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Pulverization-Tolerant CuSe Nanoflakes with High
(110) Planar Orientation for High-Performance

Magnesium Storage

Yuexing Zhang, Youqi Zhu,* Zhitao Wang, Hui Peng, Xinyu Yang, Yuehua Cao,

Changliang Du, Xilan Ma, and Chuanbao Cao*

Copper chalcogenides are of great interest as conversion-type cathode
materials due to their large specific capacity for rechargeable magnesium bat-
teries, yet are subjected to severe capacity fading brought about by structure
collapse in repetitive charge—discharge cycling. Herein, single-crystalline and
(110) preferentially oriented CuSe nanoflakes are designed via a temperature-
controlled crystal growth route under microwave irradiation. The as-prepared
CuSe nanoflake cathode materials can present high reversible capacity

(204 mAh g at 200 mA g' current density), outstanding rate capability, and
remarkable long-term cycling stability (=0.095% capacity decay per cycle at

1 A g7 within 700 cycles). The multistep reversible conversion mechanism of
the CuSe nanoflake cathode materials is evidenced by ex situ X-ray photoelec-
tron spectroscopy and X-ray diffraction. Structure evolution investigation sug-
gests that the single-crystalline CuSe nanoflakes can exhibit relatively durable
structural stability. The desirable cycling stability can be ascribed to the excel-
lent pulverization-tolerance of the CuSe nanoflake cathode materials endowed
by the multistep reversible conversion mechanism and the single-crystalline
feature. Furthermore, the preferentially-oriented (110) active plane is favorable
for electrochemical reactions to ensure high specific capacity. This work can
afford a crystal engineering strategy to fabricate high-performance conver-
sion-type electrode materials for rechargeable magnesium batteries.

density, sufficient magnesium availability,
and operating safety!! Developing suit-
able and effective cathode materials is
the fundamental technology to satisfy the
rapid progression of rMBs.lZl Recently, the
conversion-type cathode materials, such
as AgCLB! CoS," NiS,Pl CuS,l® Cu,Se,!
Cu, _ ,Sefl and CuSe,”) have captured
extensive attention owing to their high
theoretical capacity provided by multiple
oxidation states.'”) Especially, copper
selenide (CuSe) is considered as a prom-
ising cathode material with high revers-
ible specific capacity.”*"l However, most
conversion-type cathode materials gener-
ally suffer from sharp capacity degrada-
tion and undesirable cycling performance
owing to the structure collapse brought
by large Columbic interaction between
divalent Mg?* ion and host lattice, the
pulverization of active materials triggered
by crystallographic transformations,® the
rearrangement of surface structure pro-
duced by electrolyte corrosion,/?l and the
huge volume expansion by in-depth mag-
netization reaction.'® To address the
aforementioned problems, tremendous

1. Introduction

Rechargeable magnesium batteries (rMBs) are prospective can-
didates for sustainable energy storage systems and have drawn
considerable interest in recent years owing to high energy
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efforts have been dedicated to enhancing structural durability
and pulverization-tolerance of these conversion-type cathode
materials, such as introducing flexible matrix with small
volume effect,™ substituting host anions with more polariz-
able and much larger guest atoms,™ and cutting-down particle
size to nanoscale level.l"®) However, the most reported cathode
materials with structural and component modifications are
subject to complex and uncontrollable synthesis processes.
Additionally, nanomaterials with single and primary structure
usually tend to aggregate into irregular particles upon cycling,
leading to fast capacity degradation and short cycle life.l”) The
rational design of metal chalcogenide cathode materials is ben-
eficial to improve the performance of rMBs.I”l Therefore, it is
highly required to exploit talented cathode materials with good
intrinsic electrochemical activity and long-term cycling stability
for rMBs.

The crystal engineering of electrode materials is a powerful
technique to control their intrinsic activity for battery appli-
cation. Recently, single-crystalline electrode materials have

© 2021 Wiley-VCH GmbH
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ARTICLE INFO ABSTRACT

Keywords:
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High-voltage layered Mn-based oxide is promising high-capacity cathode via exploiting the oxygen redox chem-
istry. But such redox often suffer from irreversible oxygen loss, leading to severe voltage hysteresis, particle
cracking and capacity decay. Hence, the complementary strategy of dual Cu and Co substitution is revealed to
stabilizing the anion redox chemistry of P2-Na, ;(Mn-Ni-Cu-Co)O, cathode under upper cut-off voltage. Dual
substitution with Cu for Mn and Co for Ni forms stable Cu-O and Co-O octahedrons, which modulate the lattice
structure with the shrinkage of TMO, sheets and expansion of Na layer spacing to enhance the Na* diffusion
kinetics. Co substitution can raise high voltage region to tune the cut-off voltage up to 4.3 V and activate oxy-
gen redox to weaken irreversible O, loss. And Cu substitution can inhibit the O, loss and suppress the voltage
decay via the interaction between Cu 3d and O 2p orbitals. The P2-type Na, c;Mn, ¢Ni, ,Cuy; Co,; 0, cathode
induced by the complementary effect can boost long cycling life (82.07% capacity retention after 500 cycles) and
remarkable rate capability under high upper cut-off voltage in half-cell. Furthermore, the full cells also exhibit

outstanding rate capability with a high discharge capacity of 62.6 mAh g™ at 20 C.

1. Introduction

Sodium-ion batteries (SIBs) open up a great possibility for practical
application to replace current lithium-ion batteries (LIBs) due to their
similar “rocker chair” principle with LIBs, earth-abundant and low-cost
sodium source as well as universal cheap Al collector for both cathode
and anode [1-4]. The layered Mn-based oxide cathode promises great
potential as Nat host materials because of abundant resource, low cost
and environmental friendliness of Mn species, simple preparation pro-
cess and high specific capacity [2,5-8]. According to sodium ion oc-
cupying sites and O sequence, the layered Mn-based oxide cathode is
commonly divided into two categories: P2- and O3-type oxide cathode
[4,9]. P2-type cathode holds much greater advantages in phase transi-
tion, air stability, ion conductivity and Na* diffusion kinetics compared
with O3-type one [10,11]. Particularly, like Li-rich cathode in LIBs, P2-
type Mn-based oxide cathode can generally provide high specific ca-
pacity through the anionic redox reaction with the cut-off voltage be-
yond 4.2 V [12-21]. However, along with the reversible anionic redox
processes (0%~/0,™"), the irreversible O, loss is inevitable that could

* Corresponding authors.
E-mail addresses: yqzhu@bit.edu.cn (Y. Zhu), cbcao@bit.edu.cn (C. Cao).
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bring about unstable structure evolution and particle cracking, which
can cause cycling stability deterioration and voltage hysteresis aggrava-
tion [16]. Besides, P2-type Mn-based oxide cathode is also confronted
with Jahn-teller effect, interface instability and phase transition under
high voltage [11,19,22-31].

