify the electrodes (common ones are LiCoO2 and
50 | RSC Sustainability, 2023, 1, 38–71
LiMn2O4).167,168 The large-radius rare earth ions are introduced
into the lattice of the electrode material to induce distortion,
thereby decreasing the charge transfer resistance and
enhancing the electrode material's conductivity.169,170 LiCoO2 is
a common cathode material for LIB with a theoretical specic
capacity of up to 274 mA h g−1. It is currently the cathode
material with the highest compaction density and thus the
manufactured lithium-ion battery has the largest volume
specic energy, and it has become the primary material for
batteries used in tablet computers and mobile smart termi-
nals.171 However, when the voltage exceeds 4.35 V, LiCoO2's
capacity diminishes dramatically.172 The highest capacity of
commercial LiCoO2 is therefore just 165 mA h g−1. Liu et al.
fabricated LiCoO2 doped with La and Al (D-LCO) via liquid-
phase crystallization; the structure diagram is shown in
Fig. 10a.173 La functions as a pillar to support the structure and
suppress the phase transition during cycling. Al, on the other
hand, acts as a charge center to allow Li to diffuse even at 4.5 V.
When D-LCO was charged to 4.5 V, three distinct phase tran-
sitions of Li/Li+ occurred at 4.1 V, 4.2 V, and 4.46 V along the dQ/
dV curves (Fig. 10b). In situ testing (Fig. 11a–e) reveals that Li+

intercalation/deintercalation is extremely reversible and there is
no discernible phase transition. The maximum volume change
of the P-LCO battery is 3.63%, as depicted in the voltage and
volume change curve (Fig. 11f).

LiMn2O4 is also a typical cathode material for batteries, but
the performance degradation brought on by manganese disso-
lution restricts its practical application.174 Cationic doping
modication can effectively inhibit manganese dissolution,
stabilize the surface crystal structure, and produce a protective
layer to prevent corrosion by the electrolyte.175 Ram synthesized
LiMn2O4 doped with various rare earth elements (Gd, Tb, Dy,
Yb) using the sol–gel method.176 According to studies, doping
LiMnO4 with Dy and Tb can successfully improve its conduc-
tivity, while Gd and Dy can greatly enhance its cycle perfor-
mance. In a study, Singhal et al. improved the cycling stability of
LiMn2O4 by supplementing with Nd.177 Other cathode materials
doping rare earth elements provide a variety of performance
enhancements. Doping LiNi0.5Co0.2Mn0.3O2 with Ce, for
instance, can increase the initial discharge capacity and cycle
stability.178 Comparative research was conducted on the impact
of Y doping on the performance enhancement of LiMn2O4,
Li1+xV3O8, and LiFePO4.179 Doping with Y decreases the crystal
parameters of LiMn2O4, increases the (100) interplanar spacing
of Li1+xV3O8, and decreases the grain size of LiFePO4. Various Y
doping mechanisms result in distinct performance enhance-
ments. The appropriate amount of doped Y enhances the initial
discharge capacity of LiFePO4 and Li1+xV3O8 as well as the
cycling performance of LiMn2O4.

However, due to the low power density and poor cycle
stability of lithium-ion batteries, they will not be able to meet
the demand for higher energy consumption, faster power
transfer, and higher stability during cycling in the future.180

Supercapacitors compensate for this deciency and are being
intensively explored.181 Supercapacitors are divided into electric
double-layer capacitors and pseudocapacitors according to their
mechanism. The majority of double-layer capacitor electrode
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Structural diagrams and dQ/dV curves: (a) diagrammatic representation of the structures of doped CoCO3 and Co3O4, (b) dQ/dV curves
of pristine LiCoO2 during charging and discharging.
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materials are carbon and carbon derivatives, which are outside
the focus of this research. Therefore, the following sections
describe the application of rare earths in the eld of
pseudocapacitors.

3 Pseudocapacitive applications

In the 1960s, David C. Graham used the word “pseudocapaci-
tance” to describe extra electrochemical capacity that is not
caused by the formation of an electric double layer. This is
where the concept of ‘pseudocapacitance’ originated.182 In the
early 1970s, B.E. Conway rst dened pseudocapacitance in his
work. Conway proposed: pseudocapacitance describes an elec-
trochemical mechanism similar to capacitance but is actually
a charge transfer process at the electrode–electrolyte interface,
a fast and reversible redox reaction, which is the reason for
decorating with the prex ‘pseudo’.183 As illustrated in Fig. 12,
the pseudocapacitance mechanism can be broken down into
three sub-mechanisms: underpotential deposition, redox, and
intercalation pseudocapacitance.184 According to this descrip-
tion, the pseudocapacitive electrode material and the double
layer electric electrode material are clearly dened. Despite the
fact that the energy storage behavior of the electric double-layer
electrode material also occurs on the surface of the electrode
material, the entire process involves only the simple faradaic
reaction of charge adsorption.185,186 The cyclic voltammetry (CV)
and galvanostatic charge–discharge (GCD) patterns of pseudo-
capacitors are comparable to those of EDLC due to the rapid
surface or near-surface charge transfer.

However, pseudocapacitive materials that store energy
through redox reactions behave like batteries in some
ways.187,188 When the particle size of the cathode LiCoO2 block,
which is predominantly used in lithium-ion batteries, reaches
the critical nanometer size of 10 nm, the battery characteristics
vanish and the voltage distribution transitions from the plat-
form to ramp form, exhibiting miraculous capacitance charac-
teristics.189 The major difference between pseudocapacitive and
battery materials is that pseudocapacitive materials are not
© 2023 The Author(s). Published by the Royal Society of Chemistry
constrained by ion diffusion within the electrode material,
whereas battery materials are governed by the diffusion process.
With an in-depth study of how pseudocapacitance stores charge
and the widespread use of nanomaterials and thin-lm mate-
rials, more and more studies have shown that the pseudoca-
pacitance mechanism and the diffusion process control each
other in pseudocapacitive materials.190 This is due to the fact
that nano-scale electrode materials have greater specic surface
areas and shorter ion diffusion paths than traditional bulk
materials, and this difference can even be of several orders of
magnitude, making it increasingly difficult to distinguish
between the surface and bulk of materials. This synergistic
effect happens not just with traditional battery materials, but
also with intercalation materials like TiO2, Nb2O5, metal oxides,
MoOx, MXene, and emerging cationic intercalation
materials.191–194 Therefore, intercalated pseudocapacitance
combines the advantages of batteries and supercapacitors,
namely massive charge storage and storage that is not governed
by diffusion.

