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Preintercalation Strategy in Manganese Oxides for
Electrochemical Energy Storage: Review and Prospects

Qinghe Zhao, Aoye Song, Shouxiang Ding, Runzhi Qin, Yanhui Cui, Shuning Li,

and Feng Pan*

Manganese oxides (MnO,) are promising cathode materials for various

kinds of battery applications, including Li-ion, Na-ion, Mg-ion, and Zn-ion
batteries, etc., due to their low-cost and high-capacity. However, the

practical application of MnO, cathodes has been restricted by some critical
issues including low electronic conductivity, low utilization of discharge
depth, sluggish diffusion kinetics, and structural instability upon cycling.
Preintercalation of ions/molecules into the crystal structure with/without
structural reconstruction provides essential optimizations to alleviate these
issues. Here, the intrinsic advantages and mechanisms of the preintercalation

the past decades, some issues of MnO,-
based cathodes still remain due to the
low electronic conductivity,!*-21 low utili-
zation of reversible discharge depth,?>23]
sluggish diffusion kinetics,?*2% and poor
structural  stability upon cycling,*’’)
which restricts their practical application
in the commercial secondary batteries.
Taking the Zn-ion batteries as example,
the MnO, cathode seriously suffer from
the above issues, especially the sluggish

strategy in enhancing electronic conductivity, activating more active sites,
promoting diffusion kinetics, and stabilizing the structural integrity of MnO,
cathode materials are summarized. The current challenges related to the
preintercalation strategy, along with prospects for the future research and
development regarding its implementation in the design of high-performance
MnO, cathodes for the next-generation batteries are also discussed.

1. Introduction

Nowadays, the renewable energy sources, such as solar, wind,
etc., have become worldwide hotspots, which call for the
research and development of high-efficiency energy storage/
conversion devices.' Up to now, the rechargeable batteries and
supercapacitors have been considered as the most promising
candidates for energy storage/conversion in electronic vehicles,
portable devices, as well as large-scale energy storage devices,>!
which convert the chemical energy into electronic energy via
shuttling ions between the cathodes and the anodes. Due to
the low-cost, high-capacity, and environmentally friendliness,
MnO,-based materials have long been investigated as cathode
materials in different kinds of batteries, including alkaline Zn/
MnO, batteries,”) Li-ion,1%" Na-ion,?l Mg-ion,3™ and Zn-ion
batteries.'>7] Besides, MnO, is also one of the most suitable
electrode material candidates due to its high theoretical pseu-
docapacitance (<1370 F g™}).8 Despite these advancements over
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Zn?* diffusion,B% and structural collapse
issue during H*/Zn?* intercalation/ extrac-
tion cycles.}133 Regarding these bottle-
necks, researchers have strived to develop
strategies that can realize optimizations
in capacity, rate, and cycling properties of
MnO, cathodes, such as surface coating,3¥
metal-doping,1* preintercalation,?® etc.
Among all the strategies, preintercala-
tion strategy provides a basic and effective
method for optimizing the structure and electrochemical per-
formance of MnO,-based cathodes.

In recent years, the preintercalation strategy has attracted
much attention as an effective approach to enhance the elec-
trochemical performance of cathode materials, including vana-
date,’”) manganese oxides,?’! layered LiCoO,,1® etc. Several
reviews and prospects have been conducted for MnO, mate-
rials. Some reviews have mentioned the electrochemical prop-
erties and correlated reaction mechanism of MnO, materials
in aqueous Zn batteries,?>3%40 and a review by Mai's group
offers insights into the rational design of preintercalation
electrodes in next-generation rechargeable batteries.**! How-
ever, a review or prospect on the application and mechanism
of the preintercalation strategy in MnO, materials for next-
generation batteries is lacking. For MnO, electrode materials,
many reports on improving the electrochemical properties
of materials by applying preintercalation strategy have been
emerged in the last 5 years (Table S1 in the Supporting Infor-
mation). The main feature of the preintercalated MnO, mate-
rials is that some ions/molecules are preintercalated into the
tunnel or interlayer hosts of MnO, materials prior to the bat-
tery cycling (or during synthesis process). These intercalated
guest species, including ions, inorganic/organic molecules,
as well as polymers, present electrostatic and physical interac-
tions with the host framework and the inserted carrier ions
via chemical bonding or coordination, presenting significant
benefiting effect on the inherent structure of hosts and the
transport kinetics of carrier ions. Generally, there are several
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approaches to achieve the preintercalated MnO,-based mate-
rials, including hydrothermal synthesis,'* calcination
treatment,! ion-exchange reaction,*! aqueous/organic
interfacial synthesis,[?*#! electrochemical reactions,”! and so
on. Given the above different synthesis reactions, the obtained
preintercalated MnO, are different, and the details of each
approaches will be described in the later section. During
charge/discharge cycles, the corresponding electrochem-
ical reaction of carrier ions (C™) in preintercalated MnO,
(AMnO,) electrodes is as follows

C,AMnO, 2 AMnO, + xC"" + xne” (1)

where C"™ (n =1, 2, 3) represents the carrier ions, and A repre-
sents the preintercalated ions/ molecules.

To clarify the benefiting effect of preintercalation strategy, a
series of concrete examples are given as below. The poor rate
performance of MnO, materials has long been an obstacle for
their intrinsically low electronic conductivity. To overcome this
obstacle, Yuan et al.?? proposed that the preintercalated K* ions
inside 2 x 2 tunnels of &-MnO, can increase the electronic con-
ductivity, and improve Li* diffusivity. The MnO, materials also
suffer from the sluggish diffusion kinetics for various kinds of
carrier ions, especially for diffusion of multivalent ions, such as
Zn**, Mg?, etc. Kang et al.*® suggested that the activation bar-
rier for Li* hopping in layered lithium transition metal oxides
is strongly affected by the value of interlayer spacing and elec-
trostatic interactions between inserted Li* ions and host anions.
Thus, expanding interlayer spacing!*>% and decreasing elec-
trostatic interactions between carrier ions and host anions via
“charge shielding” effect of crystal waterl®*? has been reported
in many literatures to promote the diffusion kinetics of carrier
ions in MnO, cathodes for various battery applications. The
tunnel/layer structure of MnO, materials will be highly dis-
torted or destructed during cycling, leading to Mn?* dissolution,
formation of the inactive spinel-type materials,*>¥ and eventu-
ally cause capacity fading. Preintercalation can greatly reduce
these capacity fading issues induced by structural instability
upon cycling, due to the reduced volumetric variation during
insertion/extraction process of the carrier ions. For instance,
the polyaniline preintercalated &MnO,,?¥ the 3D M,MnO,
(M = Li, Na, K, Co, and Mg),?"! the alkali ion intercalated com-
pounds A-M-O(A = Li, Na, K, Rb; M =V, Mo, Co, Mn),B38l the
TMAY* stabilized $MnO,,! and K* intercalated MnO,> have
been utilized as cathodes to obtain long-life reversible Li-ion,
Na-ion, K-ion, Mg-ion, and Zn-ion batteries, respectively.

The previous reports have illustrated that the preinterca-
lation strategy in MnO, cathodes benefit for the extended
cycling performance, outstanding rate properties, as well as
higher reversible capacity. However, despite these reports,
the overall mechanisms explaining how the preintercalation
strategy enhance the battery performance of MnO, cathodes
are still ambiguous. Herein, we summarize all the previously
reported preintercalation approaches, compare electrochem-
ical performance of the preintercalated MnO, cathodes versus
the corresponding pristine cathodes, and reveal the intrinsic
mechanisms of preintercalation on enhancing electronic
conductivity, activating more active sites, promoting diffusion
kinetics, and stabilizing structure integrity of MnO, cathodes to
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affect the corresponding electrochemical performance. Finally,
we also make prospects on future research and development
for designing high-performance MnO, cathodes based on the
preintercalation strategy for the next-generation batteries.

2. Synthesis Approaches for Preintercalated
MnO, Materials

As discussed above, we first introduce some normal synthesis
approaches to obtain the preintercalated MnO, materials. There
are several typical preintercalation approaches for MnO,-based
materials,”® including hydrothermal synthesis, calcination
treatment, ion-exchange reaction, aqueous/organic interfacial
reactions, electrodeposition, and so on. The hydrothermal syn-
thesis is the most common method for synthesis of preinter-
calated MnO,. Chen et al.l’’! reported that the Ce?* intercalated
o-MnO, was synthesized using a simple hydrothermal reaction
in a solution containing Ce*" ions. As a pseudocapacitive elec-
trode material, this Ce** intercalated &-MnO, presented 10-fold
higher specific capacitance compared with that of the pristine
MnO,. Lin et al.> developed a facile “hydrothermal potassia-
tion” strategy, which could effectively increase the intercalated
K* content in birnessite. First, the precursor K, sMn0O,-0.51H,0
was grown on the carbon cloth collector by hydrothermal reac-
tion at a low temperature of 120 °C. Subsequently, the “hydro-
thermal potassiation” step in KOH solution was conducted in a
higher temperature of 205 °C, and thus samples with various
intercalated K contents and crystal water could be obtained
(Figure 1a), as shown in the reaction in Equation (2)

Ko1sMn0,-0.61H,0+ xK,SO, — )
Ko18:xMnO, -yH,0 + (0.61—y) H,0+ xH,SO, +0.5x0,

where the x value varies with different hydrothermal times. The
abovementioned hydrothermal methods are very simple, effi-
cient, and suitable for large-scale synthesis, however, it is dif-
ficult to use this method to synthesize 6MnO, materials with
larger interlayer spacing (e.g., doo; > 8 A).