Heteroatom substitution, such as Li, Mg, Zn, Ti, Al etc., has been
widely employed to resolve the aforementioned issues, which can
bring forward tailorable compositional diversity and complex struc-
tural chemistry to adjust crystal structure, Na* ion conductivity,
phase transition and the irreversible oxygen redox to ensure tunable
electrochemical performance [25,32-43]. Xiao et al. proposed that
Na,3Ni; sMn, 3Cuy Mgy 130, cathode with the optimal morphology
and structure modulation could display excellent electrochemical per-
formance with tailoring voltage below 4.2 V [38]. Kong et al. reported
that Cu/Mg co-doping in P2-Nag ¢, Mng ,5Nij 550, can modify the lat-
tice structure and improve the reversibility of anionic redox, but the cy-
cling stability also depends on clipping voltage below 4.2 V [32]. Based
on heteroatom substitution, tailoring voltage does avoid the capacity
fading and voltage decay caused by irreversible oxygen redox, but the
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Anionic Se-Substitution toward High-Performance
CuS,_,Se, Nanosheet Cathode for Rechargeable

Magnesium Batteries

Zhitao Wang, Youqi Zhu,* Chen Qiao, Shuo Yang, Jian Jia, Souleymen Rafai, Xilan Ma,

Shide Wu, Fengqiu Ji, and Chuanbao Cao*

Rechargeable magnesium batteries (rMBs) are promising as the most ideal
further energy storage systems but lack competent cathode materials
due to sluggish redox reaction kinetics. Herein, developed is an anionic Se-
substitution strategy to improve the rate capability and the cycling stability

of 2D CuS,_,Se, nanosheet cathodes through an efficient microwave-induced
heating method. The optimized CuS;_,Se, (X = 0.2) nanosheet cathode can
exhibit high reversible capacity of 268.5 mAh g™' at 20 mA g™ and good
cycling stability (140.4 mAh g™ at 300 mA g~ upon 100 cycles). Moreover, the
CuS,_,Se, (X =0.2) nanosheet cathode can deliver remarkable rate capability
with a reversible capacity of 119.2 mAh g~' at 500 mA g, much higher than
the 21.7 mAh g of pristine CuS nanosheets. The superior electrochemical
performance can be ascribed to the enhanced reaction kinetics, enriched cation
storage active sites, and shortened ion diffusion pathway of the CuS,_,Se,
nanosheet. Therefore, tuning anionic chemical composition demonstrates an

effective strategy to develop novel cathode materials for rMBs.

Rechargeable magnesium batteries (rMBs) have been identified
as an attractive alternative to the commercialized lithium-ion
batteries due to the dendrite-free metallic Mg anode, natural
abundance of magnesium resources, and higher specific volu-
metric capacity (3833 mAh cm™) as compared to that of lithium
counterparts (2046 mAh cm™3).l] Currently, the development of
capable cathode materials with high energy density and long-
term cycling stability is highly required for rMBs. Various
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host materials, including metal oxides
(V,052 VOBl MnO,“ and MoO,5),
metal sulfides (MogSg, ! MoS,,”l Ti,S,,®!
o-Ag,S,”! VS, 19 and VS,[l), metal sele-
nides (MogSeg,'2! TiSe,,¥1 Cu,Se ' and
Nij 75Feg255€,'%), have been proposed as
possible cathode candidates. In particular,
copper sulfide (CuS) has recently attracted
great attention because of its unique prop-
erties of nontoxicity, eco-friendliness,
low cost, and high theoretical specific
capacity (560 mAh g1).1% Nevertheless,
CuS cathode materials are still subject to
a series of unsatisfactory performances
related to reversible capacity, rate capa-
bility, and cycling stability caused by the
serious polarization from divalent Mg?*.[1"]
Thus, the development of suitable host
materials with fast reaction kinetics is
highly desired but still challenging.

To solve the aforementioned issues, many strategies have
been proposed and brought considerable achievement in
CuS cathode materials, including: i) increased ionic diffusion
kinetics through elevating working temperature, [ ii) enhanced
Mg?* mobility by adjusting electrode-electrolyte interface,!'l
and iii) shortened Mg?* diffusion length via constructing suit-
able nanoarchitectures.!' However, the electron and solid-state
Mg?* transport kinetics of the most reported CuS cathode mate-
rials are still unsatisfactory. It is therefore a great challenge
to effectively design CuS cathode materials with high prac-
tical capacity and long cycling life, especially at high current
densities. In our previous work,!'%! although the hierarchical
CuS nanosheet showed good cycling performances for rMBs
(135 mAh g! at 200 mA g upon 200 cycles), its rate capability
still needs to be further improved. Heavy heteroatom substitu-
tion in transition metal sulfides is expected as an efficient route
to regulate their atomic structure for providing optimized con-
figuration for Mg?* uptake.?”) In particular, the fractional ani-
onic Se-substitution to S could enlarge the Mg?* diffusion path
and reduce their interaction with the based lattice, thereby cut-
ting down the ionic diffusion barrier and resulting much better
kinetics.2! Till now, despite the well-known Chevrel phase
MogSg_xSex (X = 0, 1, 2),1221322] Se.gubstituted copper sulfide
cathode materials for rMBs have been rarely reported.

