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ABSTRACT

Improving the catalytic activity of various electrocatalysts is of significant importance for the efficient
conversion between electricity and chemical energy for sustainable developments. Lately, modification
of transition metal—based electrocatalysts with foreign elements is growing rapidly, and rare earth (RE)
elements are of particular interest among various elements because of their special structural features.
Here, in this review, we perform a comprehensive survey on the recent progress in RE element
—incorporated electrocatalysts for various electrochemical reactions, including hydrogen evolution, ox-
ygen evolution, oxygen reduction, and methanol oxidation reactions. As benefited from the RE incor-
poration, the structural and catalytic property changes of host electrocatalysts are summarized for
different reactions, in which it is evident that there are many positive promotions induced from RE el-
ements for the enhanced electrocatalysis. Several important insights are also discussed to further our
knowledge of integrating RE elements to improve associated electrocatalytic properties of the catalysts
investigated. The final section describes the challenges for the design, structural optimization, mecha-
nistic investigation, and technological applications for the RE element—incorporated electrocatalysts and
concludes with an outlook on the future development of these catalysts for energy conversion and

storage.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past several decades, transition metal—based mate-
rials, including those based on non-precious metals and precious
metals, have been broadly researched as heterogeneous catalysts
for various electrocatalytic reactions, such as hydrogen evolution,
oxygen evolution, oxygen reduction, methanol oxidation, and so
on, to realize efficient energy conversion via electrocatalysis path-
ways for sustainable society. However, their catalytic performances
are still not satisfactory to meet the requirement of future appli-
cations and are the bottlenecks for highly active electrocatalytic
processes. Modification of catalysts with foreign elements and their
compounds has been generally accepted as a reliable approach to
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modulate their intrinsic structures, surface properties, and catalytic
performances, and significant efforts have been devoted to this field
recently. Not only catalytically active transition metals including
Mn, Fe, Co, Cu, and so on [1—6] but also inactive ones such as Ti, V,
Cr, and Zn [7—10], are adopted as dopants, additives, and sensi-
tizers, and cocatalysts have been extensively explored to regulate
the catalytic properties of transition metal—based electrocatalysts,
as reported by previous reports.

Rare earth (RE) elements, consisting of Sc, Y, and other 15
lanthanide elements, have been applied in the fields of optics,
electromagnetics, electronics, and heterogeneous catalysis. The
application of RE elements in electrocatalysis started as early as the
1970s, when the alloy of LaNis was first demonstrated as a cathode
material for hydrogen evolution reaction (HER) in alkaline solution
by Miles [11]. However, research on RE element—incorporated
materials was not growing as fast as expected, although rare and
limited reports were proposed during the last century [12,13].
Although not being the focus for electrocatalysis in the 20th
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century, RE elements have been drawing increasing attention in
electrocatalysis since the 2000s by modulating and enhancing the
catalytic properties of various transition metal—based electro-
catalysts to push forward the progress of electrocatalysis. Espe-
cially, with the development and assistance of nanoscience and
nanotechnology, recent advances exhibit the broad applications of
RE element—incorporated electrocatalysts in various electro-
catalytic fields, including HER, oxygen evolution reaction (OER),
oxygen reduction reaction (ORR), methanol oxidation reaction
(MOR), and other reactions, but a summary to survey the devel-
opment, mechanism, and applications of RE element—incorporated
electrocatalysts is still lacking. It is worth mentioning that the
perovskite with the general ABX3 formula, is a typical family of RE
element—incorporated structures and usually has different RE el-
ements to function as A-site cations, such as LaCoOs. Because RE
element—incorporated perovskites have been widely studied and
summarized in photoelectrocatalysis, electrocatalysis, and other
heterogeneous catalysis, we will focus on the non-perovskite-
structured, transition metal—based materials with RE element
incorporation and RE element—based compounds to summarize
their recent advances and developments in this review.

Herein, several parts will be described in this review, including
(1) the fundamental knowledge about RE elements and different
methods of incorporating RE elements with other transition met-
al—based electrocatalysts, (2) the applications of RE ele-
ment—incorporated electrocatalysts in various electrocatalytic
reactions (namely, HER, OER, ORR, MOR, and so on) and their
possible mechanisms on promoted catalytic properties from RE
element incorporation, and (3) a summary of recent developments
and perspectives of RE element—incorporated electrocatalysts for
future challenges.

2. RE elements and RE element—incorporated electrocatalysts

RE elements are consisted of a set of 17 elements, namely, Sc, Y,
and other 15 lanthanide elements of La, Ce, Pr, Nd, Pm (which is not
generally researched in catalysis because of its radioactivity), Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu with 4f orbitals (Fig. 1). Sc and
Y, located in the IIIB group of the periodic table of elements, as well
as lanthanide elements with the 4f orbital have larger atomic and
ionic radii than other transition metals such as Mn, Fe, Co, and Ni.
All RE elements have stable RE3* chemical states whereas some of
them have tetravalent states such as Ce** and Tb**. Because of the
increase in 4f electrons and the corresponding lanthanide
contraction effect leading to the similar electronic structures as
well as gradual changes in ionic radii for lanthanide elements, there
are many similarities in physical and chemical properties, but also
differences in optical, magnetic, and catalytic properties.

For transition metal—based electrocatalysts, the integration or
incorporation with RE elements started with LaNis in the 1970s,
and they are developing fast in the 21st century. Not only non-
precious metals including Co, Ni, and Fe but also precious metals
such as Pt, Ay, and Pd realized the incorporation with RE elements
to be exploited in electrocatalytic reactions. Particularly, Ce and its
oxide, cerium oxide (CeO, or ceria), attracted special interest in
electrocatalysis because of their quick transfer between Ce>*/Ce**
redox pairs, the details of which will be discussed in the following
sections. To have a better understanding on the application of RE
elements, we will mainly focus on four typical electrocatalytic re-
actions, namely, HER, OER, ORR, and MOR, to summarize the fea-
tures and roles of RE elements.

Preparing RE element—incorporated electrocatalysts can be
realized by different physical and chemical methods, including
high-temperature melting (such as arc melting and induction
melting), magnetron sputtering, wet chemical deposition, and

electrodeposition. As a result of various preparation methods for
RE element—incorporated electrocatalysts, three of them have
been proposed to realize the collaboration between RE elements
and other electrocatalysts for non-perovskite structures: (1)
forming alloys with other metals to obtain new crystalline-
structured alloys, such as LaNis and PtsGd; (2) doping RE element
ions into host materials during the preparation, such as doping
Ce* into NiFe-layered double hydroxide (LDH) nanosheets; and
(3) building heterogeneous structures between electrocatalysts
and RE element—based compounds, for example, the formation
of interface between Ni and CeO,. The high-temperature melting
method is generally used for the mass preparation of bulk alloys
with a wide range of RE contents [12], whereas the magnetron
sputtering can effectively synthesize alloy nanoparticles with
well-controlled size, but it is not suitable for mass production
[14]. The chemical and electrochemical deposition methods, such
as doping RE element ions into host materials and building
heterogeneous structures with other nanostructured electro-
catalysts are widely used because of their facile apparatus and
low costs to prepare the morphology-controlled nanomaterials. It
is worth mentioning that because of the huge difference in
atomic radius between RE elements and other transition metals,
the doping of RE element ions into other electrocatalysts is not
easy, and instead, it often results in the formation of RE ele-
ment—based compounds. In this regard, different approaches to
combine RE elements and other metals are then expected for the
further design and preparation of RE element—incorporated
electrocatalysts.

3. RE element—incorporated electrocatalysts for HER

Hydrogen evolution is an important half reaction for both water
electrolysis in acidic and basic media and chloralkali process in
alkaline solution. HER generally involves two processes, namely,
the Volmer—Tafel path and Volmer—Heyrovsky path [15]. Besides
noble metals such as Pt, other 3d and 4d transition metal—based
materials have also been extensively investigated as cathodic
electrocatalysts in different electrolytes.