Calcination treatment can also be a feasible method for syn-
thesis of the preintercalated MnO, materials. Wang et al.>®
synthesized a novel K*-intercalated layered Fe/Mn-based oxide
material (Kq;FeysMn,s0,) using the calcination treatment at
high temperature of 500-1000 °C (Figure 1b). The as-prepared
Ky ,FeqsMn, 50, displayed both higher capacity and superior
cycling stability as a cathode for Na-ion batteries. The interca-
lated K* not only acts as interlayer pillars to protect the layered
structure from collapse, but also expands the interlayer struc-
ture to achieve the increased Na* diffusion coefficient. The cal-
cination treatment is advantageous to achieve perfect crystal
structure and enhance the structural stability of MnO,-based
materials. The above hydrothermal and calcination reaction is
as the the reaction in Equation (3)

0.7KNO; +0.5Fe (NO;), +0.5Mn (NO,), + H,C,0, +0.32H,0
— Ko,FeqsMns0, +2CO, +0.28N, + 2.64 HNO, 3)

However, the calcination treatment completely removes the
crystal water, making it very difficult for the insertion/extraction
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Figure 1. Various synthesis approaches of preintercalated MnO, materials. a) Structural evolutions during the “hydrothermal potassiation” reaction
process. b) Schematic illustration of the fabrication process for K*-intercalated layered Fe/Mn-based oxide materials. c) Schematic illustration of ion-
exchange process. K-birnessite is transformed to H-birnessite by reacting with (NH,),S,;0g, and then turned to TMA-birnessite by further reacting
with TMAOH solutions. d) Schematic illustration of expanded intercalated structure of polyaniline-intercalated MnO,. €) Proposed mechanism for
preintercalation of Na* ions into MnO, interlayers. a) Reproduced with permission.l Copyright 2019, Wiley-VCH. b) Reproduced with permission.r*
Copyright 2017, Elsevier. c) Reproduced with permission.l*l Copyright 2017, Elsevier. d) Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).24 Copyright 2018, The Authors, published by Springer Nature.
e) Reproduced with permission.® Copyright 2013, Springer Nature.
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of multivalent ions (i.e., Zn%", Mg?, etc.), due to the high de-
solvation energy of multivalent ions.l>!

Generally, the large-size organic ions/ molecules are difficult
to be intercalated into the interlayer space of layered MnO, via
the above two synthesis methods, thus, the ion-exchange reac-
tion and aqueous/organic interfacial reaction are applied to
overcome this obstacle. For instance, Wang el al.**! obtained
the tetramethyl ammonium (TMA®) ions intercalated layered
6MnO, via ion-exchange reaction between the H*-intercalated
layered MnO, and TMAOH, in which the neutralization reac-
tion between the intercalated H* and OH™ ions in the TMAOH
result in the preintercalation of TMA* ions into the interlayer
space of the layered MnO, (Figure 1c). The synthesis reaction is
as the reactions in Equations (4) and (5)

Ko,sMnO, +0.25H* — Hy,sMnO, +0.25K* (4)

Hy,sMnO, +0.25TMA - OH — TMA,sMnO, +0.25H,0 (5)

The TMAT" intercalated &MnO, presented an expanded
layer spacing of 0.97 nm, which greatly enhanced the diffu-
sion kinetics of hydrated Mg?t (higher rate performance).
Huang et al.’ reported a polyaniline-intercalated layered
MnO, synthesized by the aqueous/ organic interfacial reaction,
in which they conducted the chemical oxidation polymerization
of aniline and the reduction of MnO,?" at the interface of the
organic phase (i.e., CCl;-containing aniline monomer) and the
inorganic phase (i.e., KMnO, aqueous solution) to produce the
polyaniline-intercalated layered MnO, (Figure 1d). The corre-
sponding synthesis reaction is as the reaction in Equation (6)

xKMnO, (in water)+3nCsH;N in CCl, — (6)

(CsHgN),, (MnO,)_ +xKOH +xH,0

Due to the polymer-strengthened layered structure, the
phase changes are largely eliminated, leading to a long-term
stability over 5000 cycles with capacity utilization of 40%. The
above two preintercalation methods can significantly expand
the layer spacing of MnO, materials to enhance the diffusion
kinetics as well as the structural stability. However, the compli-
cated synthesis processes make it difficult to achieve large-scale
industrial production.

Furthermore, for the electrodeposition method, Mai et al.
reported that the sodium preintercalation could be carried out
by anodically galvanostatic electrodeposition in a solution con-
taining Mn (II) salts, and Na,SO, additives (Figure le). This
electrodeposition reaction is the reaction in Equation (7)

58]

Mn*" +xNa* +2H,0 — Na,MnO, +(2—x)e” +4H" )

The sodium intercalated Na,MnO, nanoflake based super-
capacitors exhibited faster ionic diffusion with enhanced redox
peaks, tenfold-higher energy densities up to 110 Wh kg, and
higher capacitances over 1000 F g! than that of the traditional
MnO, supercapacitors, indicating that preintercalation of
alkaline ions could activate more active sites for electrochemical
adsorption/desorption of carrier ions. The electrodeposition
method is simple, fast, and very suitable for the large-scale prep-
aration of preintercalated MnO,, however, the electrodeposited
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MnO, is usually amorphous, and lacks tunnels for diffusion of
carrier ions inside crystal structures of MnO, materials, which
makes it difficult to be used as cathodes in battery applications.

3. Enhancing Intrinsic Electronic/lonic
Conductivity

The intrinsic electronic/ionic conductivity of cathode materials is
usually considered as critical parameters for the electrochemical
charge storage of MnO, material, which is closely related to the
electronic structure of the materials.”” MnO, is a wide bandgap
semiconductor with low electrical conductivity.®¥l To optimize the
intrinsic conductivity of MnO,, some strategies have been devel-
oped, including transition metal-doping, defect engineering, pre-
intercalation, etc.[%-%2 Preintercalation was regarded as one of
the most effective methods to enhance the electronic/ionic con-
ductivity due to the optimized electronic structure of MnO,, and
thus consequently lead to higher electrochemical performance.

The preintercalation effect of preintercalated ions on the
conductivity of MnO, have been massively investigated,
including Na' intercalated layered MnO,,[63%5 V.intercalated
MnO, nanosheets,[®! Ce3*-intercalated MnO,,”! K* interca-
lated 0-MnO,,[7%8] Cul-intercalated birnessite MnO,,[% Zn?*
intercalated &MnO,," and Na* intercalated o~MnO,," etc.
We observe that the structural optimizations of MnO, materials
induced by preintercalation give rise to significant changes in
electronic and ionic conductivity. For instance, Young et al.l%!
revealed that the intercalated cations in &-MnO, could induce
charge-switching states by stabilizing Mn—O antibonding
orbitals from the conduction band, and thus the bandgap
between the valence and conductive bonds could be reduced to
obtain higher electronic conductivity. Ye et al.l*4 have attributed
the enhanced capacitive performances of MnO, to the improve-
ment in Na* diffusion coefficient and electrical conductivity via
preintercalated Na* ions. Thus, a specific capacitance (based
on Na*-intercalated MnO,) of 295 F g! at a current density of
1 A g”! was obtained in aqueous Na,SO, solution. Chen et al.’”]
reported the Ce*" preintercalation in &~MnO, with a 10-fold
higher specific capacitance (101 F g at 1 A g7!) than that of
the pristine MnO,. With V3* ions intercalated in 2 X 2 tunnels
of *MnO,, the Fermi energy level of o-MnO, increased, and
the bandgaps got narrowed with some impurity peaks gener-
ating within the bandgap, resulting in the improved electrical
conductivity of &-MnO, (Figure 2a,b).1 To verify the simula-
tion, the electronic conductivity of MnO, samples with different
preintercalated V contents was measured using a four-point
probe method, and Figure 2c shows the increasing electronic
conductivity with the increasing V contents. As a result, the
2D V-intercalated MnO, displayed an obviously higher spe-
cific capacitance of 439 F g™! at a current density of 0.5 A g™
(Figure 2d).

For K* intercalated o-MnO,, the effect of K* on electronic
and ionic conductivities of o-MnO, have been studied using
DFT calculations by Yuan et al.?2. They found that a newly
formed occupied state appeared inside the bandgap of the orig-
inal 0-MnO,, indicating a mixed Mn** and Mn?*" in K, ,5MnO,,
and thus the electronic conductivity of o-MnO, was effec-
tively enhanced via electron hopping between Mn*/Mn3*.
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Figure 2. Promoting effect preintercalated cations on intrinsic conductivity of tunneled 0-MnO,. a) Crystal structures and b) density of states (DOS)
of the pristine and V intercalated &-MnO,, and c,d) corresponding specific conductance (c) and specific capacitance (d) of samples. e) Calculated
DOS near the Fermi level region of Ky ,sMnO, and pure MnOy; f) conductance of a-MnO, nanowires with different K* concentrations; and g) effect of
K* concentration on rate performance of 0-MnO, nanowires as the cathode of a lithium-ion battery. a—d) Reproduced with permission.®l Copyright
2015. Royal Society of Chemistry. e-g) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://
creativecommons.org/licenses/by/4.0).122l Copyright 2016, The Authors, published by Springer Nature.

The electronic conductivity was dramatically improved by the
preintercalated K* (Figure 2e,f), which was beneficial for ionic
conductivity of Li* in the tunnels with the presence of K*. As
a result, Ky,sMnO, showed higher capacity delivery as well
as more superior rate performance than that of pure MnO,
(Figure 2g). Xu et al.”!l reported similar results in Na* interca-
lated 0+MnO,, which also presented enhanced electronic con-
ductivity through the electron hopping between Mn**/Mn*'
induced by the preintercalated Na* ion. However, it doesn’t
mean that the more K* intercalated, the better the ionic con-
ductivity of &-MnO, is. Poyraz et al.”! indicated that the pres-
ence of excess K* in 2 x 2 tunnels of o+MnO, may impede the
Li* diffusion, and samples with lower K* content in the initial
structure yielded higher specific capacity and improved capacity
retention during cycling.

Besides, this preintercalation strategy on enhancing elec-
tronic conductivity can also be applied on the layered MnO,. A
very special Cu® coexisted with Cu?* in the layered Cu-6-MnO,
material was successfully synthesized (Figure 3a) by Li et al.l*%,
in which the presence of a small amount of Cu’ (1dent1ﬁed
by XPS method in Figure 3b) improved the conductivity of
&MnO,, leading to a low charge transfer resistance and higher

* diffusion kinetics, and thus resulted in better rate perfor-
mances (Figure 3c). The existence of the free electron Cu®
acts as electron donors to change the electronic structure of
MnO, for a better conductivity, similar to the result reported
by Kang et al’Z. Radhamani et al.’® synthesized various
kinds of Zn?" preintercalated &MnO, samples (Figure 3d),
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and revealed that &MnO, with 1% preintercalated Zn?* ions
(1Zn-MnO,) presented the lowest bandgap of =2.2 eV, which
was much lower than that of pure 64MnO, (=2.8 eV), indi-
cating an increased electronic conductivity (Figure 3e). Thus,
1Zn-6MnO, displayed the highest capacitance, as well as
highest rate performance (Figure 3f). Xia et al.l®] reported that
the bandgap of monoclinic Na*-#MnO, presented a low value
of =1.25 eV, indicating an excellent electronic conductivity of
this material. They also introduced oxygen vacancies (=4.0 at%)
into the lattice of Na*-MnO, via annealing in Ar atmosphere,
as a result, further enhancement on the electronic conductivity
of NaMnO, was achieved (Figure 3g,h).