In many intercalation pseudocapacitive materials, rare earth
compounds have become an important area of study in the past
few years.195 Since rare earth elements are oen regarded as
electrochemically inactive, abundant rare earth resources have
been neglected in the eld of pseudocapacitors in previous
studies. However, the majority of rare earth elements show
RE3+/RE2+ or RE4+/RE3+ redox coupling, laying the thermody-
namic groundwork for their employment in pseudocapacitive
energy storage.196 Rare earth oxides are the largest group of rare
earth compounds that are easily manufactured, structurally
stable, corrosion-resistant, and harmless to the environment.197

Their electrochemical activity can be changed by changing the
amount of oxygen vacancies and oxygen in the lattice, which is
a simple step in the manufacturing process. Thus, rare earth
oxides have tremendous practical potential in the pseudoca-
pacitive eld.198 In subsequent sections, we will discuss the
application and compound strategies of rare earth oxides in
pseudocapacitors in recent years, clarify the energy storage
mechanism of rare earth oxides, and provide references for
RSC Sustainability, 2023, 1, 38–71 | 51
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Fig. 11 In situ characterization of pristine LiCoO2 (P-LCO) and Co-doped LiCoO2 (D-LCO) first charge and discharge process: (a) voltage
distribution and corresponding contour plot, (b) contour plot of (003) evolution of D-LCO, (c) contour plot of (003) peak evolution of P-LCO, (d)
contour plot of (015) evolution of D-LCO, (e) contour plot of (015) peak evolution of P-LCO, (f) the voltage distribution of D-LCO (black) and P-
LCO (blue), and the volume change process of D-LCO battery (red).
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enhancing the performance of rare earth oxide
pseudocapacitors.
3.1 Typical oxides for pseudocapacitance

3.1.1 Cerium oxide. CeO2 is the most typical pseudocapa-
citive material among rare earth compounds. CeO2 offers the
advantages of environmental protection, plentiful supply, easy
preparation, high cost-effectiveness, corrosion resistance, and
excellent redox capacitance performance; thus researchers have
shied their attention to study CeO2.195,199,200 Table 5
52 | RSC Sustainability, 2023, 1, 38–71
summarizes recent research on CeO2 as a pseudocapacitive
electrode material. CeO2 belongs to the cubic crystal system and
has a uorite structure. It belongs to the Fm3m space group.
Cerium cations in the CeO2 unit cell are arranged in a face-
centered cubic matrix; oxygen anions occupy all four tetrahe-
dral positions.201 Cerium cations coordinate with eight neigh-
boring oxygen anions, while oxygen anions coordinate with four
nearby cerium cations. The ground state valence of the element
Ce is 4f15d16s2. It loses one 5d and two 6s electrons in order to
generate stable Ce3+, and one more 4f electron to form stable
Ce4+. Therefore, CeO2 can realize electrochemical energy
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Different pseudocapacitance mechanisms: (a) underpotential deposition, (b) redox pseudocapacitance, and (c) intercalation
pseudocapacitance.
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storage via the rapid reversible conversion of Ce3+ and Ce4+. The
charge storage mechanism of CeO2 electrode material is based
on the cation intercalation reaction, as indicated by the
following formulae:202

CeO2(surface) + M+ 4 CeO2$M
+
(surface) (9)

CeO2 + M+ + e− 4 CeO$OM (10)

where M represents a cation such as H+, Na+, or K+. The rst
process is the non-Faraday reaction, which is the straightfor-
ward adsorption or desorption of M+ on the surface of CeO2.
The second is the Faraday process, in which M+ is intercalated
or de-intercalated into or from CeO2, changing the valence of Ce
from IV to III. The electrolyte's ion intercalation and dein-
tercalation speed, as well as the electrode material's redox
activity, are both essential for the pseudocapacitive perfor-
mance, as we may infer from the reaction mechanism. In light
of the above factors, researchers have improved the efficiency of
CeO2 electrode materials for storing energy by: I. preparing
Table 5 Research results of CeO2 as a pseudocapacitive electrode mat

Materials Synthesis method Electr

Hexagonal CeO2

nanoparticles
Hydrothermal method 1 M N

CeO2–W nanocrystals Epoxide precipitation reaction 3 M K
CeO2 nanocrystal Supercritical hydrothermal method 6 M K
CeO2 mesoporous
microsphere

Assisted microwave method 3 M K

CeO2 nanostructures Combustion method 1 M K
CeO2@20 nanoparticles One step solvothermal method 1 M

Na2SO
CeO2 nanoparticles Precipitation and the hydrothermal

method
1 M L

Hexagonal CeO2 Hydrothermal method 1 M H

© 2023 The Author(s). Published by the Royal Society of Chemistry
nanoparticles, II. controlling the morphology, III. engineering
the pores, IV. introducing defects and ions, V. exposing highly
active surfaces, VI. doping with highly conductive materials, etc.