Herein, we develop an efficient synthesis strategy to prepare
2D anionic Se-substituted CuS;_,Se, nanosheets with about

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

Water oxidation
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Surface engineering

High-valence Ni and Fe metal sites have demonstrated a crucial role in enhancing the catalytic performances of
NiFe-LDH electrocatalysts in oxygen evolution reaction (OER). Although considerable OER catalytic perfor-
mances achieved under high overpotential, the catalytic talent of NiFe-LDH electrocatalysts at low overpotential
is rarely realized due to the absence of high-valence Ni and Fe sites. We herein report a surface engineering route
to fabricate sulfated NiFe-LDH nanosheets via ion exchange strategy in sulfate-rich media. XPS results reveal a
modified surface electronic structure with high-valence Ni and Fe after ion exchange reaction. Computational
PDOS results suggest that computed d-band centers (e4) of Fe and Ni for sulfated NiFe-LDH show a significant
downward shift resulting an increased valence of metal cation with orbital volume shrinkage. The high-valence
Fe can facilitate a optimized multi-electron process of Ni center from [Ni"-OH]~/[Ni'!-OH]~ to Ni'V-OOH rather
than Ni'l/Ni'™ to Ni'V at low overpotential. The high-valence Ni can serve as the highly active center for 0-O
coupling during OER process. Combined with the synergetic action of high-valence Fe and Ni, the sulfated NiFe-
LDH nanosheets exhibit much larger reaction kinetics and outstanding electrocatalytic activity on glassy carbon
electrode (n10 = 219 mV, 159 = 288 mV) with a remarkable long-term stability.

1. Introduction

Harvesting electrical energy from renewable sources and converting
it into chemical energy by water splitting are viewed as promising
pathway to address the energy challenge [1-11]. However, the conver-
sion efficiency is highly depended on the kinetics of the involved oxygen
evolution reaction (OER) half-reaction, which is related to four proton-
coupled electron charge transfer steps, and requires a substantial extra
potential to proceed even with noble catalysts including RuO, and IrO,
[12-17]. Therefore, immense efforts have been made to emerge highly
efficient and abundant OER -catalysts. Layered double hydroxides
(LDHs) have demonstrated a promising OER catalytic activity benefiting
from versatile combinations of metal cations (Fe, Co, Ni, Mn, etc.) and a
unique layered structure where the appropriate interlayer spacing ac-
celerates the diffusion of active species to the abundant active sites [18-
21]. Particularly, NiFe-LDH is recognized as the best OER material due

* Corresponding authors.

to the favorable electronic structure of cationic metals [22-25].
Discovering the in-depth catalytic mechanism of NiFe-LDH is of great
importance to further boost its performances. Ram Subbaraman et al.
exhibited that the OER activity of these 3d-M hydr(oxy)oxide systems
follows the Ni > Co > Fe > Mn order using the OH,¢-M?*? interaction as
the primary descriptor [26]. Heteroatomic Fe doping into pristine nickel
hydroxide can significantly improve its OER activity [27-30]. Subse-
quently, great efforts have been made to investigate the catalytic
mechanism of Ni-Fe materials evolving from pristine Ni or Fe to Ni-Fe
LDHs with synergetic effect [28-33]. The monitoring on the chemical
state changes of NiFe-based catalysts is also powerful for understanding
of Ni and Fe roles in the reaction mechanism. Jamie Y. C. Chen et al
reported that Fe'V species are detected in NiFe oxyhydroxide catalyst
during steady-state water oxidation and occupy edge/corner or lattice
defect of NiOOH [30]. Researchers also revealed that NiFe-based cata-
lysts would undergo a phase-transformation into y-NiOOH with

E-mail addresses: zahid.usman@ue.edu.pk (Z. Usman), yqzhu@bit.edu.cn (Y. Zhu), cbcao@bit.edu.cn (C. Cao).
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HIGHLIGHTS

® P2-type manganese oxide cathode combines high operating voltage and anionic redox.
® Ti gradient modification achieves Ti-enriched surface and Ti-substituted interior.

® Gradient modification enhances interfacial stability to reduce side reactions.

® Gradient modification mitigates phase transition and irreversible oxygen activity.

® Excellent electrochemical performance is obtained at 4.7 V high operating voltage.

ARTICLE INFO ABSTRACT

Constructing layered high-voltage P2-type manganese oxide with working voltage above 4.5 V incorporating
into Ni2*/** redox and high capacity based on anionic redox has become trend to develop high energy density
sodium ion batteries. However, capacity fading and undesired rate capability caused by serious phase transition,
irreversible oxygen activity and electrolyte/electrode side reactions would occur especially under high operating
voltage besides the Jahn-Teller effect. Here, based on anionic and cationic redox, a novel titanium gradient
modification coupling with the synergic Ti-enriched surface and Ti-substituted interior is proposed to achieve
excellent stability and rate capability. As a result, the high-voltage P2-Nag ¢Mng 54Nip.13C00 130> cathode in-
duced by titanium gradient modification can deliver a large reversible discharge capacity of 133.2 mA h g~ *
with 77.9% capacity retention after 100 cycles under 4.7 V cut-off voltage at 1C (200 mA g~ '), and achieve a
high energy density of 456.4 Wh kg~ !. These outstanding results are attributed to the facts that Ti gradient
modification not only is beneficial for suppressing the side reactions and enhancing the interfacial conductivity,
but also can modify the lattice structure to improve the structural stability, leading to mitigate the phase
transition and irreversible oxygen activity.

Keywords:

Titanium gradient modification
Sodium ion battery

High voltage

Manganese oxide

1. Introduction olivine phosphates, sodium super ionic conductor (NASICON), Prussian

blue analogs, and fluorophosphates, layered metal oxides (Na,TMO,) as

With significantly increased demand for large-scale energy storage
systems, sodium ion batteries (SIBs) are emerging as promising post
lithium-ion battery candidates due to abundant sodium resources, low
cost and similar electrochemical reactions [1-12]. However, the ap-
plication of SIBs has been greatly restricted, especially for cathode
material to a certain extent, because Na* (1.02 A) ions have larger
ionic radius than Li* (0.76 A) ions [5,6,8]. Among layered metal oxide,

* Corresponding authors.
E-mail addresses: yqzhu@bit.edu.cn (Y. Zhu), cbcao@bit.edu.cn (C. Cao).

