Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Energy &
Environmental
Science

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

REVIEW

Recent advances and perspectives in aqueous

’ '.) Check for updates ‘
potassium-ion batteries

Cite this: Energy Environ. Sci.,

2022153750 Xiao Zhang,?° Ting Xiong,° Bing He,” Shihao Feng,® Xuanpeng Wang, (2 *

Lei Wei (2 ** and Ligiang Mai () *?

Aqueous potassium-ion batteries (AKIBs), utilizing fast diffusion kinetics of K* and abundant electrode
resources, are an emerging technology offering high power density and low cost. Many efforts have
been made by far to enhance the electrochemical performances of AKIBs, and some encouraging
milestones have been achieved. To provide a deep understanding of the progress, challenges, and
opportunities of the emerging AKIBs, the recent advances in both cathode and anode materials, and
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electrolytes of the AKIB systems are comprehensively summarized and discussed. Additionally, the
research efforts on the optimization of electrode material properties, the revealing of the reaction
mechanism, the design of electrolytes, and the full cell fabrication for AKIBs are highlighted. Finally,
insights into opportunities and future directions for achieving high-performance AKIBs and their
applications are proposed.
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Broader context

Compared with traditional Li-ion batteries with toxic and flammable organic-based electrolytes, aqueous potassium-ion batteries (AKIBs) with mild electrolytes
have shown great advantages in large-scale energy storage systems and wearable devices due to their good safety, low cost, and environmental friendliness.
Despite recent breakthroughs in cathodes, anodes, and electrolytes, AKIBs still face significant challenges in energy density and cycle life, including narrow
voltage windows, electrode dissolution, corrosion, and unexpected by-products. These fundamental problems may lead to irreversible capacity loss, poor
cycling stability, and short circuit, severely limiting the efficient storage of K* ions and the future applications of AKIBs. Here, a comprehensive and critical
review on the recent advances on AKIBs is provided. The recent research efforts on the innovative electrode and electrolyte designs, the revealing of the reaction
mechanism, and the full cell fabrication for AKIBs are highlighted. Based on the current developments, future research directions and perspectives toward
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high-performance AKIBs and their applications are proposed, guiding the development of this highly exciting field.

1. Introduction

The depletion of fossil fuels, along with the severe environmental
pollution, motivates us to explore renewable energy sources.
While most renewable energy sources are intermittent, it is
required to develop large-scale stationary energy storage systems
(ESSs) to utilize them efficiently."”” Among various ESSs, the
rechargeable battery technologies act as the primary energy
storage solution due to their flexibility, low geographic require-
ments, and high energy conversion efficiency.® Lithium-ion
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batteries (LIBs) have dominated the field for electric vehicles
and portable electronic devices, while battery fire accidents
occur frequently, mainly caused by the volatile and flammable
organic electrolyte, which significantly increase the safety risks
of LIBs."”

Besides organic electrolytes, aqueous electrolytes could also
be applied in batteries. Rechargeable LIBs based on aqueous
electrolytes were firstly proposed in 1994 by Dahn et al.® Since
then, extensive research has been made toward developing
various aqueous rechargeable metal-ion batteries, including
non-Li* (such as Na®, K', zn®', Mg*', Ca*', AI*, et.)
batteries.”>* Aqueous batteries are particularly promising for
solving current issues faced by the commercial LIBs, thanks to
the following outstanding properties: (1) the safety of batteries
is greatly improved by using aqueous electrolytes; (2) the cost of
aqueous batteries is expected to be largely reduced due to the
absence of strict assembly conditions and expensive organic
solvents; and (3) the electrical conductivity of aqueous

This journal is © The Royal Society of Chemistry 2022
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electrolytes is two orders of magnitude higher than that of
organic electrolytes.

In this new family of aqueous rechargeable batteries, aqu-
eous potassium-ion batteries (AKIBs) are garnering significant
attention. AKIBs are rocking chair batteries similar to the
traditional LIBs. The schematic configuration of a typical AKIB
is shown in Fig. 1a, including a cathode (Prussian blue analog
(PBA)), an anode (KTiy(PO,);), and an aqueous electrolyte.
During the charging process, K™ ions, as charge carriers, are
released from the cathode material, then travel across the
electrolyte, and are eventually inserted into the anode material,
while electrons also transfer to the anode through the external
circuit. While for the discharging process, the intercalated K*
ions are extracted from the anode and then re-intercalated into
the cathode. At the same time, the electrons in the external
circuit move from the anode to the cathode. It is well known
that the AKIBs show the following advantages: (1) K shows a
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relatively low redox potential (—2.9 V vs. the standard hydrogen
electrode (SHE)), leading to a high potential energy density; (2)
K is 1000 times more abundant than Li in the Earth’s crust,
promising in lowing the battery cost; (3) low Lewis acidity of K
results in the smallest hydrated ionic size (3.31 A) in an
aqueous solvent, which facilitates its fast diffusion (Fig. 1b
and c).>*> Therefore, AKIBs are considered one of the ideal
electrochemical devices for large-scale ESSs. However, like
many other aqueous batteries, AKIBs are hampered by two
prevalent issues, namely limited energy density and suboptimal
lifetime. Fundamentally, the inherent hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) of water enable
AKIBs with a narrow electrochemical stable window (ESW) of
1.23 V, leading to insufficient energy density (Fig. 1d).>*>°
addition, side reactions occur between the electrode materials
and H,O0 or precipitated O, during the discharging/charging
processes, which cause structural degeneration of the electrode
material, thus affecting the cycle stability of the battery.
Moreover, the dissolution of active electrode materials occurs
in aqueous electrolytes due to the high dielectric property
of water.