Nanostructured CeO2 is a signicant application-relevant
electrode material. The specic surface area and particle
morphology are crucial elements that inuence pseudocapaci-
tive performance. The further development direction of nano-
particles is to use a large specic surface area and special
morphology to achieve optimum pseudocapacitive dynamic
performance and optimize the theoretical specic capacity. In
order to investigate high-performance CeO2 electrodematerials,
Wang et al. using propylene oxide as a precipitant, prepared
spherical and linear CeO2 nanoparticles in aqueous and etha-
nolic solutions, respectively.203 The acidity of the cation in the
solution affects how propylene oxide reacts. Since Ce3+ has
greater acidity in ethanol solution, it can rapidly produce CeO2.
CeO2 was orientated on the high surface energy {110} plane to
grow and link, resulting in wire-like crystals. In an aqueous
solution, its growth process follows an isotropic growth
erial

olyte
Potential
(V)

Capacitance (F
g−1)

Capacitance retention
(%) Reference

aCl 0–0.8 457.0 (2 A g−1) 82.0 (2000 cycles) 202

OH 0–0.5 372.6 (6.3 A g−1) 91.0 (4000 cycles) 203
OH 0–0.4 339.5 (1 A g−1) 85.7 (1000 cycles) 204
OH 0–0.45 773.0 (5 mV s−1) 56.3 (3000 cycles) 205

OH −0.3–0.45 114.6 (10 mV s−1) 92.5 (1000 cycles) 206

4

0–0.8 143.0 (0.2mA g−1) 75.0 (1000 cycles) 207

iCl −0.8–0.8 877.5 (3 A g−1) 96.5 (5000 cycles) 208

Cl 0–0.8 889.0 (2 mV s−1) ∼100 (1500 cycles) 209
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mechanism, thus forming spherical crystals. Electrochemical
tests reveal that CeO2 nanospheres have better pseudocapaci-
tive properties than CeO2 nanowires. To investigate the effect of
surfactants on the morphology, size, and exposed crystal faces
of CeO2 nanocrystals in greater depth, Hao et al. synthesized
CeO2 nanocrystals using supercritical hydrothermal
synthesis.204 The results indicate that cubic CeO2 has a greater
pseudocapacitive performance because of the highly active
{100} plane on the exposed surface and the nanoparticle size.
This study elucidates the crystal plane evolution and self-
assembly mechanism of CeO2, introducing a fresh concept for
the construction of high-performance novel CeO2.

In addition, controlling the morphology of nano-functional
materials is one of the most effective strategies for enhancing
their performance. Cheng et al. achieved high-efficiency energy
storage by effectively controlling the morphology of CeO2

nanoparticles.205 They synthesized CeO2 mesoporous nano-
spheres using a simple microwave process and sodium citrate
as a chelating agent. As sodium citrate formed citric acid during
hydrolysis and created alkaline conditions, it was economical
because no urea was required. Aer 3000 cycles at 0.1 mA cm−2,
the as-prepared CeO2 still exhibits a high specic capacitance of
415 F g−1, an exceptional lithium storage capacity of
529 mA h g−1 aer 100 cycles at 0.5 mA g−1. CeO2's superior
electrochemical performance is due to its unique mesoporous
microsphere structure. On the basis of this research, Abdul
Jabbar Khan et al. synthesized porous CeO2 nanoparticles as
electrode materials and used highly conductive carbon cloth as
a current collector.206 CeO2 nanoparticles supported on carbon
cloth exhibit excellent energy storage performance, with
a specic capacitance of 877.5 F g−1 at 3 A g−1 and capacity
retention of 96.52% aer 5000 cycles. This further demonstrates
the critical role of a porous structure in enhancing CeO2 pseu-
docapacitive performance. On the basis of the aforementioned
research ndings, Nallappan Maheswari and Gopalan Mur-
alidharan developed ultra-high-performance CeO2 electrode
materials, which represented a signicant milestone in the
development of CeO2 electrode materials.207 They prepared
hexagonal nanostructured CeO2 by a one-step hydrothermal
method using cetyltrimethylammonium bromide (CTAB) as
a surfactant; the formation mechanism is shown in Fig. 13a.
They maintained the reaction environment's pH at 10. The OH−

content is saturated under these conditions, and CTAB ionizes
CTA+ and regulates the rate at which NaOH ionizes OH−,
resulting in the formation of well-dened hexagonal CeO2. In
this work, the effects of different calcination temperatures on
the shape, structure, and electrochemical performance of CeO2

were looked at in greater detail. CeO2 calcined at 500 °C, named
C-500, has the greatest active surface area and porosity, which
promotes the rapid diffusion of electrolyte ions and has fast
kinetics, resulting in the best electrochemical performance.
When the charge–discharge current density was increased from
2 to 10 A g−1, the specic capacity declined from 927 to 475 F
g−1 at a retention rate of 51.24% (Fig. 13b). Aer 1500 cycles at
a high current density of 20 A g−1, the capacity can still be
maintained at over 100%, as shown in Fig. 13c. Additionally, an
asymmetric supercapacitor utilizing activated carbon as the
54 | RSC Sustainability, 2023, 1, 38–71
anode was fabricated. The device had a high energy density of
45.6W h kg−1 at a power density of 187.5W kg−1 with good cycle
stability (Fig. 13d). The pseudocapacitive properties of hexag-
onal CeO2 nanoparticles were further investigated in aqueous
solutions of NaCl, KCl, Na2SO4, and K2SO4, the four most
common neutral electrolytes.202 At a current density of 2 A g−1,
the specic capacitances in the four electrolytes were 457, 395,
400, and 320 F g−1, respectively. This is because Na+ has a lower
radius than K+, and SO4

2− has a substantially higher ionic
radius than Cl−. When the hydration radius is similar, ions with
a smaller radius spread more rapidly. This shows the crucial
function of selecting an appropriate electrolyte for improving
the pseudocapacitive performance of CeO2 electrode materials.

Finally, researchers investigated the mechanism by which
oxygen vacancies affect the electrochemical performance. Pra-
sanna and his team synthesized ultra-porous CeO2 nano-
particles containing oxygen vacancies (CeO2 NS) with a fast and
low-cost combustion method.208 Capacitance retention aer
1000 cycles was 92.5% at 1 A g−1. The resistances to charge
transfer were 2.01 U and 2.86 U, respectively, before and aer
cycling. The CeO2 NS exhibits outstanding kinetics and cycling
stability thanks to the oxygen vacancies and porous structure.
Manjeet Kumar et al. investigated the inuence of oxygen
vacancies on electrochemical performance in detail.209 The
oxygen vacancy content of CeO2 was quantied using XPS.
Experiments demonstrate that raising the concentration of Ce3+

in CeO2 stimulates the formation of additional oxygen vacancies
on the surface, which is essential for redox activity.