In summary, the preintercalation effect on enhancing elec-
tronic/ionic conductivity of MnO, materials can be summa-
rized as follows: i) the preintercalation of cations can increase
the Fermi energy level, and decrease the bandgap of o-MnO,,
thus improving the electrical conductivity; ii) the enhanced elec-
tronic conductivity of MnO, is mainly attributed to the electron
hopping between Mn**/Mn*" induced by K*/Na* preintercala-
tion; iii) there exist an optimum concentration of the preinterca-
lated cations for enhancing conductivity of MnO,; iv) preinter-
calation of cations expands the tunnel/layer size, which facili-
tate the ionic conductivity of MnO,; v) further enhancement on
conductivity of MnO, can be achieved by introducing oxygen
defects accompanied by the preintercalation of cations; vi)
the intercalated free electron metal atoms act as electron
donator to change electronic structure of MnO, materials for
better electronic conductivity.
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Figure 3. Promoting effect of the preintercalation strategy on intrinsic conductivity of layered MnO,. a) XRD patterns of Cu-Bir-I, Cu-Bir-Il, and Na-Bir (where
Cu-Bir-l = Cu® 03Cu?*; ,1Nag1;Mn0,:0.9H,0, Cu-Bir-Il = Cug,6MnO,:1.0H,0; and Na-Bir = Nay 4MnO,-0.9H,0); b) XPS analysis of Cu 2p spectrums for
Cu-Bir-I and Cu-Bir-Il samples; and c) corresponding comparison of rate performances. d) XRD patterns and e) plots of [F(R)hV{? versus hv for pristine and
Zn*-intercalated 8MnO, cathodes, giving the bandgap values; ) corresponding comparison of rate performances. g) Schematic illustration of generation
of &Na*-6-MnO, with oxygen vacancies, and h) calculated DOS of 0-NaMnO, and a-NaMnO,_s with 4% oxygen vacancies. a—c) Reproduced with permis-
sion [’ Copyright 2017, IOP Science. d—f) Reproduced with permission.”%l Copyright 2018, Elsevier. g,h) Reproduced under the terms of the CC-BY Creative
Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).15% Copyright 2018, The Authors, published by Springer Nature.

4. Activating More Active Sites for Charge Storage

MnO, materials have been widely investigated as cathode mate-
rials in batteries and supercapacitors. By reviewing literatures,
we conclude that the preintercalation can effectively increase
the density of electrochemical “active sites” for charge storage
of MnO,, thus, it can increase the capacity/capacitance of bat-
teries/ supercapacitors. This “active sites” is a collective name of
electrochemical active binding sites for both the charge diffusion
and storage in batteries and redox/insertion-type pseudocapaci-
tance in supercapacitors. When used as cathodes in batteries,
the preintercalation helps the carrier ions to diffuse deeper
(mainly via decreasing energy barrier for diffusion of charge
ions) into the lattice structure of MnO, electrodes and activates
more active sites, especially under high-rate currents.’>’* For
example, the intercalated K* could promote the Li* diffusion in

2 x 2 tunnels of o-MnO, to occupy more active sites (forming
Mn—O-Li bonds), which contributed to the superior rate per-
formance;?? Liu et al.?3l reported that the K* in a~-MnO, facili-
tates the H*/Zn?* diffusion and subsequent chemical binding
with more active sites (forming Mn—O—H/Zn bonds) in MnO,
in a mild aqueous media. As a result, the K;oMnO, cathode
exhibited a high capacity of 113 mA h g™ at 20 C, while the
Kog7MnO, cathode only showed a capacity of 12 mA h g! at the
same current density. Also, the intercalated Mg?* ions in MnO,
increased the corresponding Mg?* diffusion coefficient, leading
to a higher capacity delivery of the MnO, cathodes,”? the as-
prepared Mg; ;MnOy,-4.5H,0 cathode achieved a high capacity
of 248.8 mAh g! at 10 mA g% This increased density of active
sites for MnO, cathode in batteries (i.e., high capacity) is mainly
attributed to the promoted diffusion kinetics from preintercala-
tion, which will be discussed in the later section.

Adv. Mater. 2020, 32, 2002450 2002450 (6 of 25) © 2020 Wiley-VCH GmbH
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Figure 4. Effect of preintercalated cations on redox-type pseudocapacitance of MnO,. a) Schematic illustration of the redox/insertion pseudocapaci-
tance. b) Peak current versus the square root of the scan rate for Na*-inserted birnessite-MnO, and c) corresponding charge—discharge profile of
samples at 0.3 A g7'. d) Comparison of SEM morphologies of the Co?*-, Ni?*-, and Pb?*-intercalated MnO,. e) The structural reconstruction process
of Na* inserting into MnO, during electrochemical cycling. a) Reproduced with permission.*l Copyright 2014, Royal Society of Chemistry. b,c) Repro-
duced with permission.®l Copyright 2015, Royal Society of Chemistry. d) Reproduced with permission.?% Copyright 2010. The Electrochemical Society,
published by IOP Science. e) Reproduced with permission.®% Copyright 2019, Elsevier.

When used as cathode in supercapacitors, the preintercalation
in MnO, can improve the active sites to achieve higher redox/
insertion-type pseudocapacitance. The redox pseudocapacitance
occurs when ions are electrochemically adsorbed onto the surface/
near-surface of a cathode material (e.g., RuO,) with a concomi-
tant faradaic charge-transfer,”>’% while the insertion pseudoca-
pacitance occurs when ions intercalate into the tunnels or layers
of a redox-active material (e.g., Nb,Os) accompanied by a faradaic
charge-transfer without phase transformation (Figure 4a)./778l
Generally, the preintercalation of ions/ molecules in MnO,
materials can simultaneously improve the redox-type and
insertion-type pseudocapacitance.’’’?) The enhanced redox-
type pseudocapacitance by preintercalation is mainly attributed
to the increase of BET surface area and controlling morpholo-
gies of MnO,, which result in higher density of active sites on
surface of the poorly crystallized MnO,.””#) For example, Chen
et al.’”] reported that Ce** intercalated o-MnO, presented much
higher BET surface area, which provided more surface active
sites to increase redox-type pseudocapacitance; Radhiyah et al.>®!
reported that the Na* preintercalated 4MnO, showed the dou-
bling of the specific capacitance due to the enhanced BET sur-
face area (Figure 4b), as a result, the Na* preintercalated 8MnO,
presented nearly double of the specific capacitance comparing
with that of pure 8MnO, (Figure 4c); Inoue et al.?% revealed that
the Co?*, Ni%*, and Pb?* preintercalated MnO, materials during
electrochemical cycling presented remarkably increased specific
capacitances, with drastic morphology changes occurring from
multilayers lying parallel to the substrate to aligning vertically

Adv. Mater. 2020, 32, 2002450
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(Figure 4d), and thus gained much higher amount of active
sites responsible for the enhanced capacitance; Sun et al.® also
reported that the intercalation of electrolyte ions (Na*) into MnO,
during electrochemical cycling caused significant changes of
morphologies (Figure 4e), as well as the increased capacitance.
Preintercalation can also effectively improve the insertion-
type pseudocapacitance of MnO, materials, mainly attributing to
increased exposure of active sites by the expanding the interlayer
spacing or reducing the crystallinity. For instance, Zhao et al.*!
reported that the enhanced insertion-type pseudocapacitance could
be obtained by enlarging interlayer spacing of #MnO, through
a controllable preintercalation of K*, TMA*, and H* cations. An
impressively high specific capacitance of 580.05 F g was achieved
for TMA*/ H* = 1000 sample at current density of 2 A g7}, which
was much higher than that of K-birnessite, H-birnessite, TMA*/
H* = 800 (352.8, 414.9, 49725 F g7), indicating the critical role
of preintercalation strategy on enhancing intercalation-type
pseudocapacitance of layered &MnO,. Jabeen et al®U revealed
that the preintercalated K* in &+MnO, could be replaced by Na*,
resulting in significantly improved insertion-type pseudocapaci-
tance (Figure 5a), i.e., higher amount of active sites was exposed
inside 2 x 2 tunnels of -MnO, due to the preintercalated K* ions.
They also pointed out that the occurrence of Mn** ions induced by
the preintercalated ions in 0+-MnO, was responsible for the addi-
tional active sites, associating with the Mn**/Mn* redox couple.
The K,MnO, electrode showed a high specific capacitance of
260 F g™ at current density of 1 A g™, which was obviously higher
than that of the K*-free MnO, electrode (184 F g7!). Lin et al.;283]

© 2020 Wiley-VCH GmbH
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Figure 5. Enhancing effect of preintercalation on insertion-type pseudocapacitance. a) Schematic illustration for the electrochemical reaction process of the
KMnO, electrode and proposed charge-storage mechanisms for M,MnO, and MnO,. b) Schematic charging/discharging processes for MnO, and Na,MnO,
with reduced crystallinity. c) Specific capacitance as a function of current density in different electrolytes. a) Reproduced with permission.®!l Copyright 2016,
American Chemical Society. b) Reproduced with permission.®¥l Copyright 2018, Elsevier. c) Reproduced with permission.®l Copyright 2018, Wiley-VCH.

investigated the Na*/K* preintercalated &-phase MnO, as positive
electrodes in asymmetric supercapacitors, they found that the
crystallinity of MnO, materials was significantly reduced by the
preintercalation of Na*/K* into its layered structure (Figure 5b),
which benefited to the Na*/K* diffusion into/out the interlayer
structure, leading to effective utilization of the active sites inside
the crystal structure of MnO, cathode. Besides, the preintercala-
tion effect is also significantly affected by the electrolyte compo-
sitions. Chen et al.®¥ investigated the capacitive characteristics
of Naj 3K 03MnO; 57 and K;,0MnO, 54 in aqueous neutral electro-
lytes containing various cations, and revealed that the capacitive
responses of both oxides are significantly affected by the electrolyte
ions because of the influences of conductivity, pH, charge-to-mass
ratio, ionic radius, primary and secondary hydrated radii, as well
as hydration ratio. Zhang et al.®] reported a Nag 5sMn,04-1.5H,0
(NMO) cathode which presented much higher specific capacitance
in NaOH electrolytes (358 F g at 1 A g!) than that in Na,SO,
electrolyte (119 F gt at 1 A g™Y) (Figure 5c).