Pioneering work on the electrochemical behavior of Prus-
sian blue (PB) for K' storage was first performed by Neff et al. in
1978."° Since then, researchers have made remarkable achievements
in AKIBs via materials design and electrolyte optimization (see
Fig. 1e). However, to date, a systematic summary on the latest
development of AKIBs is still lacking. This review focuses on
the latest advances and perspectives in electrode materials
(cathodes and anodes) and electrolytes of AKIBs, then discusses
current progress on the optimization of electrode material
properties, the understanding of the reaction mechanism, the
design of electrolytes, and the full cell fabrication. Finally,

In

Ligiang Mai is a Chair Professor
of Materials Science and
Engineering at the Wuhan
University of Technology (WUT),
Dean of the School of Materials
Science and Engineering at WUT,
and Fellow of the Royal Society of
Chemistry. He received his PhD
degree from WUT in 2004 and
carried out his postdoctoral
research at Georgia Institute of
Technology in 2006-2007. He
worked as an advanced research
scholar at Harvard University in
2008-2011 and the University of California, Berkeley in 2017. His
current research interests are focused on new nanomaterials for
electrochemical energy storage and micro/nano energy devices.

Ligiang Mai

Energy Environ. Sci., 2022, 15, 3750-3774 | 3751


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ee01573k

Open Access Article. Published on 05 August 2022. Downloaded on 10/19/2025 4:01:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

View Article Online

Review

a " b Reduction potential (V vs. SHE) Abundance in the Earth’s crust (ppm)
_Discharge
& = 35 3 25 2 15 1 05 0 0 20000 40000 60000 80000
-1.66 Al 82000
-2.87 Ca 50000
-2.37 Mg 29000
-0.76 Zn 79
-2.93 K 15000
— s Na 23000
— U Y Discharge ™ -3.04 meeEEEEEEEEEEE——— L 17
Tus: B
sianblue analogues  Electrolyte KTi,(PO,),
c 80 10 6 d
<
"3 I 1lonic weight (Da) En o
= C [ Cation radius (A) ls < Corrosion
o 804 [ Hydrated radius (A) o 2
Pt 3 o 41
= o 16 © 3 - -
2 40 b [ Side reactions
[ g 8
3 14 @ ¢
g © O 24
S 207 S g HER  Water splitting  OER
w T
o
0- = = 2 2 I,, 0 0 Acidic Neutral Alkaline
Li Na K Zn* Mg Ca Al
e J. Electrochem. Soc. Nano Lett. Electrochim. Acta Nat. Mater. Adv. Energy Mater. Nat. Energy Electrochem. Commun. Nat. Sustain.
PB NiHCF V,0,0.6H,0 PAQs K;NiFe(CN)¢1.2H,0 K, Fe, Mn, Fe(CN), KVPO,F Ky 5o Mn[Fe(CN)gly 56°0.47H,0
0.1 MKC1 1M KNO, 0.5 M K,S0, 1I0MKOH 1M KNOy#0.01 M HNO;  22M KCF,80; 61.7M KFSI+KCF,S0; 0.01-0.2M Fe(CF,80,),+21 M KCF,SO,
1978 - 2011 2013 2016 2017 2018 2019
Nat. Commun. Adv. Mater. Nat. Commun. ACS Energy Lett. Chem. Commun. Adv. Mater. Adv. Energy Mater.
CuHCF KFell[Fe(CN)]-2H,0  K,V,0¢nH,0 KTiy(PO,), KTiy(PO,); K, ssZny o[Fe(CN)],0.28H,0
1M KNO, 0.5M K,SO, 1MKCl 30 M KAc 40MHCOOK  2M KNO/66.7wt% D-fructose 3.0 M KCF,S04+2.0 M Zn(CF,S0y),

Fig. 1
hydrated radius, cation radius, and ionic weight of metal-ion charge carrie
history of the representative advancement in aqueous K* storage.

insights into the existing challenges and future development
direction of high-performance AKIBs are summarized.

2. Electrodes for AKIBs

For the electrode materials for AKIBs, their redox potentials
should be in or near the electrolysis potential range of water.
The red dotted lines represent the electrolytic potentials of H,
and O, generated under neutral pH conditions (Fig. 2).

(a) Schematic illustration of AKIB. (b) Comparison of reduction potential and abundance in the earth of different metals. (c) Comparison of

rs. (d) The major challenges to be addressed in AKIBs. (e) Brief development

Electrode materials within this range can work normally,
otherwise the electrode will continue to electrolyze water.
A summary of the representative anode and cathode materials
with redox potentials for AKIBs is given. As revealed, PB, PBAs,
NASICON-type Na;V,(PO,);, and MXenes exhibit desired potentials
as cathodes for AKIBs. Some vanadium-based oxide materials offer
desired potentials as both cathode and anode. KTi,(PO,); with
low potential is the most widely-adopted anode for AKIBs.
Organic materials and alloys can provide low redox potentials,
while metal oxides and sulfides exhibit relatively high redox
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Fig. 2 Electrochemical stability windows of aqueous electrolytes and redox potentials of various electrode materials for AKIBs.
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potentials. Therefore, in order to pursue state-of-the-art AKIBs,
it is imperative to discover novel cathode materials with high
redox potential and high-capacity anode materials, both of
which could show stable electrochemical stability.