But enabling CeO2 to have a high capacitance and be stable
during cycling are still big problems that make it hard to use it
as an ideal electrode material. The disparity in electrochemical
performance between theory and practice is related to the low
conductivity of CeO2 (8.24 × 10−8 S cm−1) and the lattice
expansion that happens during the reduction of Ce4+ to Ce3+.210

As a result, compositing CeO2 with conductive polymers, carbon
materials and their derivatives provides another effective and
convenient method of increasing pseudocapacitive energy
storage ability.211 In Table 6, the typical electrochemical
parameters of CeO2 composites are compared to those of pure
CeO2. It can be seen that CeO2 composites have a greater
specic capacitance than pure CeO2.212–216

Unfortunately, carbon compounds and their derivatives are
difficult to produce, costly, and difficult to process.217,218 The
cycle stability of conductive polymers is poor and harmful to the
environment. Because of this, it is necessary to explore other
strategies to enhance the capacitance and cycling stability of
CeO2. Despite the immaturity of current research in this eld,
fortunately, signicant progress has been achieved in the study
of the conductivity of transition metal oxides (TMO) with
similar properties to CeO2.219 Numerous studies have demon-
strated that the key to enhancing the electrical conductivity of
TMO is to regulate their electronic structure, energy band
structure, and reactive sites. To begin with, a Schottky hetero-
junction is built by tweaking the electronic structure in order to
lower the amount of energy that is released while carriers are
being transmitted.220 In addition, the energy band is changed to
generate a z-type heterojunction in order to boost the separation
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Flowchart of fabrication and electrochemical characteristics: (a) schematic diagram of the formation of CeO2 nanoparticles, (b) charge
and discharge curves of CeO2 electrodes with different current densities, (c) cycling stability of CeO2 calcined at 500 °C electrodes, (d) cycling
stability of asymmetric supercapacitor devices.
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rate of hole–electron pairs.221 In conclusion, the development of
a distinct p–n junction by an internal electric eld accelerates
the movement of hole–electron pairs.222 Improving electrical
conductivity by promoting electron transport by doping and
defect engineering is still the prevalent strategy at the present
time. In addition, by modifying the electron and crystal struc-
ture, more reactive sites can be exposed, and the hole–electron
pair can be split through the heterojunction, thereby promoting
redox processes and providing extra charges for pseudocapaci-
tive storage. Currently, improving electrical conductivity by
promoting electron transport by doping and defect engineering
is still the prevalent strategy at the present time. Furthermore,
the conductivity can be enhanced by modifying the electronic
and energy band structures, producing heterogeneous knots,
Table 6 Electrochemical properties of CeO2-carbon/polymers compos

Materials Potential (V) Capacitance (F g−1

CeO2/CNTs 0.3–0.81 818 (1 mV s−1)
CeO2/GC 0–0.55 501 (1 A g−1)
CNTs@CeO2-HTs 0–1.55 70.7 mA h cm−2 (1
PANI/rGO/CeO2 −0.2–0.8 684 (1 A g−1)
rGO-CeO2/PANI −1.4–0 454.8 (1 A g−1)

© 2023 The Author(s). Published by the Royal Society of Chemistry
introducing interface effects, and other strategies. The
preceding investigations have signicant reference value for
further boosting the conductivity of CeO2.

In addition, the effect of the electrolyte on the electro-
chemical performance of a CeO2 electrode cannot be ignored. In
addition to selecting an electrolyte with the most appropriate
ionic radius for the material pores, it is essential to enhance the
electrode/electrolyte interface interaction. The degree of elec-
trode material immersion in the electrolyte is paramount for
dening the pseudocapacitance kinetics.195 When electrolyte
ions are well immersed in the electrode material, cations can
quickly and reversibly intercalate and deintercalate, and strong
interfacial contacts greatly increase the ionic conductivity of the
material. However, CeO2 is not hydrophilic; therefore
ites

) Capacitance retention (%) Reference

95.3 (5000 cycles) 212
93.0 (5000 cycles) 213

mA cm−2) 86.4 (3000 cycles) 214
92.0 (3000 cycles) 215
70.2 (10 000 cycles) 216
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inadequate inltration will result in a drop in pseudocapacitive
kinetic properties in aqueous electrolytes, thus combining with
hydrophilic substances is an efficient remedy. Layered silicate
minerals possess exceptional wettability, a distinct interlayer
environment, and a stable layered structure, making them
perfect composite materials. Zhang et al. synthesized transition
metal boride–clay composites by liquid-phase reduction and
investigated the effect of the clay's structural type and micro-
structure on its electrochemical characteristics.223 The
composites exhibited exceptional electrochemical kinetics and
cycling stability, according to electrochemical measurements.
However, research in this eld is still in its infancy, and the
augmentation of electrochemical characteristics by clay
minerals and the underlying mechanisms of action require
additional investigation.