https://doi.org/10.1016/j.cej.2020.126308

universal research candidate are mainly reflected in P2- and O3-type
cathode with fast 2D Na™ ions diffusion channel [13-20]. P2-type
manganese oxide cathode has more advantages than O3-type because of
its better theoretical capacity, structural reversibility and air stability
[21]. However, the rapid capacity fading and poor rate capability
owing to its undesired morphological characteristics is still insufficient
for energy storage applications [22-25].
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Copper selenide has been considered as a much more promising conversion-type cathode material for
rechargeable magnesium batteries than copper sulfide because of its better conductivity. However, the
magnesium ion diffusion in the lattice of the CuSe host is subject to a great coulombic resistance due to
the relatively high charge density and ion polarization of the divalent Mg?*, leading to undesired rate
capability and low reversible capacity. Herein, a morphology engineering strategy is presented to
construct sheet-assembled hollow CuSe nanocubes by a simple template-directed selenation reaction
at room temperature. Electrochemical measurements suggest that the CuSe nanocubes could exhibit an
ultra-high initial discharge capacity of 596 mA h g~! and maximum specific capacity of 252 mA h g*
and maintain a relatively high reversible capacity of 170 mA h g~* after 100 cycles at 200 mA g™~
Furthermore, a remarkable rate capability could be obtained with 77.6 mA h g* discharge capacity at
5 A g~ Additionally, the CuSe nanocubes exhibit excellent compatibility with Mg(BH.4)»/(CF3),CHOH/
DME electrolyte and follow a two-step conversion mechanism. Such superior magnesium storage
properties demonstrate that constructing a hierarchical hollow structure could be one of the effective
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Introduction

Rechargeable magnesium batteries (rMBs) have been recog-
nized as one of the most promising energy storage devices in the
post-LIB era due to the low-cost, enhanced safety and ultra-high
theoretical volumetric capacity (3383 mA h cm™?) of the abun-
dant magnesium metal in the earth's crust (2.9%, about 10*
times higher than 0.002% of Li)."* However, the magnesium
ion diffusion in the lattice of the cathodes and the
magnesiation/demagnesiation reactions suffer from a great
coulombic resistance and a high energy barrier, respectively,
due to the relatively high charge density and ion polarization of
the divalent Mg>", leading to a sluggish reversibility of the
magnesium storage mechanism. Therefore, it is of great
importance to develop new types of high-reversibility cathode
materials for rMBs.>” After the first report of the Chevrel phase
cathode by Aurbach in 2000,® several intercalation-type cathode
materials have been investigated, such as V,05,”'° MnO, (ref.
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of Technology, Beijing 100081, China. E-mail: yqzhu@bit.edu.cn; chcao@bit.edu.cn
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methods to promote the magnesium storage kinetics of CuSe cathode materials.

11-13) and MoS,."*** Unfortunately, the reported cathode
materials usually show rather low specific capacity and inferior
rate performance due to the sluggish Mg®" transport kinetics
and limited Mg>" storage sites. Therefore, it is still highly
desired to develop new efficient cathode materials.
Conversion-type cathode materials have caught extensive
attention in recent years on account of their relatively higher
capacity. Copper-based chalcogenides, especially copper
sulfide, have been widely investigated as typical conversion-type
cathode materials."*** However, the low conductivity of CuS
causes high joule heat in the repeated charge and discharge
processes, which greatly reduces its structural stability and thus
leads to poor cycling stability and rate capability.>* Recently,
CuSe has shown great promise due to its good conductivity and
the weak electronegativity and the large ionic radius of Se.>*** In
2019, our group found that CuSe nanoparticles could show high
specific capacity but undesirable rate capability and cycling
stability.”” Additionally, our work also suggested that anionic Se-
substitution towards CuS nanosheets could improve the rate
capability.® Chen et al. constructed nanosheet-assembled
hierarchical starfish-like Cu,_,Se that could show a good
cycling stability.” Therefore, the construction of a reasonable
hierarchical structure has a significant effect on the electro-
chemical magnesium storage performance of the cathode
material, which could originate from the fact that the special
multistage structure not only inherits the advantages of a single

This journal is © The Royal Society of Chemistry 2021
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Cite this: J. Mater. Chem. A, 2020, 8, .

24895 and electrocatalysis

i '.) Check for updates ‘

Ligin Wang, Yougi Zhu,* Changliang Du, Xilan Ma and Chuanbao Cao®*

The development of advanced functional materials is of great significance for applications in energy storage
and conversion fields. Metal-organic framework (MOF) derived porous materials have attracted extensive
attention due to their high porosity, complex components and controllable structures. Although
considerable achievements have been made in the controllable synthesis of multifunctional MOF
derivatives, their systematic synthesis and applications in new-style energy storage and conversion
devices (e.g. sodium ion batteries, potassium ion batteries, zinc ion batteries and fuel cells) have rarely
been reviewed in depth. Given that materials’ structures are highly dependent on the particular synthetic
strategy and determine the final physical and chemical performances, a comprehensive insight into the
latest advances in complex MOF-derived porous materials is provided in this review. The versatile
architectures of functional materials and their influences on properties are clearly summarized. The

advantages of the MOF-derived route over traditional non-MOF methods are highlighted. In the end, the
Received 24th August 2020

Accepted 3rd November 2020 challenges and the prospective research direction of MOF-derived functional materials in energy storage

and conversion fields are proposed. The strategy—structure—property relationships in this review will
DOI: 10.1039/d0ta08311a ; s i . . . . . . .
provide scientific evidence on the reasonable design of high-efficiency MOF-derived functional materials

rsc.li/materials-a for new energy systems.

exploring new energy and renewable resources is extremely
urgent.'” Developing energy storage and conversion technolo-
As a result of the increasing energy demand and environmental ~ gies, such as rechargeable batteries, water splitting, and fuel
degradation caused by the huge consumption of fossil fuels, cells, is an essential part of achieving environmental sustain-
ability.*® However, the development of traditional graphite
anodes and precious metal electrocatalysts (Pt, Au, IrO,, and

1. Introduction
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tions in energy storage and conversion systems, including
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batteries.
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Transition metal sulfides generally demonstrate unsatisfactory capacity and a limited rate capability that still
restrict their application for sodium-ion batteries. Herein, yolk—shell P-doped NiS,/C spheres were
synthesized via a Ni-MOF template with phytic acid acting as a P source to significantly enhance the
sulfide's sodium storage property. The yolk—shell P-doped NiS,/C spheres exhibited an ultrahigh initial
discharge and charge capacities of 3546.7 and 2622.9 mA h g~ with 72.9% coulombic efficiency, and
maintained a relatively high reversible capacity of 11135 mA h g~ at 0.1 A g! after 20 cycles.
Electrochemical measurements further revealed that the yolk—shell P-doped NiS,/C spheres could also
deliver a good rate capability and stable long-term cycling performance with 766.8 mA h g~ reversible
capacity at 0.5 A g* after 400 cycles. The satisfactory electrochemical results could be ascribed to the

Received Sth March 2020 confinement and synergistic effect from the robust yolk—shell framework and heteroatom P doping.