3.1. Alloying with different RE elements for HER

In the 20th century, transition metal alloys with d-orbital metals
are widely studied as cathode materials to replace pure metal
electrodes for HER in alkaline solutions because of their low cost,
improved anticorrosion property, and activity. However, how to
design stable and catalytically active electrocatalysts was the
challenge. According to the Brewer—Engel theory, whenever metals
of the left half of the transition series that have empty or half-filled
vacant d orbitals are alloyed with metals of the right half of the
transition series that do not have internally paired d electrons
available for bonding in the pure metal, there arises well-pro-
nounced synergism in electrocatalysis for HER, which often exceeds
individual effects of precious metals on each other (the synergism
condition) and approaches the reversible behavior within the wide
range of current density [16]. Therefore, the combination of left-
half transition metals of light RE elements (such as Sc, Y, La, Ce,
and Pr) with other right-half transition metals (such as Fe, Co, and
Ni) would lead to more active alloys than their single metal coun-
terparts for electrocatalytic hydrogen evolution. With the predic-
tion of the Brewer—Engel theory, LaNi5 would be one of the upmost
electrocatalytic active alloy structures with the intermetallic phase
of highest symmetry and minimum entropy for HER. As a striking
hydrogen storage material, LaNis was first reported as electro-
catalysts for HER by Miles [11] in 1975. Later, LaNis and MmNis
(mischmetal) were specifically researched by Tamura et al. [12,13]
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Fig. 1. Elements that are used for electrocatalysis and rare earth elements.

for electrocatalytic hydrogen production and exhibited better per-
formance in alkaline solution than pure Ni. For Ni-based alloys, a
series of studies on the effect of various RE elements such as Y, Ce,
Pr, Sm, and Dy with low contents (usually <10 at%) are proposed
and demonstrated to investigate their contributions in the activity
for HER [17—19]. Recently, introducing RE elements and other
transition metals such as Fe, Zn, Mo, and Pt to fabricate crystalline
alloys is also realized to improve their activity in alkaline water
electrolysis [20—23]. From this aspect, using light RE elements
(namely, from La to Gd in the lanthanide series) with empty and
vacant d orbitals are favored to incorporate with catalytically active
elements of Fe, Co, and Ni with half-filled 3d orbitals to synthesize
crystalline alloys.

3.2. Incorporation with Ce ion and CeO; for HER

The strategy of alloying with other metals using RE elements is
not the only pathway to improve the catalytic property of transition
metals, but different methods of doping RE element ions and
incorporating with RE element oxides are developed in the past
decade. In specific, Ce and its oxide, cerium oxide, are among the
most attractive candidates to incorporate with transition metals,
via the strategies of doping Ce ions and synthesizing composites
with ceria. For instance, adding microsized and nanosized CeO;
particles onto electrodes during the electrodeposition of Ni-based
electrocatalysts was reported as a novel approach to modify the
intrinsic structural property of electrocatalysts [24—26]. With the
help of ceria, Zheng et al. [24] demonstrated the modified micro-
structure of the Ni electrode with more uniform grain and less
internal stress, leading to the better catalytic activity and charge
transfer property. Moreover, further investigations have suggested
that the concentration of ceria can regulate the content of sulfur in
Ni--S—coated layers to further tune their activity toward alkaline
HER [25,26]. Adding ceria into the suspensions for the electrode-
position method can also improve the crystallinity of the Co-W
alloy, as exhibited by Sheng et al. [27], in which the crystalline Co-
W/CeO, composites performed enhanced activity for HER
compared with the amorphous Co-W alloy.

Although ceria has been reported as an effective additive for the
electrodeposition of transition metal alloys, its influence on the

catalytic process for HER requires further clarification. Recently,
Weng et al. [28] unveiled the role of ceria on the Ni/CeO; interfaces
using experimental investigation and density functional theory
(DFT) calculations. Carbon nanotubes (CNTs) are used to anchor the
Ni/CeO, heterogeneous structure (Fig. 2a) and conductivity, while
the Ni/CeO, interfaces promoted the water dissociation and
benefited the lower hydrogen binding energy to improve HER ac-
tivity with smaller overpotential (Fig. 2b). The DFT result depicted
the lower energy for water dissociation on the Ni;/CeO, (111)
interface compared with that of pure Ni(111), illustrating the easier
formation of H* intermediates on the surface of Ni/CeO, (Fig. 2c).
The subsequent analysis showed the lower hydrogen binding en-
ergy on the Ni;/CeO; (111) interface to accelerate the conversion of
H* intermediate into H, (Fig. 2d). Therefore, constructing such an
interface between the metal and metal oxide (herein, ceria) can
facilitate the breaking of H--OH bond to form H* intermediates and
optimize the hydrogen binding strength to lower the H;, adsorption
energy.

Lately, various interfaces between CeO; (or CeOy) and transition
metal—based electrocatalysts , including CoP-CeO; [29], NipP-CeO,
[30], CoP-Ce0,-C[31], NisN-CeO, [32], and NiFe-LDH-CeOy [33], are
constructed to improve their catalytic activity for both acidic and
alkaline hydrogen evolution, as exhibited in Fig. 3. In both acidic
and alkaline media, the hydrogen adsorption energy would be
lower, whereas the water dissociation process to produce H* in-
termediates would be easier with the assistance of CeO; in alkaline
solution, which results in faster turnover of the optimally absorbed
intermediates to generate hydrogen molecules [29,31]. Typically,
Zhang et al. [29] reported the significant decrease in overpotential
for CoP--CeO,/Ti mesh compared with that for CoP/Ti mesh for
hydrogen evolution in basic solution (Fig. 3a) because of the
decreased water adsorption and optimal hydrogen adsorption free
energies. Similarly, Sun et al. [32] demonstrated the decrease in
overpotential for NisN catalyst with CeO, incorporation
toward alkaline HER (Fig. 3b). Impressively, with the decoration of
oxygen vacancy—rich CeOx nanoparticles, the strong local elec-
tronic interaction between NiFe-LDH nanosheets and CeOy led to
the enhanced activity for both HER and OER, further contributing to
alow potential of 1.51 V to drive the current density of 10 mA cm 2
for overall water splitting (Fig. 3¢), as exhibited by Wang et al. [33].
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Fig. 2. (a) High-resolution TEM image of Ni/CeO, CNT. (b) Polarization curves of Ni/CeO, CNT, NixCeO x CNT, Ni CNT, and commercial Pt/C in 1 M KOH solution. (c) DFT-calculated
reaction energy diagram of water dissociation for Ni;/CeO(111) and Ni(111). (d) DFT-calculated HBE for Ni;/CeO(111), Ni(111), and CeO(111) systems. Reproduced with permission
from Ref. [28]. Copyright 2015, American Chemical Society. CNT, carbon nanotube; DFT, density functional theory; TEM, transmission electron microscopy; HBE, hydrogen binding

energy.

Using ceria as the substrate to incorporate with metals and
metal oxides is also feasible to improve the activity of electro-
catalysts. For example, Demir et al. reported the superior catalytic
activity of nanoceria-supported Ru nanoparticles for HER in acid.
With a low content of Ru, this catalyst exhibited small onset po-
tential and overpotential to achieve efficient hydrogen generation
[34]. Moreover, Long et al. demonstrated the positive effects of ceria
layers as the substrate to support other metal oxides and metals by
accelerating the dissociation of water molecules and strong elec-
tron interactions between ceria and transition metals as well as
their oxides to promote both HER and OER processes, where very
small overpotentials are required to fulfill efficient HER, OER, and
overall water splitting [35].

Doping Ce3* ions into CoP is a recently developed novel method
by our group to tune the electronic structure of CoP for efficient
HER in both acidic and alkaline solutions [36]. Theoretical calcu-
lations by DFT demonstrated the lower hydrogen adsorption free
energy on different CoP facets after introducing Ce (Fig. 4a),
whereas Bader charge analyses revealed the modulated electronic
structure of Co with negatively charged state by Ce doping.
Experimental results witnessed the doping of Ce into CoP (Fig. 4b),
whereas polarization curves came into agreement with those of
theoretical analyses that significant decreases in overpotentials and
Tafel slopes are observed in both acidic and alkaline electrolytes for
HER (Fig. 4c and d), suggesting the method of doping Ce can greatly
benefit the electronic structure of host materials to promote their
activity toward HER.