3.1.2 Lanthanum oxide. In addition, La2O3 is a pseudoca-
pacitive energy storage material with broad potential applica-
tions. The charge storage mechanism of La2O3 is shown in eqn
(11):

La2O3 + nM+ + ne− 4 MnLa2O3 (11)

As early as 2016, Yadav et al. used a one-step hydrothermal
method to grow rod-like La2O3 lms on stainless steel
substrates as electrode materials for exible supercapacitors.224

The lm has a specic surface area of 45.39 m2 g−1 and a pore
size of 6.9 nm according to the BET calculation method. These
lms have a higher specic surface area and are comparable to
those made by chemical deposition of La2O3, Ni(OH)2, and
Fe2O3.225–227 Electrochemical tests were performed on rod-like
La2O3 lms, which exhibited a high specic capacity of 250 F
g−1 and a power density of up to 1.5 kW kg−1 at an energy
density of 80 W h kg−1. A symmetric supercapacitor was
assembled using PVA/LiClO4 gel as the electrolyte, exhibiting
a specic capacitance of 10 F g−1 at a scan rate of 5 mV s−1, and
a capacity retention of 79% aer 1000 cycles. In the same year,
Yadav et al. used one-step spray pyrolysis to fabricate cellular
La2O3 porous lms for supercapacitors and gas sensors.228 Aer
3000 cycles, the La2O3 lm retains 85% of its specic capaci-
tance (166 F g−1), indicating good cycling stability. According to
the research outlined above, Wang et al. synthesized La2O3 thin
lms using a straightforward one-step hydrothermal method
for the purpose of investigating electrowetting responses for
high-performance supercapacitors.229 The study discovered that
by adjusting the hydrothermal temperature and time, the
surface structure of the La2O3 thin lm can be precisely
controlled. SEM images of La2O3 thin lms hydrothermally
heated for 20 hours at various temperatures are shown in
Fig. 14a–f. As the temperature is increased from 150 to 160 °C,
the microspheres grown on the titanium substrate become
denser. At 170 °C, the microspheres form a dense membrane
structure; at 180 °C, an La2O3 hierarchical structure with verti-
cally arranged ower-like nanoparticles is formed. When the
temperature is increased to 190 °C, the microspheres aggregate
into a dense microsphere lm, indicating that 180 °C is the
critical temperature for the formation of a ower-like hierar-
chical structure. The hydrothermal reaction time (10, 15, and 20
56 | RSC Sustainability, 2023, 1, 38–71
h) was changed at the optimal temperature of 180 °C. The
morphologies of the prepared samples are shown in Fig. 15a–c.
Based on the XRD patterns of samples made under different
reaction conditions (shown in Fig. 15d), the hydrothermal
method was able to make an La2O3 lm with dense micro-
spheres that look like owers and nano-metal structures that
are arranged in a hierarchical way. No effect was observed on
the ingredients under different reaction conditions. The CV
curves clearly illustrate the pseudocapacitive features of the
samples (Fig. 15e), and the specic capacitance changes with
hydrothermal temperature, as illustrated in Fig. 15f, indicating
that the prepared La2O3 lm has a high specic capacitance and
that hydrothermal temperature has a signicant effect on its
capacitance. Additionally, Yadav et al. investigated the practi-
cality of La2O3.230 Chemical water bath deposition was used to
fabricate Co3O4 and La2O3 thin lms. In 1 mol L−1 KOH, the
specic capacitances are 415 F g−1 and 288 F g−1, respectively. A
highly conductive oxide lm of Co3O4 was used as the anode, an
La2O3 lm was used as the cathode, and PVA-KOH gel was used
as the solid electrolyte. The device has a high specic capaci-
tance of 15 F g−1 and retains 92% of its high cycling perfor-
mance aer 2000 cycles. When the power density is 108.2 W
kg−1, the energy density is as high as 42.9 W h kg−1. When two
asymmetric capacitors are connected in series, the LED can
remain illuminated for 45 seconds aer being fully charged.

Graphene and its derivatives (r-GO) have emerged as star
materials in the eld of supercapacitor energy storage in recent
years due to their large specic surface area, high conductivity,
high electron mobility, and chemical stability.231 As a result,
composites of La2O3@G(r-GO) have a greater energy storage
capacity and amore stable cycle life than pure La2O3. Zhang and
his peers synthesized reduced graphene oxide/lanthanum oxide
(r-GO/La2O3) nanocomposites using a straightforward and cost-
effective reow method.232 Throughout the process of conden-
sation reow, graphene oxide (GO) was broken down, and La2O3

was successfully added to the surface of GO. Electrochemical
tests were conducted in a 3 mol L−1 KOH electrolyte. At
a current density of 0.1 A g−1, the r-GO/La2O3 composite had
a specic capacitance of 156.25 F g−1 and a capacity retention of
78% aer 500 cycles. The composite material's superior elec-
trochemical performance is due to the fact that the addition of
La2O3 reduces the degree of aggregation of the graphene sheets
and increases their effective active specic surface area, thereby
increasing the electrode material's specic capacitance. The r-
GO/La2O3 composites were used to assemble button cells. When
the power density is increased to 15.62 kW kg−1, the energy
density value increases to 13.02 W h kg−1, indicating the r-GO/
La2O3 composite's suitability for practical applications. Simi-
larly, Karthikeyan et al. synthesized lanthanum oxide/reduced
graphene oxide (La2O3/r-GO) nanocomposites by a simple
hydrothermal method.233 The interfacial effect of La2O3 and r-
GO signicantly improves the specic capacitance and cycling
stability of electrode materials, as demonstrated in this work.
The specic capacitance of La2O3/r-GO is as high as 546 F g−1 (at
2 mA g−1) in an electrochemical test using the traditional three-
electrode system, and the capacity remains at 92.3% aer 10 000
cycles, demonstrating extraordinary cycle stability. R-GO
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 SEM images of samples with different hydrothermal times: (a) 150 °C, (b) 160 °C, (c) 170 °C, (d) 180 °C, (e) 190 °C and (f) 180 °C. SEM
magnified images of the inset marked areas.
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increases the La2O3/r-GO composites' effective specic surface
area, improves their electrical conductivity, and accelerates
charge transport, thus enhancing the composites' redox activity.
The interfacial effect of r-GO and La2O3 boosts electrolyte
adsorption at the interface, increases the wettability of the
electrode material and electrolyte, and reduces the ion trans-
port distance, effectively improving the composites' pseudoca-
pacitive performance. Additionally, the author proposes a cost-
effective way to combine supercapacitors and clean energy.
Solar energy's application value will increase even further if it
can be converted to electricity via supercapacitors. Miah et al.
also investigated the temperature dependency of capacitance by
utilizing the interface effect between GO and La2O3.234 High-
performance supercapacitors degrade the active material at
© 2023 The Author(s). Published by the Royal Society of Chemistry
elevated temperatures, restricting their applicability range. As
a result, it is vital to enhance supercapacitors' thermal stability.
Miah prepared GO-La2O3 composites exhibiting 158% and
205% increases in specic capacitance at 30 °C and 70 °C,
respectively, compared to pure GO. When the current density
was 1 A g−1 and the temperature was 70 °C, the specic
capacitance increased to a maximum of 751 F g−1. Aer 2000
cycles, the electrode capacity retention rate was 78% at 30 °C
and 67% even at 70 °C, indicating excellent thermal stability.
The effect of temperature on the charge transport properties of
La2O3 was investigated by examining the current–voltage char-
acteristics of samples at temperatures ranging from 0 to 70 °C.
Fig. 16(a and b) depict the J–V curve. The J–V curve is nearly
symmetrical across the entire voltage range, and the current is
RSC Sustainability, 2023, 1, 38–71 | 57
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Fig. 15 SEM, XRD characterization and electrochemical properties: (a–c) the SEM images of samples under different hydrothermal times: (a)
10 h, (b) 15 h and (c) 20 h, (d) the XRD pattern of the samples at 160, 180, and 200 °C, (e) CV curves of Ti-based La2O3 films prepared at different
hydrothermal temperatures, (f) the corresponding specific capacitance at different temperatures.
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linear with the bias voltage at low voltages (±0.5 V), indicating
that the conduction process is ohmic. However, as the bias high
voltage increases, a nonlinear relationship emerges, with the
degree of nonlinearity increasing with temperature. This is
because high temperature increases the conductivity of the
electrode material, and high temperature induces internal eld
emission, resulting in a linear deviation. Eqn (12) can be
utilized to determine the voltage contribution (Vm) of the inner
eld emission:235