Accepted 7th April 2020
Therefore, it was demonstrated that morphology tuning and heteroatom P doping can serve as effective

DOI: 10.1039/d0ta02568b strategies to significantly improve the electrochemical properties of transition metal sulfides for sodium-
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Introduction

Layered transition metal sulfides have attracted considerable
attention as novel anode materials for sodium-ion batteries (SIBs)
as they offer much better mechanical stability, electronic
conductivity, and gravimetric energy density as well as richer redox
reaction sites compared to nongraphitic carbon (<300 mA h g~ *).*
In addition, the low electronegativity of the S atom, the weak
metal-sulfur bonding, and the discharge Na,S product can
generate better reaction kinetics to intensify the sodiation/
desodiation process compared to that of the corresponding
metal oxide counterparts.>” NiS, has been widely investigated due
to its four-electron conversion reaction (NiS, + 4Na' + 4e~ < Ni+
2Na,S) and a much higher theoretical capacity of 873 mA h g~*
compared to other nickel sulfides (~591 mA h g~ of NiS and
~446 mA h g ' of NisS,).>® However, NiS, also suffers from
intrinsic sluggish kinetics and a large volume variation same as
other metal sulfides, so it is a great challenge to develop effective
techniques to solve these problems.'*"
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of Technology, Beijing 100081, China. E-mail: yqzhu@bit.edu.cn; chcao@bit.edu.cn
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Constructing nanostructures by a freestanding nanosheet
and/or hollow or yolk-shell skeleton for electrode materials is
a promising strategy to improve their reaction kinetics.”>** Many
strategies have been proposed to fabricate a yolk-shell framework,
such as carbon coating and the template-assisted technique.*****
However, most of the reported methods are time-consuming and
material-wasteful. Metal-organic frameworks (MOFs) have been
demonstrated to be effective candidates to construct a porous
yolk-shell structure with a high surface area and ordered pore
dispersion.'*"” The coordinated metal species can be converted
into metallic nanocrystals and then to various metal sulfides.®*
Additionally, the organic linkers are translated into a carbon
skeleton to enhance the conductivity of the active material.**>
Zhang reported hollow NiS, spheres prepared by Ni-MOFs with
a capacity of 848 mA h g ' at 0.1 A g~ for SIBs.* Furthermore,
yolk-shell frameworks possess a much greater confinement effect
in comparison with hollow spheres. The shell can be modified by
functional groups to increase the exposed active sites and protect
the stability of the yolk. An appropriate void space can effectively
buffer large volume variations to maintain the original structure
and further achieve prolonged cycling life.>**

Heteroatom doping (i.e., N, B, S, P elements) can further
enhance the specific capacity and rate capability via a syner-
gistic effect in yolk-shell hybrids.>**” The intercalated P atoms
can not only enlarge the d-spacing of active materials to
enhance electron/ions transport but can also produce rich
defects to adjust the Na-ions insertion energy and improve the

This journal is © The Royal Society of Chemistry 2020
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ABSTRACT: Copper sulfides are broadly explored as the possible cathode materials
for rechargeable magnesium batteries on account of their high theoretical capacity of
560 mAh g~'. However, the Cu$ cathodes usually suffer from serious capacity decay
caused by structure collapse during the repeated magnesiation/demagnesiation
process. Herein, we present a cuprous self-doping strategy to synthesize mesoporous
CuS nanotubes with robust structural stability for rechargeable magnesium batteries
and regulate their electrochemical magnesium storage behavior. Electrochemical
results show that the mesoporous CuS nanotubes can exhibit high specific capacity,
remarkable cycling performance, and good rate capability. The observed discharge
capacity of the mesoporous CuS nanotubes could reach about 281.2 mAh g™' at 20
mA ¢! and 168.9 mAh g™" at 500 mA g'. Furthermore, a remarkable ultralong-term
cyclic stability with a reversible capacity of 72.5 mAh g™' at 1 A ¢! is obtained after
550 cycles. These results demonstrate that the mesoporous nanotube structure and

the simple cuprous self-doping effect could promote the practical application of copper sulfide cathode materials for rechargeable

magnesium batteries.

KEYWORDS: self-doping, CuS nanotubes, cathode, rechargeable magnesium batteries, electrochemical magnesium storage

1. INTRODUCTION

Rechargeable magnesium batteries (rMBs) are the promising
energy storage device for large-scale power plant due to the
cost-effective property, enhanced safety, and high theoretical
energy density of the earth-abundant magnesium metal
anode.' ™ However, their commercial application is obstructed
by the lack of capable cathode materials. Therefore, it is urgent
to discover an ideal cathode material. After the first proposed
Chevral phase cathode by Aurbach’s group,” several types of
possible candidates have been reported. Among them,
transition metal oxides (TMO) and sulfides (TMS) are the
most typical candidates, such as MnO,,>” V205,8’9 MoO3,10
MoS,," "% TiS,,"*'* and VS_.' > Unfortunately, none of these
cathode materials can simultaneously demonstrate an ideal
specific capacity and remarkable cycling stability. As one of
transition metal sulfides, CuS has already been used in many
fields, such as optical limiting,'” supercapacitor,'® and
photocatalysis.'”~>' Because of its desirable theoretical
reversible capacity (560 mAh g~'), CuS has recently attracted
great attention as cathode materials for tMBs.>>"% In 2016,
Duffort’s group reported that the CuS cathode materials could
exhibit a considerable specific capacity of 200 mAh g™" at 150
°C.** Unfortunately, the undesirable room-temperature
electrochemical property and the long-time pre-activation
process have limited its further development. On this basis,
Mai’s group developed CuS particles that have good
electrochemical properties at room temperature. However, it

© 2020 American Chemical Society

7 ACS Publications

just shows undesired cycling stability.”* In 2019, Wang et al.
reported CuS nanosheets that could show remarkable
reversible capacity and relatively high cycling performance
but a poor rate performance.”” After that, Shen et al. reported
that the hollow CuS nanocubes could deliver high specific
capacity and better tolerance toward high current density.”®
Therefore, it can be inferred from the above discussion that
the morphology of electrode material has a great impact on its
electrochemical performance. A variety of CuS with various
morphologies have been used in several energy storage
systems, such as particl<>.s,24’29_31 spheres,32’33 nanotubes,”*
nanorods,®> nanowires,>® nanosheets,>>”*” and nano-
cubes.”®** Among them, the hollow structure could express
better electrochemical properties. This superiority can be put
down to its lower density, larger surface area, and higher
loading capacity.””*° Furthermore, hollow structured materials
can effectively alleviate the volume expansion caused by the
electrochemical reaction process, thus improving the cyclic
stability and the rate capability.”'~* In addition, porous
materials can improve electrochemical energy storage by
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ABSTRACT: Layered manganese-based cathode materials are of great

interest because of their high specific capacities for sodium-ion batteries.