Based on the above results, preintercalation can activate
more active sites for the charge storage (or expand the charge/
discharge depth) of MnO, materials, and the correlated rea-
sons are summarized as follows: i) when used as cathode in
batteries, the preintercalation helps the carrier ions to dif-
fuse deeper via decreasing diffusion energy barrier inside the

Adv. Mater. 2020, 32, 2002450
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interlayers/tunnels of the MnO,, and supplies more binding
sites for carrier ions; ii) when used as cathodes in superca-
pacitors, preintercalation can activate more active sites for both
redox and insertion-type pseudocapacitances; iii) the enhanced
redox-type pseudocapacitance by preintercalation is mainly
attributed to the increase of BET surface area and controlling
morphology of MnO, materials; iv) the improved insertion-type
pseudocapacitance of MnO, is mainly due to the expansion
of the interlayer spacing or reducing the crystallinity, which
increased the amount of active sites. Hence, the preintercala-
tion is suggested to be an effective way to provide additional
active sites to accept cations for MnO,-based electrodes, no
matter in batteries or supercapacitors applications, and this
enhancing effect is a combined effect of tuning conductivity,
diffusion coefficient, phase structure, as well as micro-mor-
phology of MnO,.

5. Promoting Diffusion Kinetics

5.1. Strategies Promoting Intrinsic Diffusion Kinetics of MnO,

The ionic diffusion kinetics is a key factor for rechargeable MnO,
cathodes. It is well known that the diffusion kinetics of the

© 2020 Wiley-VCH GmbH
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carrier M™ ions (M™ = H*, Li*, Na*, Zn%*", Mg?", etc.) in MnO,
electrodes is determined by many factors, including carrier ion
species, crystalline structure, vacancy concentration, as well as
the phase transformation during cycling.*>%”] Despite these com-
plicated factors, the diffusion of carrier ions is mainly dominated
by the value of the electrostatic repulsion (f) between the carrier
ions and anion framework of MnO,. Generally, the fis linearly
variated with the value of 1/(g7,?), where ¢ is the permittivity,
and the r, is the distance between the inserted carrier ion and the
neighboring oxygen ions of host framework.[®¥ Thus, there exist
two effective routes enhancing the intrinsic diffusion kinetics
of MnO,: i) reducing effective charge of carrier ions via charge
shielding effect of crystal water; ii) expanding interlayer spacing
to achieve higher r), decreasing the electrostatic repulsion
between carrier ions and host framework and thus enhancing
diffusion. Preintercalation of crystal H,O, ions, and other organic
species provides an ideal path to reduce effective charge of carrier
ions, or to expand the interlayer spacing or tunnel size of MnO,
materials, or to achieve both of the above two aspects.

5.2. Charge Shielding Effect of Crystal Water

To reduce the electrostatic interaction of the carrier ions and
anion framework, structural water was introduced to partially
shield the charge of monovalent ions (e.g., Li*, Na¥, etc.) or
multivalent ions (e.g., Mg?", Zn?") when they diffuse through
the layered or tunnel structure of MnO, materials. An ideal
explanation for the charge shielding effect of crystalline water
was proposed by Frey et al.l’. They found that the strong

www.advmat.de

electrostatic interaction (via Bader charge analysis) between
the dipolar water molecule and the positively charged Na* ions
inside a 2 x 3-MnO, tunnel structure (Nay,MnO,-0.2H,0)
(Figure 6a) led to a partial negative charge of =0.6 e~ localized
on the oxygen atom in the water molecule, and thus reduced
the “effective charge” of Na*, resulting in the decreased electro-
static bond strength. DFT results presented that the discharge
insertion potential for one water and two Na' ions (2.97 V vs
Na/Na*) were higher than the case of no water and two Na*
ions (2.76 V vs Na/Na*), which demonstrated the crucial role
of crystal water on facilitating the Na* diffusion in tunnels of
MnO,. Meanwhile, DFT results also indicated that a —0.25 V
penalty was introduced by the ion-lattice interaction induced
lattice strain, while a 0.50 V increase resulted from a hydrogen-
bonding-like interaction between crystal water and Na' ions,
thus, a 0.25 V increase in the insertion voltage after hydration
was obtained (Figure 6b), which was in good agreement with
the experimental results. Furthermore, Nam et al.’ reported the
Na* insertion/extraction behavior in a Na* and H,0 coint-
ercalated layered framework (Nay7»MnO,-0.25H,0), where
the crystal H,O substantially improved the Na* diffusion in
both the host lattice and at the electrode-electrolyte interface
(Figure 6¢). They also revealed that the impedance measured
with Nag;MnO,-0.25H,0 (i.e., 613 Q cm? for 1st semicircle of
EIS) was by orders of magnitude lower compared to that of the
heat-treated Nay;;MnO, (i.e., 154 680 Q cm? for 1st semicircle of
EIS) (Figure 6d), which was attributed to charge shielding effect
of crystal water in the host structure, as well as the expanded
interlayer spacing. The crystal water facilitated Na* transport
by compensation for the loss of the solvation shell of Na*

a AG = AGjonjatice + BGjon-water = -0.25 €V
° Mn
@0
O H
Na
AGgn-janice = 0.25 eV AGigparer = =0.50 eV
d -5 e 4.0
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Figure 6. Charge-shielding effect of crystal water. a) The electrostatic interaction between positively charged Na* ions and the dipolar water molecule,
and b) the charge density after hydration, where the Na*—water interaction results in a contribution of =—0.50 eV to the Gibbs free energy and strain
effects induce an energy penalty of =0.25 eV, resulting in a total change in the Gibbs free energy upon hydration of =~0.25 eV. c) Crystal structures of
Na-Bir with charge shielding effect to promote the diffusion of Na* ions, d) comparison of EIS plots of Na-Bir electrodes with/without crystal water, and
e) enhanced diffusion kinetics of Na* ions of Na-Bir with crystal water. a,b) Reproduced with permission.’2 Copyright 2018, Royal Society of Chemistry.
c—e) Reproduced with permission.l’!l Copyright 2015, American Chemical Society.
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ions in the transfer from the solution to the solid phases, as a
result, the diffusion coefficient (Dy,,) of Nay7»MnO,-0.25H,0
(9.06 x 1072 cm? s7!) was much higher than that of the heat-
treated Nag;MnO, (798 x 10 cm? s7Y) (Figure 6e). Thus, by
applying the charge shielding effect of crystal water, the diffusion
kinetics of Na* can be enhanced for improved electrochemical
rate performance in Na-ion batteries. This principle can also be
applied to the use of manganese oxides in batteries based on other
monovalent carrier ions, such as Li-ion,8% and K-ion batteries.["!

The charge shielding effect of crystal water is more favorable
for the charge storage and transport of multivalent ions (e.g.,
Mg?*, Zn?") for MnO, cathode. Due to the strong electrostatic
repulsion between the Mg?*/Zn?" ions and the host frame-
works cathodes, the sluggish diffusion kinetics of Mg?*/
Zn?* ions in various cathode materials remains a bottleneck
for developing high-performance Mg/Zn-ion batteries.'3!
In addition to reducing the particle size of cathode materials
to decrease the diffusion length of ions, utilizing the charge
shielding of crystal water in electrolyte or in interlayer space
provides a good way to reduce this electrostatic resistance to
obtain higher diffusion kinetics.®? Levi et al.’!l first proposed
(in 2010) that a hybrid preintercalation compounds containing
crystal H,O or other additional anion groups could presum-
ably screen the charge of the inserted Mg?" cations. Mais
groupl®4 reported the charge shielding effect of crystal water
on enhancing diffusion kinetics of Mg?" ions in Mng4V,05
1.17H,0 and Mg;3V,0s 1.1H,0 cathodes. Multiple kinds
of MnO, containing crystal H,O have been investigated as
cathode materials for Mg?* insertion/extraction, including
a-MnO,,*#] %MnO0,,1! 3MnO0,,*l 1-MnO,,1/l todorokite-type

www.advmat.de

MnO,,"® and so on. Song et al.’! reported that MnO, electrode
could be “activated” for Mg?* insertion/extraction by cycling in
water containing electrolyte even with the absence of crystal
H,0, i.e., after the electrochemically preintercalating crystal
H,0, the MnO, electrode showed an initial capacity of
120 mA h g (@0.4 C) in dry Mg electrolyte, which was com-
parable to that in aqueous solution. Nam et al.’®l adopt an
unconventional approach of engaging crystal water in the lay-
ered structure of &MnO,. They confirmed the crucial role of
crystal H,O by directly visualizing its presence and dynamic
rearrangement using STEM, and revealed that the crystal
H,0 could effectively screen electrostatic interactions between
inserted Mg?" and the host anions, and led to a high capacity
delivery of 231.1 mAh g™ at 100 mA g and a superior rate
performance with a capacity retention of 48.6% at 2000 mA g™
(Figure 7a,b). In contrast, the heat-treated Mg-6MnO, (the
crystal H,O is removed) exhibited larger overpotentials, smaller
capacities, and inferior cycling performance, which could all be
attributed to the decreased diffusion kinetics of Mg?" ions after
the removal of the crystal H,O. Besides, they also added various
amounts of H,O to the nonaqueous electrolytes, and found that
the hydrated Mg?* ions were easily inserted into the hosts while
retaining the hydration to a large extent, and thus decreased
the de-solvation energy penalty as well as the coulombic repul-
sion at the host interface. In addition to the shielding provided
by the crystal H,0, the hydration of Mg?* ions would allow for
continuous shielding against the host even after insertion.
Similarly, the charge shielding effect of crystal H,0 to
screen the electrostatic interactions between Zn?" ions and the
host framework has also been widely reported for the layered
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Figure 7. a) lllustration of insertion of hydrated Mg?" in a Mg-Bir cathode and Mg/Mn mixing during discharge process, and b) corresponding rate per-
formance. c) Oxidation state of Zn center as a function of the number of coordinate water molecules, d) the Zn-ion migration barriers in the cw-MnO,,
and dehydrated MnO, cathodes, and e) corresponding rate performance of cw-MnO,. a,b) Reproduced with permission.®8l Copyright 2015, American
Chemical Society. c—e) Reproduced with permission.l®l Copyright 2019, Royal Society of Chemistry.
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vanadium oxide cathodes, including Zn,,5V,0s-nH,0 nano-
belts,% Cog,47V,05-0.94H,0 nanowires,!'®! V,05-nH,0,1%%
bilayer V,05-nH,0,® and so on. However, the charge
shielding effect of crystal H,O for layered MnO, cathodes is
relatively less reported. In fact, the crystal H,O in tunnels or
interlayers of MnO, materials can also facilitate the Zn?" diffu-
sion utilizing the charge shielding effect. Lee et al.'%! reported
that the crystal H,O in large 3 X 3 tunnels of todorokite MnO,
could reduce the electrostatic interaction between the inserted
Zn’* ions and MnO, framework, thus ensured faster Zn?* dif-
fusion in aqueous Zn batteries. When used as cathodes for
aqueous zinc ion batteries, the 6MnO, without crystal H,0
only exhibited a low capacity of 133 mAh g™ at a current den-
sity of 100 mA g7, indicating an insufficient Zn?" insertion
upon discharge.% With crystal H,O (10 wt%), the hydrated
&MnO, exhibited a high reversible capacity of 350 mAh g' at
100 mA g7!, along with excellent cycling and rate properties, as
reported by Nam et al.??l DFT calculations illustrated that the
charge transfer from the coordinated H,0 to Zn?' center was
estimated to be =0.25 electrons when the coordination number
of H,O varied among 4-6 (Figure 7c), thus the effective charge
of Zn?* was reduced to achieve lower electrostatic repulsions
on Zn?" ion by shielding its positive charge. The Zn migration
barrier in this hydrated 4MnO, was about 0.32 eV, which was
substantially lower than that of the dehydrated case (1.03 eV),
as shown in Figure 7d, supporting the facile migration of Zn?*
ions in the hydrated 6MnO,. Due to the charge shielding effect
of H,0 and the expanded interlayer spacing, the 4MnO, con-
taining =10 wt% of crystal H,0 (150.0 mA h g @ 3 A g7,
Figure 7e) presented much higher rate property than that of the
heat-treated 8MnO, 240 mAh g @ 3 A g™)).