3.3. Other RE element—incorporated electrocatalysts for HER

Besides Ce-based species, other RE elements can also promote
the activity of catalytically active species for HER. For example, Liu

et al. [37] revealed the promotion for Ru as the catalyst for alkaline
HER by introducing amorphous Y(OH)3 nanosheets as the scaffold
to build Ru/Y(OH); hybrids. Amorphous Y(OH)3 with abundant
structural defects and coordination-unsaturated atoms provided
rich nucleation sites for the formation of highly dispersed ultrafine
Ru nanoparticles, as well as enabled the strong interaction between
Ru and its nanoparticles, leading to better water dissociation ki-
netics and structural stability.

Comparisons of pristine electrocatalysts and their correspond-
ing RE element—incorporated ones in catalytic performances for
HER are summarized in Table 1. Thus, from previous research
outcomes, the enhanced activity for HER by RE
element incorporation is mainly contributed to modulate the
electronic structures of hosts and facilitate the water dissociation to
generate active H* species. Three methods are generally adopted to
prepare RE element—incorporated electrocatalysts and their de-
rivatives for enhanced HER: (1) alloying with other transition
metals, (2) applying RE element oxides and hydroxides as sub-
strates and additives to build microinterfaces and nanointerfaces of
transition metals and their derivatives/RE element oxides (espe-
cially Ce0,), and (3) doping RE element ions into the hosts of
transition metal—based electrocatalysts.

4. RE element—incorporated electrocatalysts for OER

As is known to all, OER is a more sluggish and complex half
reaction with a two-electron or four-electron process to convert
water into oxygen molecules [38]. For a typical four-electron pro-
cess, the transfer and conversion of various oxygen-involving
intermediates and the release of produced oxygen molecules are
related to the reacting rate, from the viewpoint of kinetics. There-
fore, catalysts with optimal binding strength with intermediates
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Fig. 3. (a1) SEM image and (a2) XRD patterns of CoP-CeO, scratched down from Ti mesh. (a3) EDX elemental mapping of Co, P, Ce, and O for CoP-CeO,/Ti. (a4) Polarization curves of
Ti mesh, CeO,/Ti, CoP/Ti, CoOP-CeO,/Ti, and Pt/C on Ti mesh for the HER at a scan rate of 2 mV s~ .. Reproduced with permission from Ref. [29]. Copyright 2018, Royal Society of
Chemistry. (b1) SEM image, (b2) XRD pattern, and (b3) HRTEM image of NizN-CeO,. (b4) LSV curves of HER for bare TM, Pt/C/TM, CeO,/TM, NizsN/TM, NiO-CeO,/TM, and NisN-
CeO,/TM (the inset shows the LSV curves of the HER in the low current density range) (iR corrections). Reproduced with permission from Ref. [32]. Copyright 2018, Royal Society of
Chemistry. (c1) TEM image and (c2) HRTEM image of NF@NiFe-LDH/CeOx. (c3) Linear sweep voltammetry curves toward HER of NF, NF@NiFe-LDH, NF@NiFe-LDH/CeOx, and Pt/C in
1.0 M KOH solution at a scan rate of 5 mV s~ with iR correction. (c4) Linear sweep voltammetry curves of electrolysis for NF@NiFe-LDH/CeOy and Pt/C-RuO, with a scan rate of
5mV s~! in 1.0 M KOH aqueous solution without iR correction. Reproduced with permission from Ref. [33]. Copyright 2018, American Chemical Society. HER, hydrogen evolution
reaction; LDH, layered double hydroxide; SEM, scanning electron microscopy; TEM, transmission electron microscopy; XRD, X-ray diffraction; EDX, energy dispersive X-ray
spectroscopy; HRTEM, high-resolution transmission electron microscopy; LSV, linear sweep voltammetry; TM, Ti mesh; RHE, reversible hydrogen electrode.

and enhanced oxygen mobility would be favored for oxygen-
involved reactions, including both OER and ORR. The application
of RE elements in ORR will be described in the following section,
and herein, we will focus on the incorporation of RE elements with
transition metal—based electrocatalysts for OER.

4.1. Doping Ce ion into electrocatalysts for OER

Doping Ce ions into transition metal—based electrocatalysts is
also a feasible approach to modulate their property for OER. Typi-
cally, Ng et al. [39] demonstrated the significant enhancement of
the OER activity of electrodeposited NiOx with Ce as the dopant
from the combination of experimental observations and theoretical
analyses. By regulating the Ni:Ce ratio, the optimized electro-
catalysts of NiCeOy supported on Au substrates exhibited greatly
improved activity (Fig. 5a), whereas DFT calculations revealed that
the existence of Ce in the vicinity of undercoordinated Ni edge on
NiOOH (0112) contributed to lower theoretical overpotential
(Fig. 5b). Moreover, because of the strong electronic interaction
between Ce and Ni and the good oxophilicity of Ce, the OER energy
descriptor AGo-AGoy also lowered to an optimized value for OER.
Lately, Xu et al. [40] reported better OER activity of Ce-doped NiFe-
LDH/CNTSs than that of pure NiFe-LDH/CNT counterparts (Fig. 5c and
d). Several factors of introducing Ce are ascribed to the

improvement for NiFe-LDH. First, the formation of the eight-fold
dodecahedron or nine-fold monocapped square antiprism coordi-
nation layers after doping Ce resulted in the change in layer
composition and coordination structure of LDH. Second, Ce** (and
Ce**) doping led to more lattice distortion and imperfections of
active sites for OER. Third, more oxygen vacancies as the result of
increasing defects and the fast, intrinsic Ce>*/Ce** redox trans-
formation contributed to a rapid diffusion of oxygen through short
ion diffusion paths and the dynamics of the released oxygen in the
lattice. Therefore, the aforementioned research introduces the
positive effects of doping Ce ions into hosts to promote the elec-
tronic interactions and create a more defective structure for OER.

4.2. Incorporation with CeO» for OER

Compared with Ce ions, the oxide CeO, is extensively considered
for OER as the additive to promote the activity and stability.
Generally, ceria, especially with rich defects, is favored for hetero-
geneous catalysis because of the abundant active sites and oxygen
storage ability for buffering oxygen species [41]. Although ceria itself
is not catalytically active for oxygen-involved reactions such as OER
or ORR, it can function as the cocatalyst to benefit the host elec-
trodes, which has been proposed and proved by many recent liter-
ature studies. Several typical results are described here to learn the
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Fig. 4. (a) Calculated free energy diagram for HER on different facets of CoP and Ce-doped CoP with optimized adsorption structures of H*. (b) TEM and HRTEM images of Ce-doped
CoP nanowires, DF-TEM images of Ce-doped CoP, and element mapping images of Co, Ce, and P. Polarization curves (with iR corrections) of CoP, Ce-doped CoP, and Pt/C catalysts
with a scan rate of 5 mV/s in (¢) 0.5 M H,SO,4 and (d) 1 M KOH solutions. Reproduced with permission from Ref. [36]. Copyright 2017, Elsevier Inc. HER, hydrogen evolution reaction;
TEM, transmission electron microscopy; HRTEM, high-resolution transmission electron microscopy; DF-TEM, dark-field transmission electron microscopy; RHE, reversible hydrogen

electrode.

Table 1
Summary of the HER catalytic property of various electrocatalysts before and after
RE element incorporation.

Electrocatalysts Overpotential Tafel slope  Electrolyte Ref.
@10mAcm 2 (mV) (mVdec!)