However, the Jahn—Teller effect and the inevitable phase transition are

detrimental for achieving considerable cycling stability and rate capability.

Herein, a P2-type manganese oxide nanoplate cathode material modified by

Mo-substitution with an oriented stacking structure and exposed {010} active

facets is reported. The manganese oxide nanoplate cathode yields remarkable

capacity retention of 86% after 1200 cycles at 10 C (2000 mA g~'). The

specific power density is estimated to be as high as 530 W kg™ with a specific

discharge capacity 143.9 mA h g' at 1 C and 89.6% capacity retention up to

100 cycles. The superior electrochemical performances can be attributed to

the efficient chemical modification and the unique structural features of the

present manganese oxide nanoplate. Mo-modification can endow the

manganese oxide cathode with enlarged lattice space and average oxidation

state and thus favorable Na* diffusion to inhibit the Jahn—Teller effect and improve the structure stability, thereby achieving an
extremely long cycling life. A multilayer oriented stacking nanoplate structure with exposed {010} active facets is also beneficial
for providing more surface active sites and shortening the Na* diffusion path, leading to better rate capability.

KEYWORDS: Mo-modification, oxidation state, sodium manganese oxide, nanoplates, sodium-ion battery

1. INTRODUCTION

Sodium-ion batteries are emerging as one of the promising
next-generation energy storage devices and have attracted
extensive research because of high abundance and low cost of

induced by Mn?* ion and the drastic phase transformations
caused by the larger ionic radius of sodium can cause
significant capacity degradation and poor rate capability during
the repeated sodium de/intercalation process.'*"°

sodium resources, as well as their similar electrochemical
behaviors to lithium-ion batteries.' ~* Great efforts have been
dedicated to exploring various novel cathodes, which is of great
significance for the development of sodium-ion batteries.’
Especially, layered multicomponent sodium transition-metal
oxide (Na,TMO,) are considered as the most promising
candidates because of simple manipuility, high theoretical
capacity, and favorable two-dimensional Na* ions diffusion
channel. Recently, P2-type and O3-type Na,TMO, have
captured the research interest. In particular, P2-type Na,TMO,
have received much more concern because of their lower
diffusion barrier, higher ionic conductivity, and smaller
hygroscopicity.4’6_10 Considering the abundant resources,
low cost, and environmental friendliness of manganese, P2-
type layered sodium manganese-based cathodes have received
intensive concern.'”'” However, the Jahn—Teller distortion

v ACS Publications  © xxxx American Chemical Society

In order to solve the aforementioned problems, heteroatom
modification has become an effective strategy, which can not
only affect the crystal structure to improve the structural
stability at a certain extent and adjust the average oxidation
state of Mn to suppress the unstable electronic structure of
Mn*, but also enhance the electronic and ionic conductivities
of active materials.'"’~** Li and coworkers confirmed that Cu
and Mg multimetal substitution can exhibit synergetic effects
in NaggMnggCuy Mg, ,0, cathode material for achieving
enhanced structural reversibility.'” Chen et al. reported
Naj 44,Mn¢Niy, ,Cu,O, cathode material doped by inactive
copper, which can enlarge lattice space and reduce irreversible
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Cobalt-doping SnS, nanosheets towards high-
performance anodes for sodium ion batteriesy

Ligin Wang, Quanqging Zhao, Zhitao Wang, Yujun Wu, Xilan Ma, Yougqi Zhu* and
Chuanbao Cao @ *

Layered SnS; is considered as a promising anode candidate for sodium-ion batteries yet suffers from low
initial coulombic efficiency, limited specific capacity and rate capability. Herein, we report a cobalt metal
cation doping strategy to enhance the electrochemical performance of a SnS, nanosheet array anode
through a facile hydrothermal method. Benefitting from this special structure and heteroatom-doping
effect, this anode material displays a high initial coulombic efficiency of 57.4%, a superior discharge
specific capacity as high as 1288 mA h g~ at 0.2 A g~ after 100 cycles and outstanding long-term cycling
stability with a reversible capacity of 800.4 mA h g~ even at 2 A g~*. These excellent performances could
be ascribed to the Co-doping effect that can increase the interlayer spacing, produce rich defects, regu-
late the electronic environment and improve conductivity. Besides, a carbon cloth substrate can maintain
the integrity of the electrode material framework and buffer its volume variation, thus boosting intrinsic

rsc.li/nanoscale

1. Introduction

Layered tin disulfide (SnS,) has been proposed as one of the
most hopeful anode candidates for SIBs because of its high
theoretical capacity (1136 mA h g™") resulting from conversion
and alloying reactions (SnS, + 4Na — Sn + 2Na,S; Sn + 3.75Na
- Na3,758n).1 Furthermore, layered SnS, can be exfoliated to a
single- or few-layered sheet to generate distinctive physical and
chemical properties and afford an open framework to facilitate
Na-ion transportation and electrolyte flooding.>* Additionally,
the large interlayer spacing (0.59 nm) and stable CdI2-type
structure with three stacked atom (S-Sn-S) layers united by van
der Waals forces of SnS, make it a suitable candidate for
hosting the Na* intercalation.>® However, like other sulfide
material electrodes, the SnS, anode is also subjected to a large
volume variation (520% deriving from Sn to Nas,5Sn) and
poor electrical conductivity, which could result in severe
pulverization and aggregation and thus unsatisfactory electro-
chemical performances.” Various schemes have been
implemented to overcome the aforementioned challenges,
such as constructing special morphologies (porous or hollow
structure), heteroatom doping and introducing conductive
substrates.® ™" Hybridizing SnS, with a conductive matrix is an

Research Center of Materials Science, Beijing Key Laboratory of Construction
Tailorable Advanced Functional Materials and Green Applications, Beijing Institute
of Technology, Beijing 100081, China. E-mail: yqgzhu@bit.edu.cn, chcao@bit.edu.cn
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c9nr07849e

248 | Nanoscale, 2020, 12, 248-255

dynamic properties and enhancing sodium storage performance.

effective approach to buffer the volume variation and enhance
the electronic conductivity.">"® For example, the capacity of
SnS, nanosheets with N-doped graphene (SnS,/NGS) reaches
453 mA h g™" at 0.1 A g~"."* The ultrasmall SnS, nanoplate
restacked on graphene with a three-dimensional (3D) network
exhibits a discharge capacity of 650 mA h g”* at 0.2 A g~ *."°
The reversible capacity of SnS, nanosheet arrays is up to
631 mA h g™ " at 0.05 A g~ ".*® Therefore, the structural stability
and synergetic effects between SnS, and graphene lead to sig-
nificantly improved sodium storage properties.