J = sV + CVm (12)

where s represents the linear conductivity. Table 7 lists the
relevant parameters tted by eqn (12). Fig. 16c provides a more
58 | RSC Sustainability, 2023, 1, 38–71
straightforward explanation for the interface effect generated by
internal eld emission. Since the Fermi level of graphene is
signicantly higher than that of La2O3, charge transfer occurs at
the two-phase interface at higher temperatures and the induced
charge transfer increases as the temperature rises. This charge
transfer mechanism increases the electrochemical response at
higher temperatures, hence enhancing the pseudocapacitive
performance.

Since Trasatti S studied the pseudocapacitive properties of
RuO2 and found that its theoretical specic capacitance is as
high as 1300–2200 F g−1, more and more studies have been
devoted to transition metal compounds (TMs).236 The highly
reversible redox reaction between transition metal compounds
and electrolyte ions provides ultra-high capacitance, but RuO2
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 J–V characteristics of G-La2O3 at different temperatures: (a) full-range experimental J–V plots, (b) half-range J–V fitting, (c) schematic
of charge transfer from rGO to La2O3.

Table 7 Parameter values obtained from eqn (14) (ref. 235)

Temperature
(°C) s (S m−1) C m

0 27 891 1778 3.10
15 29 238 5301 3.27
30 35 004 6972 3.75
50 47 969 8290 4.04
70 51 095 8743 4.61
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is expensive and toxic, so Ni-based, Mn-based, and Co-based
compounds have become promising pseudocapacitive elec-
trode materials.237 Sun et al. deposited MnO2 and La2O3 on
carbon paper as working electrodes, and assembled an asym-
metric supercapacitor.238 By effectively increasing the potential
range of the working electrode, the capacitor's energy density
was greatly increased, and the range of uses for the capacitor
grew. In 0.5 mol L−1 Na2SO4 electrolyte, the asymmetric
supercapacitor exhibits a mass energy density of 80.56 W h kg−1

and a volumetric energy density of 0.74 mW h cm−3. Aer
further encapsulation into a device, the power density remains
at 94.29 mW cm−3 while the energy density is 0.49 mW h cm−3.
Duan et al. synthesized ultrathin triangular sheet Ni(OH)2 and
La2O3 composites (LONH) by a simple solvothermal method.239

LONH exhibits excellent electrochemical energy storage
performance. This study shows that the addition of La2O3 to
© 2023 The Author(s). Published by the Royal Society of Chemistry
transition metal compounds (TMs) can effectively change the
morphology and structure of the composites, providing a new
vision to develop novel La-TM electrode materials with excellent
performance. Li et al. added La2O3 as an electrocatalyst to
MnO2, and prepared waxberry-shaped Mn–La composite
microspheres by a two-step hydrothermal method.240 The lattice
defects and electrocatalytic functions of La2O3, which improve
the active specic surface area of the electrode material and
speed up the rate of charge transfer, give the composite its
excellent rate performance and ultra-high cycle stability.

3.1.3 Other RE2O3. Other RE2O3 also offer potential for
pseudocapacitive energy storage, such as Nd2O3, Sm2O3, Eu2O3,
and Gd2O3.241 However, due to the poor electrochemical
stability and relatively low energy storage efficiency of the above
pure rare earth oxides, most research has concentrated on
compounding with carbon materials, metal compounds, and
conductive polymers. The charge storage mechanism of RE2O3

is shown in eqn (13) and (14):

RE2O3 + nM+ + ne− 4 MnRE2O3 (13)

2RE(OH)2 + 2OH− 4 RE2O3 + 2e− + 3H2O (14)