5.3. Expanding Interlayer Spacing

In addition to the charge shielding effect of crystal H,O,
expanding interlayer spacing (or size of tunnels) has also been
applied to facilitate diffusion kinetics of carrier ions.?**¥ For
various kinds of cathode materials, including V,05, MnO,, etc.,
larger diffusion tunnels induced by preintercalation of cations
and molecules benefit a lot to achieve higher diffusion kinetics
of carrier ions.”38 For MnO, materials based on the mono-
valent ions (Li*, Na*, K*, etc.), it is reported that the Dy;, values for
a-MnO, with preintercalated K* ions vary from 1 x 1070 cm? s7!
at fully charged state to 2 x 10 cm? s7! at fully discharged
state,'”! while for the todorokite-type MnO,, the Dy;, values is
=1 x 107 cm? s7! at fully charged state, and 3 x 107° cm? s at
fully discharged state.'% Yuan et al.??l reported that the Dy;, of
0Ky sMnO; (1.91 X 1072 cm? s7!) was several orders of magni-
tude higher than that of pure &-MnO, (2.82 x 107 cm? s77),
mainly due to the expanded diffusion tunnel size and increased
electronic conductivity via preintercalated K* ions. For the
diffusion kinetics of Na* ions, Li et al.'’ reported that the
crystal water containing Na-birnessite with an enlarged inter-
layer distance of 715 A exhibited higher diffusion rate of Na*
in the crystal structure and at the electrode/electrolyte inter-
face, comparing with that of the o-NaMnO, (5.26 A). Zhao
et al.l®! developed an effective strategy to synthesize the layered
MnO, with enlarged interlayer spacing through a controllable
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preintercalation of K*, HY¥, TMA*/H* and TMA" cations for
electrochemical Na* storage (Figure 8a). The &MnO, electrode
with TMA*/H* = 1000 showed the highest Na* storage ability
and rate performance (Figure 8b), mainly due to the expan-
sion of interlayer spacing caused by TMAY intercalation, which
weakened electrostatic interaction, and facilitated the Na* diffu-
sion. The authors use the Warburg resistance (Z,) to correlate
the diffusion of Na* ions, and TMA*/H* = 1000 preintercalated
6MnO, shows much sharper Warburg plot than that of K* and
H* preintercalated &MnO,, indicating faster diffusion of Na*
ions (Figure 8c). Similarly, Zhang et al.® reported that the pre-
intercalated Na* ions could increase the interlayer spacing and
thus promoted the diffusion of Na* ions within the layers.

However, the diffusion of carrier ions was influenced by both
the size and valence of the preintercalated cations and their elec-
trostatic reaction with the carrier ions. Lu et al. investigated the
effect of intercalated cation species (e.g., Li*, Na*, K¥, Co?*, and
Mg?") on Li* and Na* storage of layered MnO, materials.?l The
specific capacities of Li-MnO,, Na-MnO,, K-MnO,, Mg-MnO,,
and Co-MnO, were about =118, =137, =155, =97, and =87 mAh g™
for Li* storage and =75, =145, =113, =65, and =46 mAh g~! for Na*
storage, and thus clearly showing cation-dependent diffusion
kinetics. Although the Mg-MnO, and Co-MnO, had larger inter-
layer spacing, they delivered lower capacities for both Li* and Na*
storage due to the enlarged diffusion barriers. Thus, for 8MnO,
pillared by monovalent cations, the diffusion was enhanced
by the expansion of the interlayer spacing, while for &MnO,
pillared by divalent cations, the diffusion was influenced by both
the interlayer spacing and the potential electrostatic repulsion
forces between preintercalated cations and carrier ions. Simul-
taneously, the amount of intercalated cations in layered MnO,
also affected the diffusion of carrier ions. Cao et al.'%l reported
that the amount of preintercalated K* could be adjusted by
changing the amount of KMnO, (from 3 to 7 mmol) in synthesis
process (Figure 8d). On one hand, introducing K* into MnO,
structure resulted in an expansion of interlayer spacing, which
enhanced the K* diffusion in MnO, with Dy, increasing from
2.66 x 107 cm? s7! (Ko 14MnO,) to 8.92 x 10~ cm? s7! (Ky 1oMnO,);
on the other hand, once the amount of preintercalated K* reached
a turning point, the interlayer spacing of K-MnO, stopped
increasing, and the excessive preintercalated K* would produce
repulsive interaction with the inserted K* to depress its diffu-
sion with Dy, decreasing from 8.92 x 10~ cm? s (K 10MnO,) to
6.02 X 107 cm? 57! (K, 21sMnO,) (Figure 8e,f).

Developing MnO, materials with greater interlayer spacing
can be an effective strategy to resolve the issue of sluggish
insertion and diffusion kinetics of the divalent Zn?*/Mg?* ions
in MnO, host structures. Intercalation of some organic species
(e.g., TMA, polyaniline) provides an effective method to fabri-
cate outstanding active cathode materials. Wang et al. studied
the Mg?* storage ability of layered $MnO, by altering the orig-
inal intercalated ions.*”! When the intercalated ions changed
from K* to TMA*, the (001) peak showed a 2theta shift from
5.67° to 4.37°, corresponding to an increase of interlayer spacing
from 0.70 to 0.97 nm, which enabled easier diffusion of hydrated
Mg?* ions (Figure 9a,b). Also, the preintercalated TMA* ions
in layered MnO, tends to be stable even after repeated inser-
tion/ extraction of the hydrated Mg?*. As a result, the specific
capacities nearly doubled from 58.6 to 110.9 mAh g7, and the
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Figure 8. Enhanced diffusion kinetics of monovalent ions in MnO, due to the expanded interlayer spacing. a) The diffraction peaks of TMA-&MnO,,
H-6-MnO,, and K-&-MnO,, respectively, b) specific capacitance at different current density, and c) EIS plots before cycling (solid symbols) and after

charge/discharge for 10 000 cycles (empty symbols) for different samples. d)

Schematic illustration of charge processes of &MnO,, &Ky19MnO,, and

&Ko 21sMnO,, e) specific capacitance versus scan rate for samples with different amount of preintercalated K* ions, and f) diffusion coefficient of

K ions in each sample. a—c) Reproduced with permission.[*) Copyright 2017,

rate capability was also significantly improved (Figure 9c,d).
In most cases, the preintercalated tetraalkylammonium cat-
ions can remain stable in the interlayer of manganese oxides
during cycling. However, there also has some exceptions, for
instance, Nakayama et al.%! reported that when cycling in a
KClI solution, the preintercalated tetraethylammonium (TEAY)

Adv. Mater. 2020, 32, 2002450 2002450 (1

Elsevier. d—f) Reproduced with permission.%®l Copyright 3027, Elsevier.

ions between the Mn oxide layers of birnessite-type MnO, are
rapidly replaced with K* in solution by ion exchange, accompa-
nying a shrinkage of the interlayer.

Xia’s groupl®!l reported the design of a polyaniline-interca-
lated layered MnO, (with an expanded interlayer space of =10 A)
to promote the Zn?* diffusion in an aqueous Zn ion battery. Due
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Figure 9. Expanding interlayer spacing of MnO, to enhance the diffusion kinetics of Mg?*/Zn?" ions. a) XRD patterns of the synthesized K-MnO,,
H-MnO,, and TMA-MnO, powders; b—d) schematic diagrams of their interlayer spacing (b), capacity delivery (c), and rate performances (d) of the
K-MnO,, H-MnO,, and TMA-MnO, cathodes. e) XRD patterns of &MnO, (MO) and La3* preintercalated &MnO, (LMO), and f,g) corresponding rate

performances (f) and EIS plots (g) indicating an enhanced diffusion kinetics of Zn?"

jons due to La* preintercalation. a—d) Reproduced with permis-

sion.[] Copyright 2019, Elsevier. e-g) Reproduced with permission.[?’l Copyright 2019, Royal Society of Chemistry.

to the polyaniline-intercalated layer-structure, the cathode still
could deliver a capacity of 110 mAh g even at the high current
density of 3000 mA g}, indicating a high diffusion kinetics of
hybrid H*/Zn?" ions. Lee et al.%] reported that due to the large
3 x 3 tunnels, the todorokite-type MnO, showed faster Zn?* dif-
fusion as cathode for aqueous Zn-ion batteries, comparing with
that of the 0-MnO, with 2 x 2 tunnels. Zhang et al.'% reported

Adv. Mater. 2020, 32, 2002450 2002450

a facile phosphorization process for introducing oxygen defects
into phosphate ions intercalated 6MnO, (P-MnO,) as cathode
for aqueous Zn-ion batteries, in which the oxygen defects could
increase the electronic conductivity of #MnO,, and the interca-
lated phosphate ions was able to expand the interlayer spacing
to accelerate the diffusion of H*/Zn?!. Due to the increased
electronic conductivity and enlarged interlayer spacing, the
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phosphate preintercalated dMnO, demonstrated the greatly
reduced Warburg resistance and promoted ionic diffusion
comparing with that of the pristine &MnO,. The P-MnO,
showed a high rate performance of 151 mAh gt at 10 A g! (=30
C), which was much higher than that of pure &MnO,. Further-
more, Lu's group®’! revealed that the layer thickness of La**
preintercalated &MnO, (La-&MnO,) calculated from the angle
value of (001) plane increased from 6.9 A to 76 A (Figure 9e),
mainly due to the introduction of La**, which reduced the resist-
ance of Zn?* (de)insertion, then further improved the Zn?* dif-
fusion kinetics and storage ability. Thus, the La-MnO, cathode
showed more superior rate performance with a remarkable
capacity retention of 121.8 mAh g™ at 1600 mA g!, comparing
with the ultralow capacity retention of 3.4 mAh g~ at 1600 mA g™
for the pristine &MnO, (Figure 9fg).