Metal compounds (like Cu, Fe, Ni, and Co-based) can also
serve as a type of anode material for SIBs due to their conver-
sion/recombination mechanism."”"° It is reported that intro-
ducing metallic Fe or Co cations can not only improve catalytic
activity but also endow the compounds with a flexible struc-
ture to withstand the severe volume change of Sn and increase
conductivity, resulting in improved initial coulombic efficiency
(ICE) and cycling stability.">>" The specific capacity of Co-
doped FeS, nanospheres is stabilized at 220 mA h g™ after
5000 cycles and 172 mA h g™" even at 20 A g~ " and still main-
tains a layered structure in the following cycles.** Therefore,
the construction of Co-doped SnS, nanosheets grown on flex-
ible carbon cloth (CC) will combine the virtues of different
strategies and is expected as a novel approach for further
enhancing the electrochemical properties of Sn-based anode
materials.

According to our previous paper,> the SnS,/CC anode
reveals a specific capacity of 1039.9 mA h g™* with a lower ICE
of 32.8% at 0.2 A g~'. To further improve the reversible

This journal is © The Royal Society of Chemistry 2020
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ABSTRACT

Rechargeable magnesium battery is an inexpensive, high-safety energy storage technology suitable for
large-scale applications. However, its development is still hindered by lacking high-performance cathode
materials. Herein, we present a simple one-step template-free hydrothermal method to synthesize hi-
erarchical CuS microspheres self-assembled from nanosheets as the cathode materials for rechargeable
magnesium battery. Owing to the special structure configuration, the as-synthesized CuS microspheres
can exhibit a high specific capacity of 252 mAh g~ at 100 mA g, and a reversible specific capacity of
171.2 mAh g! at 500 mA g !. Additionally, the CuS microspheres also show good rate capability with
91.7 mAh g! specific capacity at high current density of 1000 mA g-' and a long-term cycling stability
over 500 cycles. These electrochemical results indicate that the fabrication of the CuS microspheres with
hierarchical structure can provide an efficient route to develop high-performance copper sulfide cathode
materials for emerging rechargeable magnesium batteries.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

In the past few decades, the huge consumption of traditional
fossil fuels has brought about a series of global energy and envi-
ronmental issues. At present, in order to make better use of renew-
able energy, it is an urgent need for efficient and sustainable en-
ergy storage systems. As an energy storage device that is expected
to replace lithium-ion batteries, rechargeable magnesium batteries
(rMBs) have a high theoretical specific capacity (2205 mAh g1)
and volume capacity (3833 mAh cm3), and low reduction po-
tential (2.37 V vs. SHE), abundant reserves and the dendritic-free
nature of the magnesium anode [1-6]. Despite these advantages,
rechargeable magnesium batteries are still subject to some chal-
lenges. For example, divalent Mg2* ijons have a high charge den-
sity, which makes Mg?* diffusion very slow. In addition, there are
relatively few active sites suitable for Mg2* insertion in the matrix
lattice. These shortcomings make the cathode materials suitable for
rechargeable magnesium batteries very limited. At present, more
and more alternative cathode materials have been proposed, in-
cluding transition metal oxides such as TiO, [7,8], MnO, [9,10,11],
V,05 [12,13,14], and VOPOy4 [15,16], transition metal sulfides such

* Corresponding authors.
E-mail addresses: yqzhu@bit.edu.cn (Y. Zhu), chcao@bit.edu.cn (C. Cao).
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as TiS,, TipS4, CuS, and VS, [17-26], transition metal selenides such
as TiSe,, WSe,, and CuSe [27-30], polyanionic compounds MgM-
Si04 (M = Fe, Mn, Co) [31,32], Among these materials, most elec-
trode materials cannot simultaneously exhibit good cycle stabil-
ity or high specific capacity. Copper sulfide has become one of
the most attractive cathode materials due to its low cost, high
natural abundance, and large theoretical capacity (560 mAh g1)
[33-37]. The combination of the cathode and metallic magnesium
anode has the advantages of high energy storage and large-scale
application.

Recent studies have shown that CuS not only has good con-
ductivity and sufficient Mg2* insertion voids, but also the weak
interaction of Mg-S bonds, which can promote the magnesium
migration and accelerate the electrochemical reaction kinetics. In
2020, Rashadet al. used fast magnesiation kinetics to investigate
the development of electrolytes and cathode materials for magne-
sium ion batteries [38,39]. In addition, Rashad et al. also prepared
nanocomposites by coating reduced graphene oxide on the sur-
face of oxides to improve conductivity and optimize performance
as a highly efficient cathode material for magnesium ion batter-
ies [40]. The various structured CuS materials are used in mag-
nesium batteries such as one-dimensional rods and tubes [24,41],
two-dimensional sheets [42,43], and three-dimensional flowers
and balls [44,45], which show that the electrochemical properties
of CuS materials are highly depended on their morphology and
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ABSTRACT