2.1. Cathode materials

Similar to LIBs, the energy/power density and cost of AKIBs are
dependent on the cathode material.”””*® Thus, developing and
designing cathode materials with high discharge potential,
high specific capacity, and robust crystal structure that allow
intercalation and deintercalation of K' is the major challenge
for AKIBs. To date, materials that have been demonstrated as
viable K" host materials are limited, including PB, PBAs,
vanadium-based materials, NazV,(PO,);, and MXenes. The
cathode materials and corresponding electrochemical perfor-
mances are summarized (Table 1). Furthermore, the K* storage
behavior, electrochemical performance, mechanisms, current
issues, and optimization strategies of these cathode materials
are discussed in this section.

2.1.1. PB and PBAs. PB and PBAs have received extensive
attention due to their open framework, diverse structures,
simple preparation, and low cost.>**” The general formula of
PBAs is defined as A,PR(CN)s(H,0), (0 < x < 2), where 4 is the
alkali-metal ion (K, Na, or Li) and P (or R) is the transition-
metal ion (Co, Fe, Ni, and Mn).*®®" The cubic framework
endows PBAs with large void sites for the rapid storage of alkali
metal ions in aqueous electrolytes. However, the relative
amounts of A, P, R(CN)s and structural moisture content may
not be uniform due to defects in the framework.

The crystal structure of PB is a rigid cubic framework (a=b =
¢ =10.13 A) with Fe'" and Fe" alternately occupying hexahedral
vertex positions linked by C=N ligands, which can accommo-
date more K" insertion/extraction (Fig. 3a). The electrochemical
redox behavior of PB thin films in KCl-based electrolytes was
investigated as early as 1978 by Neff et al.'® The electrode was
bright blue when the scanning potential was 0.6 V vs. saturated
calomel electrode (SCE), and then became colorless at 0.0 V vs.
SCE. The color change of the electrode was caused by the
reaction between PB and ‘“Everitt’s salt”. Subsequently, Itaya
et al. discovered that the electrochemical behavior of PB-
modified electrodes was related to the current density used to
prepare PB films.?> The films prepared at higher current
densities may contain incompatible Fe(CN)g*~/Fe(CN)g>~ and
Fe*'/Fe®* ions, which showed sharp current peaks in the cyclic
voltammetry (CV) curves. Higher charge loss indicated the
existence of many non-coordinating ions in the films prepared
at higher current densities. Honda et al. prepared a thin PB
layer on Nafion (Nf) substrate by a surface complexation
method.>* The composite electrode exhibited good electro-
chemical stability and a stable voltage of 0.68 V in the self-
discharge test. They found that the battery discharge rate was
significantly dependent on the amount of iron remaining in the
Nf film. The iron ions in the matrix could act as electronic
mediators between the PB electrodes and the surface of the
matrix. Zarbin et al. developed a wet chemical method to
prepare graphene (GR)/PB nanocomposites as cathode for

This journal is © The Royal Society of Chemistry 2022
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AKIBs.*® Compared with pure PB film, the CV curves of GR/
PB film exhibited sharper peaks, which benefited from the fast
electron transfer provided by graphene in the film. Recently,
commercially available PB as AKIB cathode was investigated in
KNOj;-based electrolyte by Shu’s group.>® Based on the redox of
Fe*'/Fe*-N couple (0.2-0.4 V vs. Ag/AgCl), the PB cathode
achieved a stable and high capacity of 84.7 mA h ¢ ' at 1C
(Fig. 3b and c). Also, benefiting from the robust metal-organic
framework, this cathode exhibited a stable cycle performance
with 500 cycles for K storage (Fig. 3d). The slight shift (about
0.1°) of the ex situ XRD pattern indicated the subtle lattice
shrinkage and expansion caused by the K' intercalation and
deintercalation of PB (Fig. 3e).

Compared with PB, PBAs are more favored due to their
diverse structures and excellent electrochemical performance.
Recently, Cui et al. reported a series of PBAs, which showed
excellent K" storage behavior in AKIBs. Initially, nickel hexa-
cyanoferrate (NiHCF) was synthesized using a precipitation
method and then investigated for K" storage.**®? The structure
of NiHCF is similar to that of PB, and Ni** occupies nitrogen
coordination, replacing Fe** in PB (Fig. 4a). It was found that
NiHCF reacted with K" at 0.69 V vs. SHE in KNOj-based
electrolyte (Fig. 4b). NiHCF possessed a discharge capacity of
59 mA h g ' at C/6. Moreover, the excellent rate capability (with
66% capacity retention at 41.7C) and superior stability (93%
capacity retention after 5000 cycles) were delivered. Subsequently,
they synthesized copper hexacyanoferrate (CuHCF) using a similar
method.*>*> The co-precipitation process of CUHCF was slower
than that of PB. Due to the existence of excess Cu®', highly
crystalline and polydisperse nanoparticles could be grown in an
orderly manner. The structure of CuHCF is also similar to that of
PB, with Cu(Il) occupying the nitrogen-coordinated P site and
Fe(mr) occupying the carbon-coordinated R site (Fig. 4c). CUHCF
electrode realized a discharge potential of 0.946 V vs. SHE in
KNOs-based electrolyte, which exceeded that of the NiHCF elec-
trode (0.69 V) (Fig. 4d). A similar specific capacity of 59.14 mAh g *
was recorded, indicating that high energy density could realize
in the CuHCF electrode for AKIBs. In addition, the CuHCF
electrode delivered higher rate capability (67% capacity retention
of its initial capacity at 83C) and longer lifetime (17% capacity
loss after 40000 cycles) compared to the NiHCF electrode.
Additionally, hexacyanoferrate (ZnHCF) was utilized as cathode
materials in Na,SO,, K,SO,, and ZnSO, solutions.*® ZnHCF
exhibits a rhombic structure, which is different from the cubic
structure. FeCy octahedra and ZnN, tetrahedra are collected by
C=N ligands to generate a 3D open framework (Fig. 4e). In the
K,SO, electrolyte, a pair of redox peaks at 0.83/1.03 V vs. Ag/AgCl
appeared higher than those of ZnSO, and Na,SO, electrolytes
(Fig. 4f). The specific capacity of ZnHCF in K,SO, electrolyte at
5C was 69.7 mA h g~ ', which exceeded that of ZnSO, electrolyte
(64.4 mA h g™"), but lower than that of Na,SO, electrolyte
(71.4mAhg™).