Ni ~370 118 1 M NaOH [17]
Nigqpl‘s ~240 81

Pt 570 (@ 100 mA cm™2) 130 8 M KOH [23]
Pt-Ce 390 (@ 100 mA cm™2) 114

Ni CNT ~180 N/A 1M KOH [28]
Ni/CeO, CNT 91 N/A

CoP/Ti 70 52 1 M KOH [29]
CoP-CeO,/Ti 43 45

NiyP/TM 131 (@20 mA cm2) 113 1 M KOH [30]
NiyP-CeO,/Ti 84 (@20 mA cm2) 87

CoP-C/CC 132 82 0.5 M H,SO4  [31]
CeO,-CoP-C/CC 71 53

Ni3N/TM 121 155 1 M KOH [32]
Ni3N-CeO,/TM 80 122

NF@NiFe-LDH 198 130 1M KOH [33]
NF@NiFe-LDH/CeOx 154 101

Ni-TMO 198 102 1 M KOH [35]
ceria/Ni-TMO 93 69

CoP/Ti 74 54 0.5 M H,S04  [36]
Ce-doped CoP/Ti 54 59.3

Ru 192 82 0.1MKOH [37]
Ru/Y(OH);3 100 66

CNT, carbon nanotube; HER, hydrogen evolution reaction; LDH, layered double
hydroxide; RE, rare earth; TMO, transition metal oxide; TM, Ti mesh; CC, carbon
cloth.

promotion of OER activity for various transition metal—based elec-
trocatalysts in alkaline electrolytes [42—50]. For instance, Zheng
et al. firstly demonstrated the promotion in OER activity for CoSe;
nanobelts in 01 M KOH solution with ultrafine CeO,

nanoparticle decoration (Fig. 6a). The significant decrease in over-
potential and apparent improved stability were observed for the
Ce0,/CoSe; electrocatalysts compared with pure CoSe; [42]. Feng
et al. constructed the heterolayered FeOOH/CeO; nanotube arrays to
realize efficient OER process in 1 M KOH solution (Fig. 6b),
benefiting from the well-aligned heterolayered nanotube array
structures as efficient diffusion paths, strong electronic interaction
between FeOOH and CeO, to lower the adsorption free energy of
various intermediates, and high oxygen storage capacitance of CeO,
to absorb generated oxygen [43]. By loading CeOyx nanoparticles
uniformly onto the metal-organic framework (MOF)—derived CoS
(Fig. 6¢), Xu et al. revealed the significantly boosted OER activity and
stability because of the increase in defects caused by strong inter-
action between CeOy and CoS and the protection of CeOy layer to
prevent the dissolution and loss of oxidized Co species in CoS
(Fig. 6¢) [48]. Similarly, Zhao et al. optimized the ratio between Ce
and Ni during the solvothermal method to prepare the intimate
Ni(OH),-CeO; interface to boost oxygen evolution (Fig. 6d). With
the strong electronic interactions between Ni(OH), and CeO, to
modulate the binding strength between intermediates and catalysts
during the OER process, the activity was enhanced significantly with
a decrease of ~180 mV in overpotential [50]. Not only catalytic
activity but also the promotion in long-term catalytic stability was
improved by ceria, as demonstrated by recent studies. Ceria is
famous as an effective component to protect metals and alloys from
corrosion [51]. Recently, Obata and Tkanabe [52] exhibited the
protection of NiFeOy from gradual deactivation because of the loss of
Fe from active sites into solution by anodic coating of a CeOy layer.
Because of the permselectivity of the ceria layer, the permeation of
OH™ and O, was allowed whereas the diffusion of redox ions such as
Fe3* was hindered, preventing the inner layer of NiFeOy from
corrosion and destruction. Thus, with CeOx working as the selective
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Fig. 5. (a) Cyclic voltammograms displaying the OER performance of Ni;.xCexOy-Au catalysts. (b) Representation of the theoretical overpotential as a function of the difference in
0O*and HO* adsorption Gibbs energies. Green circles, gold squares, and gold triangles refer to the NiOOH (0112) surface, infinite NiOy-Au thin films, and finite NiOy-Au thin films,
respectively. Grey-filled markers indicate Ce-doped structures. Reproduced with permission from Ref. [39]. Copyright 2016, Macmillan Publishers Limited, part of Springer Nature.
(c) TEM images and (d) HRTEM images of 5.0% Ce-NiFe-LDH/CNT. (e) LSV curves of 5.0% Ce-NiFe-LDH/CNT, NiFe-LDH/CNT, NiCe-LDH/CNT, and Ir/C catalysts for the OER. Reproduced
with permission from Ref. [40]. Copyright 2018, American Chemical Society. CNT, carbon nanotube; LDH, layered double hydroxide; OER, oxygen evolution reaction; TEM,
transmission electron microscopy; LSV, linear sweep voltammetry; HRTEM, high-resolution transmission electron microscopy; RHE, reversible hydrogen electrode.

0O-evolving layer, both the catalytic activity and stability of as-
synthesized NiFeOy are well preserved for OER.

Great efforts and achievements have illustrated and demon-
strated the effect of interactions between ceria and other transition
metal electrocatalyst hosts for promoting OER activity. However,
rare investigations are carried out on the influences of the struc-
tural feature and intrinsic property of ceria itself to the catalytic
activity. Lately, our group presented an insight into the effect of
ceria structural property on the OER performance [49]. By
designing two ceria-incorporated NiO electrocatalysts with various
ceria distributions and configurations, their structures were
analyzed and linked to their OER activity. The results showed that
the embedding structure of ceria into NiO contributed to higher
catalytic activity for OER than the surface-loading structure of ceria.
Further exploration revealed that low coordination, ultrasmall size,
and embedding of ceria, as well as Ce>* doping properties of ceria,
in the embedding structure can strongly affect the intrinsic prop-
erty of NiO, which made it outperform the structure of loading ceria
on the surface of NiO. Therefore, our work uncovered a further
insight into designing electrocatalysts with different spatial
configurations and the effects of structural features of ceria for the
enhanced OER catalytic properties.

It should be mentioned that the properties of high oxygen
storage capacity and quick transfer of oxygen species and in-
termediates are generally considered as the main factors for ceria to
promote the oxygen-involving reactions (not only for OER but also
for ORR), and characterizations of those properties are necessary to
unveil the relationship between oxygen adsorption/desorption
ability and catalytic property for those ceria- and Ce-incorporated
electrocatalysts, which were seldom reported. Recently,
measuring the specific surface areas of various electrocatalysts

under different atmospheres of oxygen and nitrogen based on the
Brunauer—Emmett—Teller method was proposed by Feng et al.
[43]. Under N, atmospheres, the specific surface areas of FeOOH
and FeOOH/CeO, were almost the same, whereas FeOOH/CeO,
exhibited a much larger specific surface area under oxygen atmo-
sphere than FeOOH, demonstrating the high oxygen storage ca-
pacity caused by ceria. Another approach of the oxygen
temperature-programmed desorption (O-TPD) method was
adopted by our group to directly evaluate the oxygen adsorption
capacity of various electrocatalysts [49]. For instance, the oxygen
adsorption capacity for pure NiO is only 15.5 pmol g, whereas that
of ceria-embedded NiO is 47.4 umol g~!, apparently suggesting the
promotion in adsorbing oxygen-containing species and in-
termediates for NiO after incorporating with ceria.

The comparisons in catalytic propertabove electrocatalsyts and
their counterparts with RE element-incorporations for OER are
listed in Table 2. Thus, from the aforementioned literature, it can be
learned that Ce is the most adopted RE element to modify other
transition metal—based electrocatalysts by doping Ce ions and
introducing ceria. Generally, several factors for Ce-based species are
responsible for the enhanced OER activity and durability: (1) the
strong interactions between host materials and ceria (as well as Ce
ions by doping) to modulate the electronic structures of electro-
catalysts, (2) the oxygen buffer property to accelerate the adsorp-
tion, desorption, and transfer of oxygen species and intermediates,
(3) more defects and vacancies caused by Ce for hosts as catalyti-
cally active sites, and (4) the prevention of hosts from corrosion and
dissolution to preserve the stability. Of note, because ORR somehow
is a ‘reverse’ reaction for OER, benefits of ceria for OER are also
generally applicable for ORR, which will be discussed in details in
the following section.
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Fig. 6. (a1, a2) TEM images with different magnifications of CeO,/CoSe, nanobelt composite prepared at 278 °C for 1 h. The inset in (a1) shows the corresponding SAED pattern, and
the inset in (a2) shows the corresponding particle size histogram. (a3) Polarization curves with iR correction for OER on bare GCE and modified GCEs comprising the CeO,/CoSe,
nanobelt composite, RuO,, CoSe;/DETA NBs, and CeO,. Reproduced with permission from Ref. [42]. Copyright 2015, WILEY-VCH. (b1) TEM image of a typical CeO,/FeOOH HLNT. (b2)
TEM image of FeOOH/CeO, HLNT in the rectangle. (b3) Polarization curves of FeOOH/CeO, HLNTs-NF, FeFOOH NTAs-NF, CeO, NTAs-NF, and NF at the scan rate of 5 mV s~
Reproduced with permission from Ref. [43]. Copyright 2016, WILEY-VCH. (c1) TEM images for 14.6% CeOx/CoS. (c2) The HRTEM images and corresponding SAED pattern (the inset)
of 14.6% CeOx/CoS. (c3) LSV curves of 14.6% CeOy/CoS, CoS, Ce0,, ZIF-67, and Ir/C catalysts for the OER. Reproduced with permission from Ref. [48]. Copyright 2016, WILEY-VCH. (d1)
SEM image of NiyCe;@CP. (d2, d3) Enlarged HRTEM images of NiyCe @CP. (d4) OER polarization curves of Ni@CP, NigCe;@CP, Ni4Ce @CP, Ni,Ce;@CP, and commercial Ir/C.
Reproduced with permission from Ref. [50]. Copyright 2018, American Chemical Society. OER, oxygen evolution reactionTEM, transmission electron microscopy; SAED, selected area
electron diffraction; GCE, glassy carbon electrode; HLNT, heterolayered nanotubes; DETA, diethylenetriamine; NBs, nanobelts; NF, Ni foam; NTAs, nanotube arrays; LSV, linear sweep

voltammetry; HRTEM, high-resolution transmission electron microscopy; CP, carbon paper; RHE, reversible hydrogen electrode.