Phase controlling in transition metal dichalcogenides has been considered as a powerful route to regulate
their chemical and electronic property for energy-related application yet is still subject to limited efficient
fabrication method. We herein report a microwave-assisted strategy to synthesize CuxS nanosheets with
tunable phases as high-performance cathode materials for rechargeable magnesium batteries. By pre-
cisely controlling the microwave irradiation time, the ultrathin two-dimensional CuxS nanosheets with
graphene-like morphologies can be selectively prepared. The electrochemical measurements show that
the specific capacities of different CuxS nanosheets strongly depend on their crystallographic structure
and comply with a decreasing tendency of Cu;7S > CuS > Cuy9S. The multiphase Cuq;S nanosheets de-
livers a capacity of 153.0 mAh g — ' at 300 mA g — !, significantly higher than that 100.8 and 84.8
mAh g — ! of CuS and Cu;oS counterparts. Moreover, Cu;;S nanosheets display an excellent rate capabil-
ity at various high current densities. Our work found that tuning the phase composition of CuxS could
improve its electrochemical performances for rechargeable magnesium batteries. In addition, we offer a
facile strategy to fabricate multiphase two-dimensional metal sulfide materials with great potential ap-
plications for energy devices.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs)
have great potential applications in electronic, optoelectronic, and
energy conversion devices owing to their distinctive chemical and
physical properties [1]. Hence, they have received increasing at-
tention recently. In addition to composition, morphology, archi-
tecture, facet, size and dimensionality, crystalline phase of TMDs
has arisen as an important structural parameter that determines
the properties and functionalities [2]. Normally, various TMDs ex-
hibit multiple phases with distinct properties. For example, Tashiro
et al. compared two kinds of nanocrystalline cubic digenite cop-
per sulfide (c-Cu,_,S) and hexagonal chalcocite copper sulfide (h-
Cu,_,S) as cathode materials for rechargeable magnesium batter-
ies (rMBs) [3]. They revealed that the rechargeable performance
was only demonstrated with the c-Cu,_,S cathode in rMBs. Simi-
lar phenomena have been found in some transition metal oxides,
such as MnO, [4,5] and TiO,_, [6]. Moreover, the packing structures
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of organic cathode materials were also studied, for instance, -
conjugated polyimide-based organic cathodes [7]. Therefore, these
materials with tunable phases synthesized by appropriate methods
would provide a useful pathway to adjust their chemical proper-
ties, which has become an important topic in 2D material research.

Compared with many other TMDs, such as MogSg [8,9], MoS,
[10], TipS4 [11], NiSx [12], VS4 [13,14], VS, [15,16], -Ag,S [17],
CoS [18,19] and CuSe [20], copper sulfides (CuxS, xx = 1-2) can
form a series of nonstoichiometric compounds, including CuS [12],
Cu;S4 [21], CugSs [22] and Cu,S [23] with crystal structures vary-
ing from orthogonal to hexagonal. To date, CuxS nanomaterials,
such as nanosheets [23,24], nanoparticles [25,26], nanoplatelets
[27], nanowires [28], nanospheres [29] and so on, have been fab-
ricated by many different synthesis methods. However, it is still
a challenge to control the phase of CuxS while keeping its mor-
phology unchanged. CuS is a very promising cathode material for
rMBs because of its high theoretical capacity (560 mAh g — 1),
environmental friendliness and low cost [30]. However, the low
solid-state MgZ* ions transport kinetics in copper sulfides remains
a major obstacle to its practical application. Hence, new strategies
are urgently demanded to effectively design CuxS cathode mate-
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Tuning Surface Electronic Structure of Two-Dimensional
Cobalt-Based Hydroxide Nanosheets for Highly Efficient

Water Oxidation

Chen Qiao,” Souleymen Rafai,”
Xilan Ma,” Pengcheng Xu,"

Highly exposing active sites and well tuning their electronic
configuration are great challenges toward highly efficient
oxygen evolution reaction (OER) catalysts. Herein, we demon-
strate an in situ surface modification strategy for o and -Co
(OH), nanosheets to boost their OER activities via a simple
substitution of their surface hydroxyl functional groups by
carboxylate or acetic anhydridate ones, respectively. This in situ
surface modification can increase the areal densities of active
sites and reduce the OER energy barriers while maintaining
initial structure and morphology. Experimental results show
that the modified catalysts can present much larger electro-

Introduction

The electrochemical water splitting stands for a promising
energy conversion and storage technology, which includes two
half-reactions: hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER).!" Their overall efficiency is particularly
hampered by the sluggish OER kinetics with four electron
transfer fairly to that of HER!? Even with the benchmarking
RuO, and IrO, OER electrocatalysts, a considerably large over-
potential is required and their scarcity further discourages their
widespread adoption. Therefore, earth abundant transition
metal (Mn, Fe, Co, and Ni) based hydroxides, oxides, carbides,
nitrides, and sulfides are widely reported as low-cost and
efficient OER electrocatalysts.” Particularly, Co-based layered
double hydroxides (LDHs) have shown considerable OER activity
due to their rich surface active sites and well-suited electronic
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chemical active surface area (ECSA) and lower OER onset
overpotential in comparison with the fresh ones. In case of
carboxylate-modified a-Co(OH), nanosheets, the onset over-
potential has decreased from 266 to 233 mV and the required
overpotential at 10 mAcm 2 has decreased from 309 to 288 mV
on glassy carbon electrode. Density of states (DOS) calculations
reveal an optimized adsorption energy of reaction intermedi-
ates. Remarkably, tuning surface electronic structure of catalyst
by appropriately choosing highly electronegative functional
groups can be considered as an efficient approach to enhance
its OER activity.

configuration.” Additionally, the unique ultrathin two-dimen-
sion (2D) nanostructure can offer large surface area, short
charge/mass diffusion paths, and abundant active sites.”

Although many efficient electrocatalysts are constantly
being discovered, their optimization and mechanism studies
have never stopped. Generally, tuning electronic structure of
catalyst has proven to be an effective way to further enhance
the OER performance through inducing oxygen and/or metal
vacancies.”” To decrease the free energy absorption of the OER
intermediates (OH*, O* and OOH*) and facilitate final product
desorption is achievable for improving the overall OER
performances.®’ Yanyong Wang etal. reported that the NiFe
LDHs-V¢, and NiFe LDHs-V\; electrocatalysts with rich iron or
nickel vacancies can show excellent OER activity, which is
attributed to efficiently tuning surface electronic structure and
increasing the adsorbing capacity of OER intermediates.””
Yunmin Zhu et al. exhibited that controlling oxygen vacancies
in PrBagsSry5Co,sFeys0s. 5 (PBSCF) can significantly improve in
OER performance. In addition, cationic metal doping® and
supported nanomaterials"” have also been widely recognized
to tune electronic structure, resulting in a synergistic effect
from metal ions and metal-support interactions. Moreover, the
catalyst surface state during OER is still a non-negligible factor
in catalyst design process. Especially, avoiding catalyst surface
poisoning caused the strong Vander Waals interactions
between surfactant/solvent molecules and active sites, and
surface wettability is considered to be an excellent solution for
enhancing the exposed active site'"" Therefore, it is an
important goal to design catalyst with high exposure active
sites and tune their electronic structures in an efficient manner
for boosting their OER activity.

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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