Mohammad Shiri et al. fabricated Nd2O3 nanorod composite
conductive polymer lms by ultrasonic-assisted pulsed elec-
trochemical deposition, which exhibited signicantly higher
rate capability and superior cycling stability than conductive
RSC Sustainability, 2023, 1, 38–71 | 59
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polymer lms.242 Liu et al. prepared polypyrrole/Sm2O3 (PPy/
Sm2O3) nanocomposites by in situ chemical oxidative polymer-
ization, and the half-cell exhibited a large capacitance of 771 F
g−1 in 1 M NaNO3.243 This demonstrates that Sm2O3 is an energy
storage material with potential electrochemical applications.
Similarly, Shiri and his research team prepared polyaniline-
derivative/Sm2O3 (POAP/Sm) composite lms by electro-
chemical deposition.244 The electrode material exhibits excel-
lent cycling stability, with a capacity retention of 91% and
a coulombic efficiency of 95% aer 1000 cycles. Further,
Mohammadian-Sarcheshmeh et al. prepared p-phenylenedi-
amine/Sm2O3 (PPDA/Sm2O3) cross-linked graphene oxide (GO)
aerogels by a simple hydrothermal method.245 Through the
nucleophilic addition reaction of amino groups on PPDA and
carboxy groups on GO, the stacking of graphene oxide layers can
be stopped, and the space between graphene oxide layers can be
altered to greatly improve the composite's electrochemical
performance. This porous three-dimensional PPDA/Sm2O3

cross-linked GO aerogel structure greatly improves the specic
capacity of the electrode material, and the specic capacitance
is as high as 591 F g−1 at a scan rate of 5 mV s−1, which is about
nine times higher than that of pure Sm2O3, and it has good cycle
stability, with a capacity retention of 92.7% aer 4000 cycles.
The porous three-dimensional structure proposed in this study
can be extended to other electrode material designs, which is
benecial to improving the electrochemical kinetics and greatly
improving the energy storage efficiency of pseudocapacitors. On
this basis, Shiri et al. prepared POAP/Eu2O3 and POAP/Gd2O3 by
the pulsed electrochemical deposition method.246,247 The
enhanced electrochemical performance of the composites is
due to the special surface structure as well as the synergistic
effect of the two components.

3.1.4 Other rare earth oxides. Praseodymium oxide is
a special rare earth oxide. Praseodymium oxide has various
stoichiometric oxides, such as Pr2O3, PrO2, Pr4O7, and Pr6O11,
among which Pr6O11 is a phase that exists stably at ambient
temperature. Pr6O11 has excellent oxygen mobility and redox
activity, and rapid ionic transitions between mixed valence
states in the Pr6O11, resulting in high conductivity (s = 7.6
mS cm−1); consequently it has been employed for electro-
chemical energy storage.248 The charge storage mechanism of
Pr6O11 is shown in eqn (15) and (16):

Pr6O11 + nM+ + ne− 4 MnPr6O11 (15)

6Pr(OH)2 + 10OH− 4 Pr6O11 + 6e− + 11H2O (16)

As early as 2011, Wang et al. prepared Pr6O11/polypyrrole
(Pr6O11/PPy) with a core–shell structure, whose specic capaci-
tance can reach 400 F g−1 at a current density of 10 mA cm−2.249

Similarly, Kubra et al. presented Pr6O11/Mn3O4 composites by
a simple hydrothermal method, exhibiting a high 794.58 F g−1

ratio capacitance at 0.5 A g−1 current densities.250 Based on the
research cited above, Chen et al. prepared a Pr6O11–NiCo2O4

core–shell structure with better performance, coating Pr6O11 as
a growth framework on nickel foam (NF), and Pr6O11–NiCo2O4

exhibited an ultra-high specic capacitance of 1635 F g−1 at 0.5
60 | RSC Sustainability, 2023, 1, 38–71
mA cm−2.251 Paravannoor et al. prepared PrOx/unzipped multi-
walled carbon nanotubes (PrOx/UZCNT) and presented the
unique insight that the anion intercalation effect generated by
surface oxygen vacancies enhances the electrochemical perfor-
mance.252 Fig. 17a lists the work functions of different metal
oxides. The assembly of low-work-function Pr6O11 (2.8 eV) with
high-work-function compounds (V2O5, 6.85 eV) can prepare
supercapacitors with a wide potential window exceeding 4 V,
thereby signicantly improving the energy density of the
supercapacitor. The value is calculated from eqn (17) and
(18):252

E = E0 + E1 + E2 (17)

E0 ¼ �
ub þ ua

�Na

F
(18)

where ub and ua represent the work function, DE1 and DE2
represent the electrode potential, and Na is the Avogadro
number. Through conventional morphology and structure
methods, such as XRD, SEM, and TEM (Fig. 17b–f), it is proved
that the method proposed by Anjali successfully prepared
oxygen-vacancy-rich rod-like PrOx/UZCNT. The grain growth is
controlled by a simple solid–liquid reaction during the hydro-
thermal process: Pr(OH)3 grows one-dimensionally on the
surface of carbon nanotubes, Pr6O11 is obtained by calcination,
and the remaining NO3

− and K+ are embedded in the nano-
tubes. The unzipped carbon nanotubes are formed without
destroying the interface structure between Pr6O11 and carbon.
Fig. 17g clearly illustrates the above-mentioned formation
mechanism. Electrochemical tests on the as-prepared PrOx/
UZCNT and PrOx (Fig. 18a) show that PrOx/UZCNT exhibits
better pseudocapacitive performance, which is attributed to the
oxygen vacancies in PrOx/UZCNT. Fig. 18c is a schematic
representation of the method through which oxygen vacancies
in PrOx/UZCNT contribute to electrochemical energy storage.
Anion vacancies accelerate the diffusion of oxygen in the unit
cell and promote the interconversion of Pr3+ and Pr4+. By
comparing the peaks of O 1s orbitals of the samples before and
aer the cycle by an XPS test (Fig. 18b(1 and 2)), it was discov-
ered that the quantity of oxygen vacancies decreased, indicating
that oxygen vacancies contribute to the redox process. Finally,
an asymmetric supercapacitor was assembled using PrOx/
UZCNT with a small work function and V2O5-graphene with
a large work function, with a potential window as high as 3.8 V.
When the power density is 2.9 kW kg−1, the energy density is as
high as 52.08 kW h kg−1, and the capacity retention rate is $

95% aer 2000 cycles (Fig. 18d–f). This study provides an
effective strategy for extending the potential range of electrode
materials to fabricate a high-energy-density supercapacitor.