5. RE element—incorporated electrocatalysts for ORR

ORR is an important cathodic half reaction with a two-electron or
four-electron process for both polymer electrolyte membrane fuel cells
and rechargeable metal—air batteries, but its slow kinetics limited the
power output. Pt has been considered as the most active ORR elec-
trocatalyst for a very long time, but the disadvantages such as high
price and durability are promoting the modification of Pt-based elec-
trocatalysts and development of novel non-precious transition met-
al-based electrocatalysts as alternatives. Lately, research has
demonstrated the improvement in activity for various electrocatalysts
by incorporating with RE elements to regulate their structural and
catalytic properties, and two strategies of alloying with electrocatalysts
and decorating ceria onto electrocatalysts are widely reported.

5.1. Alloying Pt with different RE elements for ORR

Recently, a series of research carried out by Chorkendorff et al
contributed much to investigate the influences of RE elements on
the structural and catalytic properties of Pt-based alloy electro-
catalysts for ORR [53—56]. Following the Sabatier principle, the
descriptor of AEgy binding energy controls the ORR activity for
various metals to obtain a volcano-type curve, where a AEgy ~0.1 eV
weaker than Pt (111) yields the optimum value. At first, the elec-
trocatalysts of Pt alloyed with Sc and Y, Pt3Sc and Pt3Y, were pro-
posed as active and stable polycrystalline materials for ORR,
matching the volcano curve well with respect to the theoretically
derived AEq. The positive shift of ~20 mV in half-wave potential for
Pt3Sc, compared with Pt, and ~60 mV for PtsY demonstrated the
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Table 2
Summary of the OER catalytic property of various electrocatalysts before and after
RE element incorporation.

Electrocatalysts Overpotential Tafel slope Electrolyte Ref.

@10mAcm2(mV) (mVdec!)

NiOx-Au >380 — 1 M NaOH [39]
NiCeOx-Au 271 —
NiFe-LDH/CNT 299 92 1 MKOH [40]
5% Ce-NiFe-LDH/CNT 227 33
CoSe, 288 44 0.1 M KOH [42]
Ce0,/CoSe, ~470 66
FeOOH NTAs-NF 250 (@ 9.86 mA cm~2) 113.7 1 M NaOH [43]
FeOOH/Ce0, HLNTs-NF 250 (@ 31.3 mA cm2) 92.3
PIZA-1-400 430 53 1 MKOH [44]
Ce0,@PIZA-1-400 370 47.6
Ni(OH),/NOSCF 270 (at onset potential) 57 1MKOH [45]
CeO,/Ni(OH),/NOSCF 240 (at onset potential) 65
Fe-Ni 370 49 0.1 M KOH [46]
Hematite-modified 340 45

Ce-Ni
CoOx 331 70 1 M NaOH [47]
CeOx/CoOx 313 66
CoS 347 81 1MKOH [48]
14.6% CeOx/CoS 269 50
NiO 467 140.7 1MKOH [49]
Ce-NiO-E 382 118.7
Ni(OH),@CC >380 833 1MKOH [50]
Ni(OH),-Ce0,@CC 220 819

CNT, carbon nanotube; OER, oxygen evolution reaction; LDH, layered double hy-
droxide; RE, rare earth; PIZA-1, porphyrinic Illinois zeolite analogue no. 1; NTAs,
nanotube arrays; NF, Ni foam; HLNTs, heterolayered nanotubes; NOSCF, N, O, S
doped carbon foam; CC, carbon cloth.

excellent activity of these Pt-based bulk alloys in acid with opti-
mized AEp [53]. Later, to provide insight into the origin of the
enhanced activity of Pt-Y alloy, PtyY nanoparticles with various
sizes were prepared by gas aggregation [14]. The ORR activity
increased with increase in the size of PtyY alloy nanoparticles;
meanwhile, there was an increase in compressive strain and a
decrease in average nearest neighbor Pt-—Pt distance, suggesting
that the specific activity was a function of the strain. Furthermore,
for PtyY alloy nanoparticles, both the specific activity and strain
decreased after stability tests, whereas Pt-—Pt distance increased.
Dealloying via diffusion of Y atoms into the bulk and the formed
overlayer of Pt shell with thickness of several atoms during ORR
process is believed to hinder the strong interaction between Pt and
Y, which decreased the strain, increased the Pt-—Pt distance, and
resulted in the deteriorated activity [14]. Similar relationship be-
tween the compressive strain (as well as Pt-—Pt distance) and
specific activity for ORR was also established for PtyGd electro-
catalysts, and the decrease in remarkable activity was also ascribed
to the formation of Pt outlayer shell [54]. Further investigation on
the strain and crystallinity of the Pt overlayer was carried out with a
combination of experimental measurement and DFT calculations
on Y/Pt (111) and Gd/Pt (111), the electrochemically formed Pt
overlayer was proposed to be responsible for the reduced
compressive strain and ORR activity [55]. Lately, thorough investi-
gation of the periodic changes in radius of lanthanides with increase
in filling of the 4f shell on the ORR activity and stability provided a
good pathway to engineer the compression strain, where RE ele-
ments, including La, Ce, Sm, Gd, Tb, Dy, and Tm, and alkaline earth
elements such as Ca are used [56]. The thickness of electrochemi-
cally formed Pt overlayer (Fig. 7a), lattice parameter,
catalytic activity, and compressive strain were closely dependent on
the radius of foreign RE elements. The results exhibited the depen-
dence of activity loss and dissolution potential of RE elements were
the functions of lattice parameter and strain (Fig. 7b), demonstrating
that strain was another descriptor of stability. In other words, a

proper strain could not only improve the activity of Pt with optimal
lattice parameter but also induce the destabilization of the Pt over-
layer to facilitate the surface mobility of residual RE elements for
dissolution. Thus, the lattice parameter of Pt alloys also followed a
Sabatier volcano (Fig. 7c): alloys on the left bind OH too weakly,
whereas those on the right bind OH too strongly. On the other hand,
beyond a certain level of bulk strain, the overlayer could be unstable,
causing the Pt-—Pt parameter of the overlayer and activity of alloy to
relax toward a much lower level of surface strain. Therefore, this
work suggested the strain effect could only weaken the binding of H
and OH to a certain level and either larger or smaller strain would not
contribute to the activity and stability most.