In summary, in this section, we conclude two effective pre-
intercalation strategies to promote the intrinsic diffusion kinetics
of MnO, materials, i.e., reducing effective charge of carrier ions
via charge shielding effect of crystal water, and expanding inter-
layer spacing to decrease the electrostatic repulsion between
carrier ions and host framework of MnO, materials. The charge
shielding effect of crystal water is mainly attributed to the
hydrogen-bonding-like interaction between crystal water and car-
rier ions, as identified by several DFT calculations. This charge
shielding effect of crystal water is vital for the feasible storage
and transport of carrier ions in MnO, cathodes, e.g., Li*, Na®,
Zn*, Mg?*, etc. With crystal water inside MnO, materials, the
migration barrier of Zn?*/Mg?* ions are much lower than that of
the MnO, without crystal water. In addition to charge shielding
effect of crystal water, expanding interlayer spacing or tunnel
size of MnO, materials via preintercalation is another effective
method to facilitate diffusion kinetics. Especially, with preinter-
calated large ions/ molecules (e.g., TMAY, polyaniline), the inter-
layer spacing of layered MnO, can be greatly expanded, which
will benefit for the diffusion of multivalent carrier ions (e.g.,
Zn*", Mg?"). Besides, there exists an optimum content of interca-
lated species in MnO, materials to achieve the best electrochem-
ical performance. In the end, in many cases, both the charge
shielding effect of crystal water and expanding interlayer spacing
works together to promote the diffusion kinetics of carrier ions,
and realize an excellent rate performance of MnO, electrodes.

6. Stabilizing Structure Integrity

Structural instability (including dissolution of Mn**/?*, and

phase transition) was generally considered as the main reason
for the capacity fading issue of MnO,-based cathodes in various
battery applications, including lithium ion batteries, 112l mild
aqueous M-ion batteries (M = Li,3 Na,"™ Mg, and Zn,/"!
etc.), alkaline Zn batteries,"'®!") and so on. This structural insta-
bility is mainly induced by the formation of Mn3* ions with the
insertion of carrier ions into the tunnels/ interlayers of MnO,
materials. It is well known that the Mn3" ion was unstable due
to its high spin d* (= t,,’-e,') electronic configuration in octahe-
dral symmetry."®1 Furtherly, according to Shannon’s table, the
Mn*—O bond length (1.93 A) was predicted to elongate when
the Mn was reduced to Mn*" (2.045 A) or Mn?" (2.23 A),20
which resulted in the weakened Mn—O bonding strength, and
the increased disorder degree of the lattice arrangement, i.e.,
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Jahn-Teller (J-T) effect. Additionally, the intercalated carrier
ions exhibited electrostatic repulsion and physical extrusion
interactions on reduced [Mn3**Qg] octahedrons or [Mn?*'Q,]
tetrahedrons. As a result, the [Mn3"Qg] octahedrons/ [Mn?*O,]
tetrahedrons could be easily squeezed out from the crystal lattice
of MnO, hosts (including both the tunnel-type and layer-type
MnO,) after insertion of carrier ions, and then the dissolution of
Mn?*/2* or /and the phase transition occurred.

The above mentioned structural instability of MnO, induced
by the J-T effect led to the large and anisotropic volumetric
change, undermined the structural integrity, and blocked
the ion diffusion pathways, and thus resulted in the capacity
fading of MnO,.2122] In this section, we focus on the preinter-
calation effect on stabilizing the structure integrity of MnO,
during charge/discharge process. To distinguish the difference
of capacity fading issues induced by the dissolution of Mn3*/2*
ions and the phase transitions, herein, by reviewing the litera-
tures, we proposed a basic and fundamental hypothesis, i.e.,
the dissolution of Mn?*¥/2* is usually observed on the electro-
lyte/electrode interface for MnO, cathodes, or in the interlayer
region of 6MnO, with large layer spacing, while the phase tran-
sition processes occurs in the overall MnO, particles. It should
also be noted that the dissolution of Mn3" was very special, and
was only observed in alkaline batteries in the form of soluble
intermediate of [Mn(OH)¢)*~.'""] Furtherly, for some &MnO,
with interlayer spacing larger than 10 A, the Mn?* ions could
escape from the [MnOg] layers upon discharge, and formed an
octahedral [Mn(H,0)¢]*" in the interlayer region,! which could
migrate into the electrolyte, and was regarded as a special dis-
solution type of Mn?". Besides, we also notice that the degree
of structure instability and Mn dissolution of the MnO, with
different structures (tunnel-type o~, -, and ¥, and layer-type &
MnO,, etc.) is different. Comparing with layer-type MnO,, the
tunnel-type MnO, usually present 1D diffusion paths, which
makes the crystal structure distortion easier to occur during
charge/discharge processes, and then leads to more serious
problems of structure instability and Mn dissolution.

6.1. Reducing Mn?" Dissolution of Manganese Oxides
via Preintercalation

For MnO, materials, the Mn?* dissolution from MnO, due to
J-T effect led to the decreased quality of active materials.[®!
In general, Mn?" dissolution for MnO, is affected by various
conditions, such as crystal structure, carrier ion species, state
of charge/discharge, etc. To alleviate capacity fading induced
by the Mn?* dissolution, various treatments were proposed,
such as surface coating,'?*"?* metal doping,*>'%% tuning crys-
talline orientations,™ preaddition of Mn?* in electrolyte,%’]
and preintercalation,l’128 etc., however, it has so far not com-
pletely eliminated. The preintercalation of crystal water, ions,
or organic species are effective strategies to reduce the Mn?*
dissolution. Fang et al.!'?®l reported that the Mn?* dissolution
could be suppressed via preintercalated K* ions in 0sMnO,. It
could be seen that the dissolution of Mn?* could be effectively
alleviated in K*-0-MnO, even after 50 cycles, while the &-MnO,
exhibited a fast dissolution of Mn?" during cycling (Figure 10a),
which led to impedance rise and capacity fading. The results
showed that it was possible to suppress the Mn dissolution as
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Figure 10. Depression effect of preintercalation on Mn?" dissolution of MnO,. a) Element analysis of dissolved Mn?" in a 2 M ZnSO, aqueous electrolyte
during cycling of KMO and &+MnO,, b) long-life cycling performance of KMO and o-MnO, electrodes at 1000 mA g™. c) Local Na* environment in Na-
birnessite. d,e) The energetically distinct complexation behavior of Mn-octahedrons with different interlayer distances: d) 10 A and e) 7 A. f) The inner-sphere
complexation of Zn induces the protrusion of the facing Mn, constituting a Zn—-Mn dumbbell structure, and g,h) the corresponding cycling (g) and rate
performances (h) of cw-MnO, materials. a,b) Reproduced with permission.l?®l Copyright 2019, Wiley-VCH. d-h) Reproduced with permission.l Copyright

2019, Royal Society of Chemistry.

the K* ions steadily intercalated into the tunnels of K*-o+MnO,
and bonded with the Mn polyhedrons, thus strengthening
its inherent stability (Figure 10b). As a result, the K" pre-
intercalated o-MnO, obtained an impressive durability over
1000 cycles with no obvious capacity fading.

Docheon et al.l? reported that the intercalated Co?* in
interlayer of &MnO, could supply sufficient structural stability
during cycles due to their depressing effect on Mn?* dissolution.
The layered K;(3Cog1,MnO, was synthesized by exchanging
75% of the K ions in the pristine K-birnessite (K, 3;,MnO,)
with Co?" ions through an ion-exchange reaction at room tem-
perature. Since the intercalated Co?" ions with small radii were
usually located above and below each MnOg octahedral vacancy,
they acted as pillars and hinder the diffusion of Mn?* ions into
the interlayer region, and thus effectively prohibited the struc-
tural conversion during cycles. Thus, K sCop1,MnO, showed
excellent cyclability over 40 cycles for Li* ion storage.
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Li et al.'% revealed that the crystal water in Na-birnessite
might depress the Mn?" dissolution, remit the lattice transfor-
mation caused by the J-T effect, and thus enhanced the struc-
tural stability as well as the prolonged the cycling stability of
Na-birnessite. Similarly, Nam et al.*! reported the depressed
Mn?* dissolution in Nay,MnO,-0.25H,0 cathode, due to the
existence of crystal water. They considered that the insertion/
extraction of the large-size Na* could generate great strain in the
neighboring MnOg layers, which led to large volumetric change,
and an accelerated Mn?* dissolution from the layers. The pre-
intercalated crystal water could suppress the dissolution of
Mn?* by serving as interlayer pillars based on hydrogen bonding
with MnOg layers, and thus maintained the intermediate and
long-range stacking of Mn—O octahedral layers well.3% It was
reported that the hydrogen bonding between crystal water and
[MnOg] layers could hold the layers together, and the Na* was
fully hydrated within the birnessite framework which showed
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no direct interaction with the [MnQg] layers (Figure 10c).3!

Thus, owing to this special hydrogen bonding between crystal
water and [MnOg] layers, the strain induced by shuttling of Na*
ions was lowered, which effectively depressed the Mn dissolu-
tion and prolonged the cycle life of MnO, cathodes.