The above research on the pseudocapacitive properties of
rare earth oxides opens up new horizons for the future devel-
opment of high-performance nanocomposites.
4 Conclusion and outlook

This article has described the applications of rare earths in
traditional metallurgy, biomedicine, magnetism, luminescence,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Summary of oxide work functions and structural characterization of samples: (a) summary of the work functions of different oxides, (b)
XRD of PrOx and PrOx/Uzcet samples, (c) SEM images of PrOx/Uzcet, (d) HR-TEM images of PrOx/Uzcet, (e and f) TEM images of PrOx/Uzcet, (g)
schematic illustration of the formation of zipping carbon nanotubes.
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catalysis, and the energy storage eld. In recent years, the rare
earth industry's new development model has been based on the
economics of sustainable development, clean production, and
industrial ecology, shiing from traditional high energy
Fig. 18 XPS and electrochemical properties of PrOx and PrOx/Uzcet: (a) CV
3d state before charging, (b-2) XPS spectra of the Pr 3d state after char
Pr6O11/CNT and V2O5/graphene at 50mV s−1, (e) the charge–discharge c
the asymmetric capacitor.

© 2023 The Author(s). Published by the Royal Society of Chemistry
consumption, resource waste, and environmental pollution to
green ecological development, which is a green resource that
can be utilized in new energy storage elds. On the basis of the
electrochemical energy storage potential of rare earths, typical
curves of PrOx and PrOx/Uzcet at 50mV s−1, (b-1) XPS spectra of the Pr
ging, (c) formation mechanism of oxygen vacancies, (d) CV curves of
urve of the asymmetric capacitor after 2000 cycles, (f) cyclic stability of
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rare earth oxides were selected as research objects to provide
a comprehensive overview of their research progress in the eld
of pseudocapacitors, including energy storage mechanisms,
electrochemical performance, and application prospects. As
pseudocapacitive electrode materials, rare earth oxides have the
following advantages: I. they are simple to prepare, have
abundant resources, and are environmentally friendly. II.
Excellent redox properties are possessed by RE3+/RE2+ or RE4+/
RE3+ couples of rare earth oxides. III. Oxygen vacancies exist in
the lattice of rare earth oxides, which serve as effective reactive
sites. IV. They show acid and alkaline corrosion resistance,
compatible with a variety of electrolytes. V. They have high
volume energy density, suitable for use in small mobile devices.

However, the low conductivity and lattice expansion of rare
earth oxides restrict their development as ideal electrode
materials. Based on current research results, we highlight the
following concerns and challenges rare earth oxides will
encounter in the future energy storage eld:

I. Improve conductivity. Currently, combining with highly
conductive materials is an effective method for improving
electrical conductivity (such as conductive polymers, carbon
materials and their derivatives). However, carbon compounds
and their derivatives are difficult to produce, costly, and difficult
to process. The cycle stability of conductive polymers is poor
and harmful to the environment. As a result, it is necessary to
explore other strategies to enhance the conductivity of rare
earth oxides, such as atomic and vacancy doping; hetero-
junction engineering; exposing active crystal planes; and
introducing interfacial effects.

II. Optimize structure. The future development path of effi-
cient RE-oxide-based pseudocapacitive materials will be to
pursue stable structures, such as ultra-high-porosity structures,
core–shell structures, and layered structures. In energy storage
research involving transition metal oxides, several existing
research designs have been modied into a core–shell struc-
tured composite that efficiently tackles the issues of volume
expansion and poor electrical conductivity while elucidating the
mechanism of improved electrochemical performance through
rst-principles and kinetic analysis. Through structural opti-
mization, this kind of work gives a theoretical basis for and
technical help in making rare earth oxide electrode materials
that work better.

III. Strengthened electrode/electrolyte interface interaction.
The hydrophilicity of the electrode material and electrolyte is
the key point for pseudocapacitive dynamics. The adequate
wetting of the electrode material by electrolyte ions is conducive
to the rapid and reversible intercalation/deintercalation of
cations, and high interfacial interaction substantially enhances
the ionic conductivity. However, rare earth oxides are not
hydrophilic, so inadequate inltration will result in a drop in
pseudocapacitive kinetic properties in aqueous electrolytes,
thus combining with hydrophilic substances is an efficient
remedy. Layered silicate minerals possess exceptional wetta-
bility, a distinct interlayer environment, and a stable layered
structure, making them perfect composite materials. However,
research in this area is still in its infancy, and the improvement
62 | RSC Sustainability, 2023, 1, 38–71
in electrochemical performance and the mechanism of action
of clay minerals remain obscure.

IV. Enhance comprehension of the energy storage mecha-
nism. Despite the fact that a generally consistent understanding
of the energy storage mechanism of rare earth oxides has been
attained, there are still shortcomings. In particular, additional
research is required to explore the mechanism by which the
physical and chemical properties of electrolyte cations affect
electrochemical performance and to identify whether electrolyte
anions contribute to pseudocapacitance. Existing research has
demonstrated that the energy storage mechanism of transition
metal nitrides in KOH electrolyte is the synergistic effect of K+

intercalation and OH− surface electrochemical adsorption, but
whether RE oxides exhibit a similar mechanism has not yet
been concluded.

We believe that this review will help researchers realize the
potential of rare earth compounds in pseudocapacitive energy
storage and build on prior research to develop a fundamental
insight into the role of rare earth compounds in pseudocapa-
citive energy storage. Finally, it is hoped that this article will
provide readers with more effective preparation strategies and
future directions for the development of rare earth compound
pseudocapacitive electrode materials. Even though there are
still some problems with the current study, we think that
through more research, rare earth compounds will soon have
better pseudocapacitive properties and more uses.
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