5.2. Noble metals promoted by CeO, for ORR

Besides fabricating Pt alloys with RE elements, preparing com-
posites with CeO, as the additive and promotor is also a novel
developed method to improve the catalytic activity and stability for
ORR in both acidic and alkaline solutions and decrease the mass of
noble metals such as Pt and its alloys PtAu and Pt3Pd; as the active
electrocatalysts [57—62]. For ceria, its advantages for enhancing
OER are also applicable to promote the activity of other electro-
catalysts for ORR. For instance, by adding CeO, and treating under
nitrogen atmosphere to regulate the surface condition of PtAu alloy
nanoparticles, the Au core/Pt shell—structured alloys were tightly
loaded on ceria supports with strong interaction, as demonstrated
by Liu et al. [57]. With higher annealing temperatures, the surface
Pt-richer state for PtAu alloys and the stronger interaction between
alloys and ceria would facilitate the ORR process, which was later
proved by the enhanced catalytic activity with positive shift in half-
wave potentials. Moreover, Luo et al. [58] demonstrated the Pt/
CeOy/C electrocatalysts from a Ce-based MOF structure as an effi-
cient electrocatalyst for ORR and H»/O; microlaminar flow fuel cell.
The result showed that the interaction between Pt nanoparticles
and Ce-based MOF-derived CeOy stabilized Pt° and Ce3+ species, as
well as the modified surface with higher Pt active surface area
promoted the H and CO adsorption, leading to the higher activity
and durability for ORR than commercial Pt/C. Similar results were
also observed for the case of Pt3Pd;/Ce0,/C [59], Pt/CeO,/C [60], Pt/
CeOy/C [61], and Pt/CeO,/multi-wall carbon nanotubes (MWCNTSs)
[62] to prevent the activity from great loss because of the good
interaction between noble metals and CeO, to stabilize noble metal
nanoparticles. For example, Masuda et al. [61] used the in situ X-ray
adsorption fine structure that revealed the inhibition of Pt oxida-
tion by the oxidation of Ce3* into Ce** in CeOy instead of Pt that led
to the higher activity. Li et al. [62] characterized the electrocatalysts
of Pt/C and Pt/CeO,/MWCNTs after aging test and revealed the good
preservation of Pt nanoparticle size and activity without significant
change and loss (Fig. 8) for the electrocatalyst with ceria, ascribing
to the strong interaction between Ce>* and oxygen vacancy—rich
ceria and Pt nanoparticles to prevent Pt from aggregation.

5.3. Non-precious metal—based electrocatalysts promoted by CeO,
for ORR

Recently, the promotion in activity by ceria for non-precious
transition metal—based electrocatalysts for ORR has also been re-
ported [63—66]. For instance, the oxygen buffer property of ceria
originated from the fast Ce>*/Ce** redox transfer and the oxygen
storage property of ceria promoted the supply and convert of ox-
ygen intermediates, as depicted by Liu et al. [63] in the Co304-
Ce0,/C electrocatalyst. Furthermore, this electrocatalyst also
exhibited a higher discharge voltage plateau when used as the
cathode in Al—air batteries, suggesting the efficient promotion
from ceria to boost ORR process of Co304. Moreover, Xia et al. [65]
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Fig. 7. (a) Schematic views and electrochemical properties of polycrystalline PtsM (M = lanthanide or alkaline earth metal) electrocatalysts. The three-dimensional view of the PtsM
structure (al) during sputter cleaning and (a2) after electrochemistry. (a3) Kinetic current density, ji, of PtsM and Pt before and after stability test. (b) Pt overlayer thickness as a
function of the lattice parameter and activity loss. (b1) Estimated average thicknesses of the Pt overlayer for PtsTm, PtsDy, PtsTb, PtsGd, PtsCe, and PtsLa after initial ORR activity and
after stability test, as a function of a lattice parameter. (b2) Percentage of activity loss after stability test as a function of the Pt overlayer thickness. (b3) Slab stability represented as
dissolution potential versus the strain of the Pt overlayer on PtsM. (c) Experimental volcano-type relationships between activity, H adsorption, and Pt-—Pt distance. (c1) Kinetic
current density at 0.9 V on polycrystalline PtsM electrocatalysts versus the lattice parameter a of bulk PtsM (lower axis) and bulk dp.p: (upper axis). (c2) Relation between the
potential necessary to adsorb 1/8, 1/6, 1/4, and 1/3 monolayers (MLs) of H (Uy) from the cyclic voltammograms (CVs) in the H adsorption and dp¢_p;. Reproduced with permission
from Ref. [56]. Copyright 2016, American Association for the Advancement of Science. ORR, oxygen reduction reaction; RHE, reversible hydrogen electrode.

showed the enhanced ORR activity of Co, N-doped carbon nano-
sheets by decorating small ceria nanoparticles. The oxygen buffer
property of ceria was verified by the O,-TPD method to prove the
enhanced oxygen adsorption capacity and synergistic effect be-
tween them.

5.4. Ce-based electrocatalysts for ORR

Lately, except collaborating with other transition metal—based
electrocatalysts, Ce-based composites are also investigated as
electrocatalysts for ORR. Several typical samples of carbon-encap-
sulated defect-rich CeO,4, Ce;0,S on N, S dual-doped carbon,
CeO;/reduced graphene oxide, and CeO,/CePO4 with N,P-codoped
carbon shells are reported as catalytically active materials for ORR
[67—70]. However, the catalytic activity of the aforementioned Ce-
based electrocatalysts is still not satisfactory, compared with that of
Co- and Fe-based materials. Moreover, the catalytic mechanism of
Ce-based samples is not very clear. Although Ce>* is considered to
modulate the binding energy to absorb oxygen species during the
adsorption, dissociation, and reduction of oxygen molecules [68],
more experimental and theoretical evidence is still lacking and
required to explain.

Overall, the combination of RE elements, oxides, and other RE
element—based (especially Ce-based) materials can significantly
facilitate the ORR property of host electrocatalysts in both acidic
and basic electrolytes (see Table 3 for above mentioned electro-
catalysts). For Pt-based alloys, optimization in crystalline strain and
lattice parameter contributes to the enhanced catalytic activity. For
the significant promotor of ceria, its positive effects described for
OER on oxygen species are also feasible for the ORR process. More
importantly, the strong interaction between noble metals and ceria
can stabilize nanosized noble metals to prevent them from
aggregation and modulate their structural and electronic features
with larger active surface areas for catalysis.

6. RE element—incorporated electrocatalysts for MOR

Direct methanol fuel cells (DMFCs) have been considered to be a
promising power source to portable devices and electrical vehicles
because of their high volumetric energy density, abundant sources
of methanol, and environmentally friendly effect. The collaboration
of noble metals such as Pt with RE elements is also attracting
increasing attention with the purposes to decrease the usage of
noble metals, ameliorate the antipoison ability of catalysts, and
stabilize noble metals to further improve the catalytic activity and
stability for the MOR process. CeO has been broadly used as an
efficient oxide to promote the catalytic activity of Pt and its alloy for
MOR because of its high oxygen storage capacity, good mechanical
resistance, and anticorrosion ability in acidic and alkaline media
over the past decades [59,71—83]. Typically, Xu et al. [82] demon-
strated the excellent catalytic activity and durability of Pt/CeO,/
polyaniline (PANI)-arrayed structure for MOR, compared with that
of commercial Pt/C. This enhancement is ascribed to the following
reasons: the hollow array structure to facilitate the transportation

Table 3
Summary of the ORR catalytic property of various electrocatalysts before and after
RE element incorporation.

Electrocatalysts Onset potential (OP) Tafel slope  Electrolyte Ref.
or half potential (HP) (V) (mV dec™')

Pt/C 0.8 (OP) N/A 0.1 M HCIO4 [59]
Pt3Pd;-Ce0,/C  0.91 (OP) N/A

Pt/C 0.85 (HP) N/A 0.1 M HCIO4 [60]
Pt/10Ce0,/C 0.86 (HP) N/A

C0304/KB 0.73 (HP) N/A 0.1 MKOH  [63]
Co304-Ce0,/KB  0.83 (HP) 83.9

HPCNs 0.882 (OP), 0.799 (HP) 101 01MKOH  [65]
Ce-HPCNs 0.923 (OP), 0.831 (HP) 91

ORR, oxygen reduction reaction; RE, rare earth; KB, ketjenblack; HPCNs, hierarchical
porous carbon nanosheets.
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Fig. 8. ORR polarization curves, TEM images, and particle diameter distribution of (a, c, e) Pt-CeO,/MWNT and (b, d, f) Pt/C-]M after accelerated aging test. Reproduced with
permission from Ref. [62]. Copyright 2018, WILEY-VCH. ORR, oxygen reduction reaction; TEM, transmission electron microscopy; MWNT, multi-wall nanotube.