In 2019, Nam et al.” also reported that the appropriate
interlayer distance and high water content could jointly con-
tribute to sustainable cycling by alleviating Mn dissolution
and stabilizing the host framework during cycling. They found
that when the interlayer distance of buserite MnO, was larger
than 10 A, the Mn?" ions could escape from the [MnQg] layers
upon Zn?* insertion, leading to the formation of an octahedral
[Mn(H,0)¢]** complex even inside the crystal structure, then
the [Mn(H,0)4]*" could migrate into the electrolyte, which was
the origin of capacity fading in the a-and S-MnO, electrodes
that transformed to a buserite during cycling with a large inter-
layer spacing of =11 A (Figure 10d). While for the cw-MnO,
with interlayer spacing of =7 A, the mobility of Mn?* ions
were limited in the birnessite structure due to the insufficient
interlayer distance for Mn?* dissolution, thus the Mn?* disso-
lution was depressed. Furthermore, they also revealed that the
[Mn(H,0)]** centered in the interlayer space was unstable by
0.59 eV, and tended to form a Zn-Mn dumbbell configuration
(Figure 10e,f). The formation of this Zn—-Mn dumbbell super-
structure not only benefited for depressing Mn?* dissolution
to achieve high cycling performance, but also accelerated the
charge transfer process to obtain higher capacity and rate prop-
erties. As a result, the cw-MnO, electrode also showed decent
cycling stability with capacity retention of 75.3% after 200 cycles
at current density of 3000 mA g (Figure 10g), a high reversible
capacity of 350 mA h g™! at 100 mA g7, as well as excellent rate
performance with 154 mA h g™ at 3000 mA g (Figure 10h).

6.2. Origin of Phase Transition of Tunneled/Layered MnO,

To reveal the preintercalation effect in depressing the phase trans-
formation of manganese oxide, we first explore the origin of phase
transition of MnO, materials with tunneled/layered structures.
The inevitable phase transition has been extensively reported in
lots of battery applications. For example, in aqueous Zn ion bat-
teries, the phase transition from tunnel to layer structures were
reported for o+, -, and EMnO,,B132133] the layered 8MnO, was
reported transforming to spinel Mn;0, and ZnMn,0,,¥ and the
spinel Mn;0, could transform to intermediate MnsOg and finally
to Zn-birnessite during discharge process.34 Similarly, the
phase transformation also existed in MnO, cathodes for inser-
tion/ extraction of H*, Na*, and Mg** ions,['*13>13¢ indicating
the universality of phase transition phenomenon during charge/
discharge processes of MnO,. This phase transformation dem-
onstrated that the crystal structure of MnO, was unstable during
insertion/ extraction process of carrier ions. Notably, the forma-
tion of some inactive phases (e.g., Mn;O, and ZnMn,0,) contrib-
uted to the capacity fading of MnO,.['>11¢]

The above-mentioned phase transformation is attributed
to the structural distortion during insertion/extraction of car-
rier ions. For tunneled o+MnO,, the typical distortion form
was the strong tetragonal to orthorhombic (T-O) distortion
during discharge process, which might destruct the integrity
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of the host framework. This kind of T-O distortion has been
reported in various batteries with o+MnO, cathodes, including
Li-ion [ 1218] Na-ion,21%] Zn-ion 127138139 and Mg-ion bat-
teries.*”] For example, Alfaruqi et al.'3® revealed that the unit
cell volume of the [2 X 2] tunnels in the &-MnO, host expanded
by =3.12% during Zn-insertion. Chen et al. reported that the
quasi-square tunnel of o+MnO, host deformed greatly after
Mg-insertion,*] with joint angle () between corner shared
[MnOg] octahedrons changing from 98.3° to 73.3°, which dam-
aged the structural stability of the discharged o+MnO,. There-
fore, the T-O distortion occurred upon the insertion process,
and when the degree of disorder reached a critical point, the
host structure would undergo phase transformation to form the
layer/spinel phases, and consequently the structure collapse of
layered structure arose during cycling.

The phase transformation from layered to spinel structure
was induced by the rearrangement of Mn-ions and inserted car-
rier ions, which has also been observed in various batteries, such
as Li-ion, 594U Na-ion, [35142-146] 7y ion [1S.147.148] Caion 49 and
Mg-ion batteries.'>?! For example, Lim et al.M! revealed that
the thermodynamically stable structures were determined along
a decreasing Li content: a monoclinic structure (x = 0-0.75),
layer-like structure (x = 1.0-1.25), and spinel-like structure
(x = 1.5-2.0). Alfarugqi et al.’?! proposed structural variation of
&MnO, in aqueous Zn batteries, i.e., the layered structure of
6&MnO, was transformed gradually into a spinel phase upon
multiple charge/discharge cycles. Sun et al.¥l also revealed a
“layer to spinel” phase transformation in a Mg ion battery. After
Mg?" insertion into the layered MnO,, the structure of the dis-
charged phase presented the same layer arrangement as spinel
phase; i.e., Jahn—Teller distorted, partially occupied triangular
slabs interconnected by tetrahedral MgO, and octahedral MnOg
cells. However, the stacking scheme of this discharged phase did
not exactly reproduce the 3D structure of MgMn,0,. In sum-
mary, the phase transition from layer to spinel structure was
inevitable, accompanying with subsequent increased structural
disorder, structure collapses, as well as the blocked ion transport
channels in layered MnO,, then the capacity fading appeared.

6.3. Stabilizing Effect of Preintercalation Strategy on Structure
of Tunneled MnO,

For &-MnO,, Mn ions were in mixed valence states (Mn** and
Mn*"), where charge neutrality was maintained by cations
residing in tunnels. The most common form was K' inter-
calated -MnO,,?2l however, the [2 X 2] tunnels of ¢-MnO,
could also be hosts for H,O and various other cations such as
H;0%, Li, Na*, Ag*, Zn%*", Mg?* ions.’®®1 The crystallinity
and thermal stabilities of MnO, materials were affected by
the nature of the ions and the amount of structural water.>?
Larger ions led to better crystallinity and a more ordered tunnel
structure with high thermal stability, while more tunnel water
reduced the order of the tunnel-type structure resulting in lower
thermal stability. On the one hand, the residing ions inhibit the
collapse of the tunnels to promote insertion of carrier ions, >l
on the other hand, these residing ions can interact with the
carrier ions (Lit, Na*, Mg?", etc.), and impede the insertion by
physical blocking and repulsive electrostatic forces.> Thus, the
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preintercalation strategy effect on cycling performance of MnO,
cathodes remains controversial for the tunnel-type o-MnO,.
Poyraz et al. revealed the role of tunnel K* ions in the Li-ion
electrochemistry of o+-MnO, materials in the nonaqueous
cells.”) The &-MnO, materials had a chemical composition of
K,MngOys-yH,0, where 0 < x < 0.75 and 0.53 < y < 0.81. They
suggested that although the K* in the tunnels could stabilize
the structure of &-MnO,, it impeded the Li* diffusion, thus the
K* content in K,MngO4-yH,0 (x < 0.32) should be lower to
achieve higher specific capacity and high cycling performance.
Furthermore, with increasing K* in the tunnels, an increase in
Mn-Mn wall distortion was observed at high levels of lithiation,
as indicated through EXAFS modelling (Figure 11a), resulting
in the decreased capacity retention for K,MngO;4-yH,O samples
with increasing K+ content (Figure 11b). The above discussions
indicate that in some circumstance, the preintercalation strategy
may play a bad effect on the cycling performance. Another
opinion considered that the preintercalation strategy benefited
to the cycling performance of MnO, cathodes. For example,
Fang et al.'?8l reported the stabilizing effect of K* ions on cycling
performance of a-MnO,. Further, to eliminate the blocking
effect of K* ions on diffusion of H*/Zn?', the authors also

www.advmat.de

introduced oxygen vacancy to increase the diffusion kinetics via
gaining more ion diffusion pathways (Figure 11c). As a result,
the K* preintercalated MnO, (KMO) possessed impressive dura-
bility over 1000 cycles at 1000 mA g7, and the last ten charge/dis-
charge curves of KMO electrode at 1000 mA g! remain almost
the same with a satisfactory operating voltage (over 1.35 V), fur-
ther demonstrating the high stability and reversibility of KMO
electrode. Besides, it was also reported that ions with larger
size would benefit more for enhancing structural stability of
o-MnO,. Huang et al. investigated the Ag* and K" stabilized
o-MnO, materials as high voltage cathode materials for Mg-ion
batteries, > and revealed that the cycling stability of K*--MnO,
electrode was higher than that of Ag™0-MnO, electrode, mainly
due to the larger ionic radius radii of K* (1.38 A) compared to
that of Ag* (1.15 A) and the stabilizing effect of the K* ion in the
tunnels (Figure 11d).

It has also been accepted that the structural water in tunnels
of MnO, could reduce the volume expansion upon ion inser-
tion. Frey et al.’?l revealed this reducing effect of structural
water on the volume expansion upon insertion of sodium ions.
Between the unit cell with structural Na* ions from xy, = 0.2 to
Xna = 0.4, there was a =3.4% volume increase from =189.9 A3
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to =196.4 A% without structural water. However, with structural
water, this volume change due to insertion was =1.7%, from
=199.2 A3 to =202.6 A’. Thus, by reducing volume expansion
upon insertion, the structural water in tunnels of MnO, might
be expected to improve the cycling stability. In fact, for most
tunneled MnO,, the coexistence of preintercalated ions and
crystal water played a synergistic role on improving the struc-
tural stability during charge/ discharge cycles.

6.4. Stabilizing Effect of Preintercalation Strategy
on Structure of Layered MnO,

For the layered MnO, materials, the crystal structure could be
highly distorted, disordered or even destructed, and then trans-
form to inactive spinel-type materials upon cycling, which leads
to poor cycling stability. To inhibit the formation of inactive
spinel phase, preintercalation strategy is needed. For layered
OMnO,, the preintercalation of ions or molecules could be

www.advmat.de

an effective strategy to depress the phase transition induced
capacity fading issues. The ions/ molecules preintercalated in
layered &MnO, should satisfy the following conditions: i) the
preintercalated ions/ molecules are not easily extracted from
the host during charging process; ii) the interlayer spacing
should be lower than =11 A, for which can limit the formation
of [Mn(OH),*" inside the interlayer of MnO,, and the subse-
quent migration into electrolyte; iii) the preintercalation of ions
must be accompanied with certain amount of crystal water, due
to its charge-shielding effect to reduce the electrostatic repul-
sion between the preintercalated ions and the carrier ions.