Although the above-developed PBA-based AKIBs have shown
satisfactory performance, their low K' containing amount
limits the reversible capacity. In this regard, Wang et al
reported K-rich iron hexacyanoferrate (K,Fe"Fe'(CN)-2H,0)
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nanocubes as cathode material for AKIBs.>® The structure of cubic structure (Fig. 4g). Two couples of charge/discharge
this material is orthogonally symmetric rather than the usual plateaus (0.92/0.84 and 0.3/0.2 V) appeared in the galvanostatic
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charge/discharge (GCD) in 0.5 M K,SO, electrolyte, which are
related to the reversible K' insertion/extraction. The electrode
achieved a high capacity of 140 mA h g ', manifesting the
reaction of two-electron transfer. Discharge capacities of 111,
109, 104, 100, and 93 mA h g~ were obtained at 0.2, 0.5, 1, 2,
and 3 A g, respectively (Fig. 4h). It can be found that two-
electron redox processes and high K content enabled high
capacity of the electrode, and a robust open-framework struc-
ture facilitated fast kinetics of K'. Recently, K-poor
KNi[Co(CN)s] and K-rich K,Co[Fe(CN)] as AKIB cathodes were
comparatively investigated by Chen et al*® They simulated
the atomic arrangement of K,Co[Fe(CN)s] with the square
arrangement of atoms providing a large number of void sites to
accommodate K" (Fig. 4i). K,Co[Fe(CN)e] showed redox plateaus at
0.84/0.80 and 0.63/0.39 V, indicating two coordination sites for the
intercalation/deintercalation of K'. While KNi[Co(CN)e] demon-
strated a pair of discharge/charge plateaus at 0.94/0.54 V, suggesting
one coordination site for K" storage. Thus, K,Co[Fe(CN),] delivered
a discharge capacity of 112 mA h g~ * in K,SO,-based electrolytes,

View Article Online
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higher than that of KNi[Co(CN)s] (37 mA h g~") (Fig. 4j). The
higher capacity of K,Co[Fe(CN)s] can be ascribed to the abundant
K element, abundant active sites, and two-electron redox pro-
cesses. A mesoporous K-rich nickel ferrocyanide cathode
(K;NiFe(CN)s-1.2H,0) for ultrafast AKIBs was developed by
Zhao et al.*’> Ni and Fe ions together with C-N bonds formed
a double perovskite framework (Fig. 4k). At an ultrahigh current
density of 500C, the electrode showed a high discharge capacity
of 42.1 mA h g, equivalent to 54.4% at 5C. It is worth noting
that it only took 4.1 s to complete one discharge/charge cycle at
500C, which was extremely high for the rate performance
reported at that time (Fig. 41). Based on the ex situ Raman
spectroscopy characterization, the reversible transformation of
Fe™ and Fe' during the redox process was demonstrated.
PBA compounds show controllable morphologies during
preparation, and structural engineering plays an important role
in promoting ion diffusion, inhibiting material dissolution,
and improving electrochemical performance. Partial substitution
of N-coordinated P ions with another metal ion is an efficient
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strategy to influence the properties of PBAs, which has been
extensively studied in organic batteries.®*®* For example, the
copper-nickel hexacyanoferrate (CuNiHCF) was synthesized by
the ratio regulation of Cu to Ni in the material.*” Ni and Cu in
the CuNiHCF crystal structure formed a fully miscible solution on
the P site (Fig. 5a). The reaction potential of CuNiHCF with K" was
controllable from 0. 6 to 1.0 V by changing the content of Ni and
Cu in the structure (Fig. 5b). NiHCF and CuHCF displayed 100%
capacity retention after 2000 cycles, while Cuy 5¢Nig 44HCF lost 9%
of its initial capacity. The capacity loss of the Cuy 56Niy 4sHCF may
be due to the dissolution of the electrode, and the relative
concentrations of Ni and Cu also have an influence on the
chemical stability of Cuy s¢Nig44HCF. In recent work, a series of
Ni,Zn,HCF (x = 1, 1.5, or 2, y = 2, 1.5, or 1) was reported by
Mai et al. as cathodes for AKIBs.*" Ni,Zn,HCF was designed by the
synergistic effect between high voltage Zn** and stable Ni**. All
three samples exhibited linear rigid coordination of Fe-C—N-M
(M = Ni, Zn) mechanisms to form cubic frameworks. Among
them, Ni,Zn,HCF showed the lowest polarization and the highest
redox potential in the aqueous K,SO, solution revealed by the CV
curves (Fig. 5¢). Ni,Zn,HCF exhibited the average equilibrium
potentials of 0.6 V vs. SCE and the highest capacity retention of
85.5% at 166.7C (Fig. 5d). Impressively, Ni,Zn,HCF exhibited an
ultrahigh rate capability at 1000C with 66% capacity retention and
ultralong life span of 80 000 cycles with 0.000385% capacity decay
per discharge/charge cycle at 1000C. Such excellent performance
was associated with the mechanism of near-pseudocapacitive
intercalation, the large surface area, and the structural stability
brought by the high Ni content. Hu et al. explored the electro-
chemical stability of K-rich K,MnFe(CN)s affected by Fe
substitution.** They found that Mn ions replaced by the proper
amount of Fe ions could effectively inhibit the dissolution of the
material in the aqueous electrolyte during the discharge/charge
process (Fig. 5e and f). Thus, the optimal K-rich sample,
K,Feo 35Mny ¢5Fe(CN)g, achieved a high capacity of 135 mA h g~*
and high-rate performance with 5% capacity loss at 20C. In this
regard, Fe substitution not only reduces the density of Mn®" in the
lattice, but also significantly changes the Mn**/Mn**-N redox
reaction mechanism. Based on first principles calculations,
K,Feo sMn, sFe(CN)s showed small band gap and low K' ion
diffusion energy when compared with that of K,MnFe(CN)s,
suggesting the improved electronic conductivity and K" diffusion
dynamics (Fig. 52 and h).