of electrons and active species; the electron delocalization among
PANI Tt—conjugated ligands, Ce 3d orbitals, and Pt 4f orbitals to alter
the electronic structure and d-band center of Pt; and the promotion
in Pt dispersion caused by ceria. Besides the aforementioned ben-
efits, the other two advantages from ceria are also related to the
enhanced activity. On the one hand, the triple-phase interfacial
region between ceria, Pt, and the atmosphere/solution also played a
very important role to improve the activity. The charge transfer
between Pt and Ce** can lead to the trapping and embedding of
P+ species into ceria to stabilize Pt nanoparticles and formation of
more vacancies. Moreover, the change in the microstructure of
ceria and transfer of activated ions to the surface of Pt can be
contributed to this triple phase to enhance this activity [76,83]. On
the other hand, the carbonaceous species as the intermediates of
linearly bonded C=0 strongly absorb onto the Pt surface (Pt-
C=0 or Pt-CO,qs) to block the active Pt surface and hinder the re-
action during anodic methanol oxidation. Ceria is known as an
excellent catalyst to catalyze the oxidation of CO; thus, the

existence of ceria can improve the antipoison property and CO
tolerance of Pt by catalyzing the OH group at the triple-phase
interface to react with absorbed CO species on Pt particles via the
bifunctional mechanism [71,72,74,80]. This mechanism is repre-
sented by the following equations 1-3:

Ce0; + Hy0 — Ce03-OHygs + HY + e (1)

Ce02-OH,gs + Pt-CO,4s — CeOy + Pt + COz + H™ + e~ (2)
and/or

Pt-CeO; + xCO — Pt-CeOy.x + xCO, 3)

Therefore, the introduction of ceria into electrocatalysts for
MOR is an efficient approach to modulate the crystalline and
electronic structures of active sites and prevent the noble metals
from CO poisoning to improve the durability. Moreover, the noble
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metal free—catalyst of nanosized CeO, was recently reported to be
highly active for MOR by Kaur et al. [84]. Specifically, the electro-
catalysts of ceria-decorated nanocrystalline zeolite (Nano-ZSM-5)
on glassy carbon electrode exhibited remarkable activity and sta-
bility (Fig. 9a and b) and CO tolerance for MOR compared with
commercial 20% Pt/C. Bregnsted acidic sites of Nano-ZSM-5
enable the adsorption of OH™ from the electrolyte and its reac-
tion with ceria to form Ce(OH)y (Fig. 10c). With a low energy, the
Ce(OH)y species can reversibly release OH™ and regenerate CeO,,
as given in equation (4).

[CeOz/Nano-ZSM-5] + OH™ + H,0 < [Ce(OH)x/Nano-ZSM-
5] +e” (4)

Then, methanol is absorbed by the Brensted acidic sites of Nano-
ZSM-5, and its electrooxidation is catalyzed by the as-formed
Ce(OH)y species to accelerate the dehydrogenation of absorbed
-CH30Haqs species via a stepwise process, finished by the release of
CO,. The proposed mechanism is listed in the equations 5-11.

[Ce(OH)x/Nano-ZSM-5] + CH30H — [Ce(OH)x/Nano-ZSM-
5](CH30H)aq (5)

[Ce(OH)x/Nano-ZSM-5](CH30H),q + OH™ — [Ce(OH)x/Nano-ZSM-
5](CH20H)aq + H2O + e (6)

[Ce(OH)x/Nano-ZSM-5](CH,0H),q4 + OH™ — [Ce(OH)x/Nano-ZSM-
5](CHOH)ad + H20 + e~ (7)

[Ce(OH)x/Nano-ZSM-5](CHOH)aq + OH~ — [Ce(OH)y/Nano-ZSM-
5](COH)ag + H20 + e~ (8)

[Ce(OH)x/Nano-ZSM-5](COH),q + OH™ — [Ce(OH)x/Nano-ZSM-
5](CO)ad + H20 + e~ 9)

[Ce(OH)x/Nano-ZSM-5](C0O),q + OH™ — [Ce(OH)x/Nano-ZSM-
5](COOH)yq + €~ (10)

[Ce(OH)x/Nano-ZSM-5](COOH),q + OH™ — [Ce(OH)x/Nano-ZSM-
5] + CO2 + HyO + e~ (11)

Because of the synergistic contribution given by nanosized CeO,
and Nano-ZSM-5, this noble metal—free electrocatalyst presented
high activity for MOR and durability in alkaline media, and this
provides a novel and low-cost pathway for the development of
DMEFCs. The catalytic performances of electrocatalsyts with and
without RE element—incorporation are summarized in Table 4 to
have a better view on the improvement from RE elements.

7. RE element—incorporated electrocatalysts for other
electrochemical reactions

Ceria with the reverse Ce>*/Ce** redox pair and oxygen storage
ability is of special interest and importance for catalysis among
various RE element oxides and is being broadly used in electro-
catalysis. Except for the application of various RE elements in HER,
OER, ORR, and MOR, other electrochemical reactions are also
recently promoted by RE elements, including the electrochemical
oxidation of ethanol [85—88], formic acid [89], hydrazine [90],
ammonia [91], and so on, as well as the electrochemical CO;
reduction reaction [92,93] and N; fixation to synthesize NH3 [94,95].

Typically, the mechanism of electrochemical ethanol oxidation
is similar to that of electrocatalytic methanol oxidation, and Xu and
Shen [85,86] demonstrated the promotion in activity of the Pt/C
catalyst by incorporating with ceria. By benefiting the formation of
oxygen-containing species with lower potentials to transform CO-
like species on Pt to ceria, the Pt/CeO,/C catalysts exhibited better
activity and durability for ethanol oxidation [86].

Electrochemical CO, reduction reaction is attracting increasing
attention to realize the efficient conversion of CO, to other chem-
icals. Ceria is recently used as the promotor of catalytically active
metals for CO, reduction. For example, by building the Au-CeOy
heterogeneous structure (Fig. 10a), the activity and selectivity of
electrochemical CO, reduction reaction is significantly enhanced
(Fig. 10b and c), as demonstrated by Gao et al. [92]. The experi-
mental results showed the enhanced CO; adsorption and activation
by the Au-CeOy interface to promote the activation of CO; at the
interface sites and facilitate the subsequent adsorption of CO, on
ceria terraces. Moreover, the facile dissociation of water at inter-
facial Ce3* sites promotes the formation of surface hydroxyl groups,
which can help reduce CeOy species and stabilize co3~ species. The

Fig. 9. (a) TEM images of CeO, (30%)/Nano-ZSM-5. (b) Comparison of CVs at CeO, (30%)/Nano-ZSM-5/GCE, CeO,/GCE, and Nano-ZSM-5/GCE in the presence of 0.5 M methanol in
0.5 M NaOH solution at a scan rate of 50 mV/s. (c) Schematic representation for the electrochemical oxidation of methanol at CeO, (30%)/Nano-ZSM-5/GCE. Reproduced with
permission from Ref. [84]. Copyright 2016, American Chemical Society. CVs, cyclic voltammograms; TEM, transmission electron microscopy; GCE, glassy carbon electrode.
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Fig. 10. (a) HRTEM image of the Au-CeOy/C catalyst. (b) Faradaic efficiency and (c) geometric partial current density for CO production over Au/C, CeOy/C, and Au-CeOy/C catalysts in
CO,-saturated 0.1 M KHCOs5 solution and their dependence on the applied potentials. DFT calculations of CO,RR at 0 V vs RHE on Au (111) and Ce30,H7/Au (111) surfaces. (d)
Optimized structures for the main intermediates. (e) Calculated free energy diagram. * indicates an adsorbed surface species. Reproduced with permission from Ref. [92]. Copyright
2017, American Chemical Society. DFT, density functional theory; HRTEM, high-resolution transmission electron microscopy; RHE, reversible hydrogen electrode.

DFT calculations revealed the lower free energy for the formation of
carboxyl species (*COOH), which was the potential limiting step, at
the CeOx/Au (111) interface than on Au (111) (Fig. 10d and e).
Therefore, the metal—oxide interface of Au-CeOyx and special
property of CeOyx contributed greatly to the enhanced activity for
CO; reduction. Moreover, single atomic Cu substitution in CeO, was
theoretically predicted to enrich multiple oxygen vacancies around
Cu atoms and would be highly effective for the electroreduction of a
single CO, molecule to CHy, as exhibited by Wang et al. [93]. Their
further experimental investigation proved the high activity and
faradaic efficiency of Cu-CeO», resulting from the atomic dispersion
of Cu and oxygen vacancies from the CeO, framework.