By reviewing literatures, we propose that by preinterca-
lating cations, such as K*,1%% Rb*38 Cu?* 15 7zn?*[16] and
La**ions,/?’! the phase transition from layer to spinel can
be depressed due to the reduced volumetric change during
charge/discharge process, and thus alleviating the capacity
fading of MnO, cathode. For example, Liu et al.?¥! also
reported that the high content preintercalated K* ions into the
layered-type matrix as pillars stabilize the layered structures
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and expand Zn?" migration channels, which can facilitate
the diffusion of Zn?* in the MnO, cathodes and increase the
crystal stability of the layered MnO, (Figure 12a). Notably,
they also employed a K-salt additive in electrolyte to inhibit
the extraction of K* from the K;;0MnO, with aim to main-
tain to host material during cycling, thus, the cycling ability
is furtherly boosted (Figure 12b). Zhao et al.’® revealed that
preintercalation with some ions, A-M—O compounds (A =K,
Rb; M =V, Mo, Co, Mn) yields a more stable interlayer expan-
sion, which prevents destructive collapse of layers and allow
Li* ions to diffuse more freely (Figure 12c). As a result, the
cycling stability of the electrodes is greatly enhanced. Jiang
et al.™* investigated the Cu®* ions inserted into the interlayer
of #MnO, as cathode in an alkaline battery with KOH solu-
tion, and reported that the Cu?* ions have effects to inhibit
the irreversible phase transformation into the inactive Mn;0,
phase, and thus maintain electrochemical activity under
the basic condition. As inspired by the result conducted by
Nasar’s group,® in which they proposed the preinterca-
lated Zn?* and water pillars into V,0s interlayers to stabi-
lize the structure and cause ion migration for high-capacity
and long-life ZIBs, Wang et al.*® reported a $MnO, stabi-
lized by hydrated Zn?* pillars as cathode for aqueous Zn
batteries. The preintercalated hydrothermal Zn?* pillars not
only avoided phase reorganization but also enabled a robust
structure and Dbetter reaction kinetics. However, the authors
did not provide a specific explanation for how the preinterca-
lated Zn?" and H,0 inhibit the formation of inactive phases.
Zhang et al.l” reported a birnessite &MnO, with preinter-
calated La®" ion as cathode for aqueous Zn ion battery. After
introducing La*" into the interlayer of §-MnO,, the interlayer
spacing increased from 6.9 to 7.6 A, which was responsible
for the enhanced structural stability via decreasing electro-
static and physical interaction between the inserted Zn?*
and [MnOg] layers. Thus, the La** intercalated &MnO, dis-
played excellent cycling performance with capacity retention
of 71.0% after 200 cycles, which is much higher than that
of the &MnO,. Also, Huang et al.?¥l reported a polyaniline-
intercalated layered manganese dioxide to improve the cycla-
bility of layered MnO, as cathode for aqueous Zn-ion battery.
The polyaniline-strengthened layered structure and nanoscale
size of MnO, materials eliminated the phase changes suc-
cessfully (Figure 12d), and successfully promote the cycling
performance with a long-term cycle life over 5000 cycles
at 2000 mA g in ZnSO, + MnSOy electrolyte (Figure 12e).
Even in ZnSO, electrolyte without MnSO,, the cycling perfor-
mance of this polyaniline-intercalated MnO, can still operate
well (Figure 12f), indicating a dramatically enhanced structure
stability due to the polyaniline preintercalation.

What is noteworthy is that sole crystal water cannot well
depress the phase transformation of MnO, materials. As
discussed above, the crystal water could well buffer the elec-
trostatic interactions and volumetric changes in charge/dis-
charge process of layered/ tunnel MnO,, however, we also
observed that solo crystal water was incompetent to depress
the phase transition induced capacity fading of MnO,, and
it had to cooperate with other preintercalated ions, such as
K*, Rb*, etc. For instance, Sun et al.¥l provided the electro-
chemistry and structural changes of layered MnO, as cathode
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material in an aqueous Mg-ion battery. When cycled in
aqueous cells, the insertion of Mg?* ions caused the expul-
sion of interlayer and transformation to a spinel-like phase.
Similar results were also provided by Nam et al.’”! and
Alfaruqi et al.’¥ in aqueous Zn-ion batteries, which indi-
cated that the formation of an ancillary spinel phases, such
as ZnMn,0,, MgMn,0,, Mn;0,, etc., could not be completely
avoided by sole preintercalation of crystal water.

However, it should also be mentioned that the coinsertion
of hydrated water and carrier ions could stabilize the layered
structure of MnO, to some extent. For instance, Shan et al.l'*’]
investigated the electrochemistry of a sodium preintercalated
birnessite (Nag,;MnO, nH,0) as cathode for aqueous Na-ion
batteries. Figure 13 presented the water trafficking process along
with Na-ion’s insertion/ extraction during the charge/ discharge
process. Notably, the doy, decreased from 733 to 730 A as the
high potential region from 0.914 to 1.25 V, indicating a decrease
of interlayer spacing due to the removal of structural water
along with Na* extraction. This coextraction of the hydrated
water and Na-ions during the high potential charging process
resulted in the slight shrinkage of interlayer distance, reduced
the volumetric change of crystal structure during cycles, and
thus stabilized the layered structure of Nay ,;MnO,-nH,0 com-
pound. Thus, the Naj;,;MnO, nH,0 showed a much-enhanced
capacity and cycling life (83 mAh g after 5000 cycles in full-
cell) for aqueous sodium-ion electrochemical storage.

In summary, the structural instability, including dissolution
of Mn?*3* and phase transition, is the main reason for the
capacity fading issue of MnO, cathodes in various battery appli-
cations. A basic fundamental hypothesis is proposed, that is, the
dissolution of Mn3*/2* is mainly appears on the electrolyte/elec-
trode interface for MnO, cathodes, or in the interlayer region
of &MnO, with large layer spacing, while the phase transition
occurs in the overall MnO, particles. The role of preintercala-
tion on depressing the dissolution of Mn*"/?* during cycling is
as following aspects: i) the preintercalated ions are located above
and below each MnOjy octahedral vacancies, which serves as pil-
lars and hinders the diffusion of Mn?* into interlayer regions of
MnO, cathodes; ii) crystal water can suppress the dissolution of
Mn?* by serving as interlayer pillars based on hydrogen bonding
with MnOg layers; iii) the interlayer distance and water content
in #MnO, need to be tuned to effectively alleviating Mn disso-
lution; iv) the preintercalated ions can be bonded with the Mn
polyhedrons to strengthen the inherent stability of &-MnO, and
suppress the Mn dissolution. The phase transformation is origi-
nated from the structural distortion during insertion/extraction
of the carrier ions, i.e., the tetragonal to orthorhombic (T-O)
distortion for &-MnO,, a contraction of the interlayer spacing,
as well as a glide of the MnO, planes for 6MnO,. When this
structural distortion reaches a turning point, the phase trans-
formation occurs, and some inactive phases form after several
decades of cycles. The preintercalation can stabilize the phase
structure of MnO, materials in the following way: i) the pre-
intercalated ions lead to a better crystallinity and a more ordered
tunnel structure with higher thermal stability of &-MnO,; ii) the
structural water in tunnels of &-MnO, can reduce the volume
expansion upon ion insertion; iii) the preintercalated ions yields
a more stable interlayer expansion, which prevents destruc-
tive collapse of layers during insertion/extraction processes of
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Li* ions for &MnO,; iv) the preintercalated ions can expand
the interlayer spacing to enhance structural stability due to the
decreased electrostatic and physical interaction between the
inserted Zn?* and [MnOyg] layers; v) sole preintercalating crystal
water cannot well depress the phase transformation of MnO,
materials. Besides, in some cases, the coinsertion of ions and
coordinated water is a necessary condition to enhance the struc-
tural stability of MnO, materials.

7. Summary and Prospects

As a promising optimization strategy, preintercalation has been
a research hotspot as an issues-oriented solution to overcome
several obstacles of MnO,-based cathode materials, including
the low conductivity, low utilization of reversible discharge
depth, sluggish diffusion kinetics, and poor structural stability
upon cycling. Previous reported preintercalated MnO, cathodes
have shown dramatic improvements in electrochemical proper-
ties, i.e., capacity, rate property, and cycling stability, comparing
with the corresponding pristine MnO, materials. However,
although prior reports have identified many successful cases,
challenges and opportunities still exist in practical application
of preintercalation strategy.

First, for MnO, materials with high amount of preinterca-
lated ions, the electrostatic repulsion between the preinter-
calated ions and the inserted carrier ions can impede the
diffusion of carrier ions, resulting in decreased capacity and rate
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performance of MnO,. Thus, the optimum amount and species
of preintercalated ions should be carefully screened and tuned
to achieve a comprehensive balance of capacity, rate perfor-
mance, and cycling stability of preintercalated MnO, cathodes.

Second, this preintercalation strategy is also applicable to
optimize the electrochemical properties of other cathode mate-
rials, such as transition metal oxides, sulfides, phosphates, etc.,
which have tunnel or interlayer spaces for preintercalating the
ions/molecules. For instance, this preintercalation strategy can
well solve the structural instability and V dissolution issues
of vanadate materials, and thus greatly promotes the develop-
ment of high-performance V-based cathode materials. There-
fore, the preintercalation strategy can be a general strategy for
optimizing electrochemical properties of cathode materials in
various battery applications.

Third, in some preintercalated MnO, cathodes, it is inevitable
that the preintercalated ions/molecules are extracted from the host
structure into the electrolyte during cycling. This process severely
removes the advantage of preintercalation strategy. Without the
preintercalated ions/molecules, the continuous insertion/extrac-
tion of carrier ions caused the structural instability of MnO,
cathode, and then capacity fading occurs. To inhibit the extrac-
tion of the preintercalated ions/ molecules, the preintercalated
guest species should be among the monovalent ions (i.e., Rb*
Cs*, TMA®, etc.), multivalent ions (i.e., 7Zn?*, Ca%t, Ba%*, AI*, In®,
etc.), and the molecules/polymers with larger molecular weight.
Besides, to preintercalate these guest species successfully into the
tunnels/interlayers of MnO,, while taking advantage of existing

© 2020 Wiley-VCH GmbH
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preintercalation approaches, more advanced and creative preinter-
calation approaches need to be developed.

Fourth, despite the enhanced electrochemical performance,
the additional cost of the preintercalation strategy must be con-
sidered in practical applications. Actually, some preintercalation
approaches are too complex and expensive to be used in
large-scale industrial production. For instance, it is difficult to
realize large-scale industrial preparation of MnO, cathodes by
approaches of ion-exchange reaction, aqueous/organic inter-
facial synthesis, and electrochemical reactions with current
industrial techniques. Thus, the feasibility of preintercalation
approaches must be considerably assessed before practical
production of preintercalated MnO, materials, and developing
simple and general preintercalation approaches for large-scale
production is very meaningful.

It has no doubt that the preintercalation strategy is an effi-
cient, and issues-oriented solution to provide a fundamental opti-
mization on electrochemical properties of MnO,-based materials
in various battery applications. A rich variety of preintercalation
approaches, and multiple guest species can be tuned and adapted
to improve the electrochemical performance of MnO,. We
believe that this review and perspective will provide theoretical
insight and offer new ideas for researchers in developing high-
performance cathode materials for next-generation batteries.
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