In addition to the strategy of partial substitution, reducing
grain size, increasing crystallinity, and reducing defects are also
used to improve the electrochemical stability of PBAs. Very
recently, Padigi and co-workers synthesized PB and Prussian
green (PG) using different precursors (potassium ferricyanide
and potassium ferrocyanide) as AKIB cathodes in KNO;-based
electrolyte.*® Different precursors induced different reaction
rates, resulting in much smaller PG particles (50-75 nm) than
PB particles (2-10 pum). As revealed by the CV curves, the
insertion and extraction of K* were highly reversible for PG
(Fig. 5i). K* first intercalated at 0.89 V to form PB, and then
K" continued to intercalate at 0.2 V to generate Prussian white
(PW). Compared to PG, PB exhibited similar K" storage behavior.

This journal is © The Royal Society of Chemistry 2022
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However, the specific capacity of PG exhibited a significant
increase from 53 to 121 mA h g' compared with PB. This is
due to the smaller particle size resulting in a shorter diffusion
length for K'. Additionally, Li and co-workers synthesized a
series of PW with different particle sizes and crystallinities by
adjusting the acidity of hydrothermal conditions.*> As the
increase of the concentration of hydrochloric acid, the structure
of the material gradually transformed from the monoclinic
phase of KFe (0) to the cubic phase of KFe (2.0), and the
gradually broadened half-peak width indicated the decreased
grain size of the material (Fig. 5j). When used as cathodes for
AKIBs, KFe (1.0) electrode exhibited the highest capacity of
142 mAh g " at 75 mA ¢ ' and good stability with 88% capacity
retention over 300 cycles at 1.5 A g~ " (Fig. 5k). The high crystal-
linity of the electrode alleviated its continuous dissolution in an
aqueous solution, and the reduced grain size enhanced the
ion diffusion kinetics, which synergistically improves the K*
storage stability. Moreover, Jiao et al. synthesized low-defect
K,CoFe(CN)s (CoHCF) using a coprecipitation method and
investigated it as a cathode for AKIBs.*> CoHCF showed low
water content of less than 10%, indicating low crystalline defects
in the sample (Fig. 51). The CV curves of the electrode demon-
strated two pairs of redox peaks, suggesting the existence of
two-electron transfer during the electrochemical process. It can
deliver a high discharge capacity of 83.6 mAhg ' at20 mA g™’
in KCF3S0;-based electrolytes (Fig. 5m). Low defects could avoid
the block of active sites, the inhibition of ion transport, and the
reduction of electrochemical activity of P sites. During K" inter-
calation/deintercalation, a solid solution reaction between
K,Co(un)Fe(u) (CN)s and KCo(m)Fe(n) (CN)s in the low voltage
range, and a phase transformation from F43m to Fm3m in the
high voltage range were confirmed (Fig. 5n).

Apart from the above-mentioned improvement strategies,
growing active materials on conductive substrates is also a
useful strategy to enhance the electrochemical performance.®®
For example, the Prussian yellow (PY) film on indium tin oxide
(ITO) substrate was reported by Baioun and colleagues, and the
obtained composite material exhibited superior electrochemi-
cal performances.’® A high capacity of 142 mA h ¢* and high
capacity retention of 82% were demonstrated at 3C for 500
cycles, manifesting its good cycling stability. When this cathode
material was assembled with the Zn anode to form a full cell, it
achieved a high output potential of 1.9 V, indicating the
promising application in AKIBs.

Recent research has demonstrated that PB and PBAs are
promising K' storage cathode materials due to their open
framework, high voltage platform, simple preparation, and
low cost. However, some challenges in practical applications
still exist for PB and PBAs, which suffer from poor rate
performance and fast capacity fading caused by low electronic
conductivity, interstitial or coordinated water, excess lattice
defects, and complex side reactions with electrolytes. Fortunately,
a series of effective strategies have been adopted to modify
the electrochemical property of these cathode compounds, includ-
ing metal ion substitution or doping, particle size reduction,
crystallinity enhancement, defect reduction, and conducting

Energy Environ. Sci., 2022, 15, 3750-3774 | 3757
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modification.®® Therefore, it is necessary to optimize the lattice
structures through feasible structural design strategies, so that the
electrode material can store K' reversibly with high efficiency, and
the cycle stability is not affected by unfavorable factors.