Table 4

Electrochemical fixation of Ny into NH3 is a green approach to
produce NH3 without carbon dioxide emission and large energy
waste. Lately, Lv et al. [94] demonstrated the hybrid nanofibers of
BisV,,011/CeO, with amorphous structure, which was induced by
CeO,. This BigV2011/CeO, hybrid electrocatalyst presented
outstanding activity and yield for NH3 production because the
participation of CeO, facilitated to establish the band alignment in
the proposed catalyst, induce advantageous features of abundant
active sites, and promote interfacial charge transfer. Moreover, a
nanosheet-structured Y,03; was proposed by Li et al. [95] to be the
electrocatalyst for N» fixation under ambient conditions. Both
experimental and theoretical investigations explained the good

Summary of the MOR catalytic property of various electrocatalysts before and after RE element incorporation.

Electrocatalysts Peak current density

Pt-O CNT 383 mA mg~'Pt N/A
Pt-CPO CNT 638 mA mg~'Pt N/A
Pt/C 443 mA mg~'Pt 0.52
Pt-CeO,/C-RME 647 mA mg'Pt 0.46
Pt/CNTs 1.6 mA mg~'Pt 0.43
Pt-Ce0,/CNTs 10.3 mA mg~'Pt 0.35
30 PtRu 2.8 mA cm 2Pt N/A
30Pt-Ce0,/C 1.63 mA cm 2Pt N/A
Pt/rGO 66.8 mA mg~'Pt N/A
Ce0,/rGO[Pt 194.5 mA mg~'Pt N/A
Pt/C 9.4 mA cm 2 N/A
Pt/Ce0,-HP/C 14.6 mA cm 2 N/A
Pt/C 185.8 mA mg~'Pt N/A
Pt-7% Ce0,/C 440.1 mA mg~'Pt N/A
Pt/PANI HNRAs 225.8 mA mg~'Pt N/A
Pt/CeO,/PANI HNRAs 361.33 mA mg~'Pt N/A
CeO, 9.1 mA mg~! >0.55
CeO,, (30%)/Nano-ZSM-5 52.6 mA mg ! <0.45

Onset potential (mV) Electrolyte Ref.
1 M HCIO4 + 1 M CH30H [71]
0.5 M H,S04 + 1 M CH30H [73]
1 M H,SO4 + 1 M CH;0H [74]
0.5 M HzS04 + 0.5 M CH30H [76]
0.5 M H,S04 + 0.5 M CH30H [79]
0.5 M HzS04 + 1 M CH30H [80]
0.5 M H,SO4 + 1 M CH30H [81]
0.5 M HS04 + 0.5 M CH30H [82]
0.5 M NaOH + 0.5 M CH30H [84]

CNT, carbon nanotube; MOR, methanol oxidation reaction; PANI, polyaniline; RE, rare earth; HNRAs, hollow nanorod arrays; CPO CNT, CeO, deposited PO-CNTs; rGO, reduced

graphene oxide; RME, reverse microemulsion.
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catalytic activity and stability of Y203, making it a promising elec-
trocatalyst to fix N,. Thus, the introduction of not only ceria but also
other RE element—based compounds is rising lately to promote the
catalytic activity and selectivity of host materials for various elec-
trocatalytic reactions.

8. Summary and perspectives
8.1. Summary

In this present review, we summarized the recent developments
of RE element—incorporated electrocatalysts and their applications
in various electrocatalytic reactions, such as HER, OER, ORR, MOR,
and so on. Generally, there are three approaches to realize the
collaboration of RE elements with other transition metals, namely,
alloying with other metals, doping RE element ions into transition
metal—based electrocatalysts, and introducing RE element—based
compounds (such as oxides) into hosts. Among various RE element
oxides, ceria attracted great interest in the application of electro-
catalysis because of its special structural properties with Ce>*/Ce**
redox pair, abundant vacancies, high oxygen storage capacity, and
good chemical and mechanical stability to promote those oxygen-
involving reactions. The literature published over the past de-
cades has clearly demonstrated the effectiveness of incorporating
with RE elements to modulate the electronic and crystalline
structures, tune the interactions between catalytically active spe-
cies and substrates, and regulate the surface properties of electro-
catalysts, which subsequently improve the catalytic activity and
durability of host electrocatalysts and reduce the amount of noble
metals used. Therefore, incorporating with RE elements would lead
to a novel path to further modify the catalytic property of various
heterogeneous electrocatalysts to boost their catalytic properties
for different electrochemical reactions.

8.2. Perspectives

Although great improvements have been realized, understand-
ing the roles and effects of RE elements in electrocatalysis is still far
from being solved. To have further insight, there are still many
critical issues for RE element—incorporated electrocatalysts and
electrocatalytic processes to be addressed.

(1) Rational synthesis of RE element—incorporated electro-
catalysts with proper amounts of RE elements. Generally, to
optimize the amount of RE elements used during the prep-
aration of electrocatalysts, RE element sources with large
ranges and intervals in amount are adopted, in which these
large variations in RE elements may not provide the accurate
control to the corresponding synthesis. Recently, Haber et al.
[96,97] investigated the optimal composition and structural
property of a (Ni-Fe-Co-Ce)Ox quinary electrocatalyst with a
high Ce content from 665 oxide compositions using a high-
throughput method. This high-throughput method is here-
in a promising and powerful strategy to quickly optimize the
ratios of various constituents, especially for those with
multicomponents, but it is still far from general research
studies because of its difficulty in the implementation. Thus,
more methods and strategies are urgently needed to inves-
tigate and optimize the amount of RE elements required for
excellent catalytic properties of these electrocatalysts.

(2) Investigations on the detailed structures of RE ele-
ment—incorporated electrocatalysts during the electro-
chemical process. For most electrochemical reactions, RE
element—based species are not catalytically active, in which
they facilitated the active centers via different interactions.

Learning the structural changes of RE element—based species
during electrocatalysis can help in understanding the
detailed reaction process. In particular, in situ techniques are
favored to explore the changes of different catalytic sites here
to clarify the reaction mechanism. However, few reports
demonstrated the changes of structures and corresponding
catalytic mechanisms with operando techniques in detail to
reveal the roles of RE elements and compounds during
different electrochemical processes [59,83,98]. In this regard,
investigating the interaction between RE element species
and other transition metals, the adsorption and conversion of
intermediates on RE element species, and the dynamic
changes in structures of electrocatalysts at different reaction
paths in detail would facilitate the understanding of actual
roles of RE elements in electrocatalysis.

(3) Insight into the catalytic mechanism of RE element—based
electrocatalysts and their rational design. Although several
reports have described the decent catalytic performance of
RE element—based electrocatalysts without adding other
active transition metals [67—70,84,95], the corresponding
catalytic mechanisms as well as structural evolution and
changes of electrocatalysts for these electrocatalytic re-
actions are still not very clear, especially in the view of
combining theoretical investigations and operando analyses.
Thus, lacking the knowledge of catalytic mechanisms is a
great obstacle for the rational design of RE element—based
and RE element—incorporated electrocatalysts.

(4) Developing highly active, multifunctional RE ele-
ment—incorporated electrocatalysts. RE element incorpora-
tion can improve the activity of the original host for a specific
reaction, although little research reported the multifunctional
property of RE element—incorporated electrocatalysts with
the enhancement of activity of various reactions simulta-
neously. For example, CeO;-incorporated electrocatalysts
were demonstrated to work as both anodic and cathodic
materials with the remarkable activity and durability for full
water electrolysis processes [34,49]. However, the multifunc-
tional electrocatalysts and their applications in different pro-
cesses are still lacking. As described previously, because RE
element incorporation can promote the activity for OER, ORR,
and MOR, using the RE element—incorporated electrocatalysts
for ORR can also work as anodic materials for OER and MOR,
and vice versa. Building such symmetric electrode structures
would make the best of RE element—incorporated electro-
catalysts, in which all these can substantially simplify the
design and setups for practical applications, such as metal—air
rechargeable batteries, DMFCs, and so on.

Conclusively, the exploration of RE element—incorporated
electrocatalysts is rising rapidly over the past years and will be
more attractive because of their fascinating chemical and electro-
catalytic properties. However, what we have studied in this field of
RE element—promoted electrocatalysis is still not enough to stride
over the threshold of present challenges and problems, from the
views of both science and practical applications. With the fast
development of multidiscipline, both theoretical and experimental
research studies are expected to combine together and shed light
on the effects of RE elements, contributing to novel advances in
electrocatalysis.
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