2.1.2. Polyanionic compounds. Polyanionic compounds
hold potential as cathodes for LIBs and sodium-ion batteries
(SIBs) because they show high output voltage, robust three-
dimensional frameworks, fast ions conductivity, and abundant
vacancies.®” For example, Na;V,(PO,); is a representative NASI-
CON type cathode, which shows larger channels to accommodate
Na".%*7% As early as 2014, Ji et al. discovered the electrochemical
behavior of NazV,(PO,); in K,SO,, Na,SO,, and Li,SO,
electrolytes.”” As shown in Fig. 6a, the crystal structure of
NazV,(PO,4); consists of VOg octahedra and corner-sharing
PO, tetrahedra with two Na sites, namely Na(1) and Na(2). This
robust crystal structure allows NazV,(PO,); to allow insertion/
extraction of alkali metal The large polarization
during the first three charge-discharges occurred in K,SO,
and Li,SO, electrolytes, indicating the limited electroactivity
of Na;V,(PO,); in the two electrolytes (Fig. 6b). The presence of
these asymmetric redox peaks indicated that the electrochemi-
cal intercalation/deintercalation processes of K" and Li" were
believed to be irreversible. The K* storage mechanism may be
the formation of electrochemical double-layer capacitance
(EDLC) on the surface rather than being embedded in the bulk,
which is due to the weakest solvation of K", the smallest charge
density, and the higher conductivity. This may explain why
NazV,(PO,); exhibited more capacity in Na,SO, electrolytes
than in K,SO, electrolytes.

In brief, polyanionic compounds are highly promising for
high-energy AKIBs owing to their stable framework, high voltage,
and high thermal stability. Compared with PB and PBAs, the
relatively high density of polyanions makes them promising
AKIB cathode materials. Although low electronic conductivity
is a disadvantage that cannot be ignored, it can be well modified
by nanocomposite design, carbon coating, the alkali ions par-
tially substitution or other effective strategies. Therefore, the
development of high-capacity polyanionic compounds is a pro-
mising research direction. Especially, through the investigation
of new polyanion materials and structural engineering, the K"
storage capacity of such materials can be further improved.

ions.
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2.1.3.
especially layered vanadium oxides, have attracted enormous

Vanadium-based oxides. Vanadium-based materials,

interest in aqueous alkaline ion batteries due to their large
interlayer spacing and multiple valence states.”””® The open
interlayer provides diffusion channels for alkali metal ions, and
the abundant valence changes of vanadium ensure high
specific capacity. Therefore, Vanadium-based oxides materials
are another type important cathode materials for AKIBs.

Wu and co-workers investigated the electrochemical behavior
of V,05-0.6H,O in aqueous solutions containing three alkali
metal sulfates (K,SO,4, Na,SO,, and Li,SO,).>> The GCD profiles
within 0-1 V (vs. SCE) exhibited a capacitor-type linear relation-
ship (Fig. 7a). Interestingly, the specific capacity of V,05-0.6H,O
to storage K (50 mA h g~') exceeded those of Li* (37 mA h g™?)
and Na* (43 mA h g~'). Meanwhile, the charge-transfer resis-
tance (R.) value of V,05-0.6H,0 in K,SO, electrolyte (2.4 Q) was
smaller than those in Na,SO, (3.5 Q) and Li,SO, (6.1 Q) solutions
(Fig. 7b). The fast charge transfer dynamic in the K,SO, solution
validated the optimal electrochemical performance. In addition,
the structural evolution of V,05-0.6H,O during intercalation/
deintercalation of Li'/Na'/K" was presented (Fig. 7¢). Compared
with Li" and Na*, the K" insertion/extraction in the V,05-0.6H,O
interlayer was more feasible, which could be related to the
moderate charge density of K'. However, V,05-0.6H,0 showed
the rapid decay of capacity in the three electrolytes.

Pre-intercalation of alkali metal ions between the layers of
V,0;5 is a typical effective strategy to improve electrochemical
performance. Teng et al. synthesized K-intercalated disordered
vanadium oxide (Kg,,V1.7404.37-0.82H,0) as AKIB cathode.’?
The electrode exhibited a bilayer structure that is composed of
[VOg] octahedral units, and K and H,O existed between the V-O
layers (Fig. 7d). When used as K' storage cathode, K 2,V;7404.37-
0.82H,0 possessed a higher capacity of 183 mAhg "at5mvs ~*
and higher rate performance than those of the commercial V,Os
material and PEDOT:PSS (Fig. 7e). Such good electrochemical
stability was due to the strong coherence between the interlayer
water and the V-O layer (Fig. 7f). In addition, the highly
disordered nature of the material lowered the energy barrier for
K" transport. The synergistic effect endowed electrodes with high
specific capacity and excellent rate performance. Similarly,
Zhi et al. reconstructed o-V,0s crystals into 8-Ky5V,0s bronzes

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ee01573k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 05 August 2022. Downloaded on 10/19/2025 4:01:41 AM.

(cc)

View Article Online

Review Energy & Environmental Science
av —xs; | b c x
— 30 fe ] ot @ ' st
- Eazso4 ] ] et A
— Li2SO4 H
> 1 i x
W 06 E 20 [ e l
g 04 N 47 ) K,SO,
w 10 = i
ol : *—Na,SO, Ve o.o_o....u.
0.2 I “\j 4 Li,SO,
" O-f—#‘“‘ .
"0 20 40 60 8 100 120 5 10 15 : :E :'3""‘ o 8o L
Specific capacity / mAh/g Z'/ Ohm
e
d 20 - = Disordered KVO f Partially hydrated \ I |
& 1 -~ Commercial V,05 L [ - lé'? o1 A '\ / ‘\fl\
" w0 A PEDOT:PSS < L] R VAV
< = 30
E 125 1 - S . = \5
2 : 5 I
S || T o ' i,w,»wqw\«mwww
& 757 S \
- |
(¢ S -1 h
20 -. % N Coherence length
25 o_. — —2 Al [ 7 LA AL AAAAM A S AA A ardnre)
g O e S Y L
0 50 100 150 200 10 20 30 40 50
Scan rate (mV s~) r(A)
g yrvryy P
° b {001)
. 0L miwi & P11
@ Step1 W Step 2 W Step 3 m Step 4 [t
oo = AN e vooy
c AN Ay T . )
< Yoo Yo" o e oo e oo {/.// o
. kit 4 o —
cim  Agyhhy  AQgRAY  AdrdAL AdAAAL.  SBBS Les i
a-V,0; K" insertion Rebinding 5K, ;V,0; Path2 Path3
Fig. 7 (a) GCD profiles at 100 mA g~* and (b) Nyquist impedance plots of V,0s5-0.6H,O in K>SO, Na»SO., and Li,SO, electrolytes. (c) Schematic

illustration of structural evolution of V,0s5-0.6H,0 in three electrolytes. Reproduced with permission from ref. 53. Copyright 2013, Elsevier Inc. (d) Crystal
structure and (e) rate capability of disordered Kg2,V1740437-0.82H,0. (f) Neutron PDFs of disordered Kg»,V1740437-0.82H,0. Reproduced with
permission from ref. 52. Copyright 2017, Springer Nature. Schematic illustration of (g) the reconstructing process from a-V,0s5 to §-Kg 5V20s and (h) three
possible pathways for K* of §-Kq5V,Os. Reproduced with permission from ref. 54. Copyright 2021, American Chemical Society.

for K storage.>® The intercalated K" was located between the V-O
layers (Fig. 7). The structural reconstructing strategy allowed the
creation of more available K' sites for §-K,sV,0s. At the same
current density, the 3K, 5V,0s achieved a capacity of 116 mA h g’l,
while o-V,05 only showed a capacity of 17 mA h g~ '. For
8-K,.5V,0s, three possible transport pathways for K' in the
(010) and (001) planes were suggested, and theoretical calculations
demonstrated that the anisotropic storage mode of K' in
converges to the interlayer channel along the [100] direction
was the dominant path for K' (Fig. 7h).

To sum up, vanadium oxide and its derivatives are promising
compounds in the field of AKIBs owing to multivalent and open
frame structures. In general, vanadium-based materials exhibit
both high specific capacity and good cycle stability. Their layered
structure facilitates the reversible K' intercalation/deintercala-
tion. Nevertheless, the synthesis of materials requires strict
hydrothermal conditions and high-temperature annealing, which
hinders the commercialization to a certain extent. Furthermore,
more research works should be paid on the regulation of inter-
layer spacing, the deployment of structural water, and defect
engineering to improve the performance of such materials.

2.1.4. MXenes. MXenes have attracted increasing research
interest as a new class of two-dimensional transition metal

This journal is © The Royal Society of Chemistry 2022

7782 Gimilar to other

carbides, nitrides, and carbonitrides.
layered materials, MXenes show large and tunable interlayer
spacing. Furthermore, MXenes exhibit several unique properties:
(1) high electrical conductivity, (2) abundant surface chemistries
(e.g, -OH, -O, and -F), and (3) excellent hydrophilicity. These
excellent physicochemical properties make them attractive in
energy storage systems such as batteries and supercapacitors.
Recently, the exploration of MXenes (Nb,C, Ti,C, and Ti;C,)
for aqueous K" storage was reported by Zhi’s group.”” It is well
known that MXenes are a huge family of which more than 30
have been synthesized so far.”® The crystal structure of MXene
is a hexagonal close-packed structure, in which the C atoms are
located in the octahedral gap. These three MXene species are
typical layered structures with interlayer spacing of around
10 A, which provides enough space for the transport of K" ions
(Fig. 8a—c). As AKIB cathodes, high discharge capacities of
66.2 mA h g~* for Nb,C, 52.7 mA h g~ * for Ti,C, 57.3 mAh g '
for TizC, at 0.1 A g~ and fast K* transport kinetics at 5 A g~ " were
displayed (Fig. 8d-f). No obvious plateaus in the GCD profiles
are ascribed to the existence of pseudocapacitance. In addition,
long-term cycling performance of the three cathodes with
high capacity retentions was demonstrated. Based on ex situ

XRD, Raman, and XPS characterizations, a highly reversible
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cathode at 0.5 A g~*. The corresponding (h) XRD, (i) Raman, and (j) XPS data during the cycling. Reproduced with permission from ref. 55. Copyright 2022,

Tsinghua University Press.

intercalation/deintercalation mechanism accompanied by only
1.8% variation of the Nb,C electrode was revealed (Fig. 8g—j).

It should be pointed out that the research work on MXenes
in aqueous K" storage is still in its infancy, and the above
literature shows that MXenes are a class of promising electrode
materials for emerging AKIBs. Due to the large interlayer
spacing and good electrical conductivity, MXene nanostructures
deserve attention in future energy storage. More interesting
works are expected to emerge as synthesis methods and
improvement strategies continue to advance.

2.2. Anode materials

Although several typical cathode materials have demonstrated
good K" storage capacity so far, AKIB full cells are still infant, as
their energy/power density and durability are also affected by
anode materials. Since potassium metal cannot be directly used
as the anode of AKIB, in order to meet the needs of rocking-
chair batteries, the development of anode materials is equally
important. This section will present the latest developments in

3760 | Energy Environ. Sci., 2022, 15, 3750-3774

AKIB anodes (Table 2). Examples of anode materials include
NASICON-type materials, metal oxides/sulfides, alloy materials,
and organic compounds.

2.2.1. Titanium phosphate. Although many titanium-based
materials are considered to be potential anode materials for
organic KIBs, only KTi,(PO,4); has been reported as a potential
anode for AKIBs.”””® The KTiy(PO,); structural framework is
composed of PO, tetrahedra and TiO, octahedra, and K" com-
pletely occupies the interstitial sites (Fig. 9a). The 3D framework
with large interstitial space could facilitate the rapid transmis-
sion of K. Ji et al. first examined the reversible electrochemical
behavior of KTiy(PO,); for K' storage in water-in-salt (WiSE)
electrolytes.®* CV curves revealed that the KTi,(PO,); electrode
exhibited a pronounced HER cathodic current in dilute electro-
Iytes and reversible redox behavior in 30 M KAc electrolyte
(Fig. 9b). Furthermore, the KTiy(PO,); electrode exhibited a
smaller potential hysteresis (~0.3 V) in the WISE electrolyte
than the non-aqueous system (~ 0.5 V), indicating more efficient
kinetics in the aqueous electrolyte (Fig. 9c). Redox peaks at —1.3/

This journal is © The Royal Society of Chemistry 2022
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Table 2 Summary of anode materials and the corresponding electrochemical performance of AKIBs

Capacity retention/

Working potential Specific capacity/ cycles/
Anode materials  Electrolyte range current current Rate capability/current Ref.
KTi,(PO,)s/C 21 M —1.1to 0 V vs. SCE 78mAhg /50 mAg '  ~100%/40/0.05Ag " 475mAhg '/2Ag" 83
KCF3S05
KTiy(POy); 30 M KAc —1.5t0 —0.3Vvs. Ag/ ~58mAhg /0.1Ag "' 69%/11000/1 Ag " ~12mAhg'/5Ag " 84
AgCl
KTiy(PO,)s 40 M HCOOK —1.5t0 —0.3 Vvs. Ag/ ~21mAhg '/100mAg ' — — 85
AgCl
KTi,(PO,);@C 2 M KFSI —1.5 to 0 V vs. SCE 76mAhg '/1Ag" ~80%/10000/1Ag™' 33mAhg '/20Ag"! 86
DMEF/H,0 (full cell) (Full cell)
Ko36(H20),WS, 0.5 M K,SO, —0.8t0 0.4 Vvs. Ag/AgCl 433 mAhg '/0.2Ag '  48.9%/250/0.5A g " 257mAhg '/5A¢7" 87
Ko.35(H20)0.52M0S, 0.5 M K,80, —0.8 to 0.4 V vs. Ag/AgCl ~57 mA h g /500 mA g ' 48.5%/500/5 A g~ " ~40mAhg'/8Ag! 88
o-MoO;@TiO, 0.5 M KPF,  0.05-1 V (Coin cell) 41.27 mA h g '/5C 66.2%/20/5C — 89
K.V,05-nH,0 0.5 M K,SO,; —0.8to 0V vs. Ag/AgCl 382mAhg '/5mVs®  80%/10000/500 mV s~ ' 81 mA h g /1000 mV s~ 90
(full cell)
Mo-based 0.1 M KC1 —0.2t0 0.4 V vs. Ag/AgCl 517 mAhg '/7Ag™" — ~60mAhg '/112Ag " 91
Bi 1 M KOH —1.2 to 0 V vs. SCE 2543 mAh g™ 88.8%/1600/0.57 A g~ 147.3mAhg '/8.768Ag " 92
28.8mA g "
Bi 1 M KOH —1.2to 0 V vs. SCE ~226 mAhg '/0.2Ag " 76.6%/2000/1 A g " 220mAhg '/8Ag" 93
B-PTCDA 30 M KFSI  —1.1to 0.1 Vvs. SCE 145 mA h g '/200 mA g7' 82%/500/2 A g~ 1204mAhg Y/8Ag ' 94
PNTCDA 3.75 M KNO; —1.0t0 —0.2Vvs. SCE 135 mAh g '/360 mA g " ~79%/300/360 mAg " 93.2mAhg "/ 95
5400 mA g~ "
PTCDI 22M —1.3t0 0.3 Vvs. Ag/AgCl 125 mAhg /65 mAg "  77%/1000/2.6 A g~ " 110mAhg /2.6 Ag' 44
KCF3S05
PAQS 10MKOH -1.0t00.1Vvs. SHE 200 mAhg /100 mA g~" 88%/1350/200 mA g~ " 186 mAhg /2250 mAg ™" 96
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Fig. 9 (a) Crystal structure of KTi»(PO4)s. (b) CV curves of KTi,»(PO,)s in different concentration KAc electrolytes at 0.5 mV s, (c) CV curves of KTi,(PO4)s
in aqueous and nonaqueous electrolytes. Reproduced with permission from ref. 84. Copyright 2018, American Chemical Society. (d) Long-term cycling
performance of AKIB full cell consisted of K-FeHCF cathode and KTi,(PO,)s/C anode at 5.0 A g~*. Reproduced with permission from ref. 83. Copyright
2021, Royal Society of Chemistry. (e) CV curves of KTi(PO4)3@C in 2 M KFSI electrolytes with and without DMF. Reproduced with permission from ref. 86.

Copyright 2021, American Chemical Society.

—1.0 Vvs. Ag/AgCl were observed, revealing the redox conversion
between Ti** and Ti"*. However, the KTi,(PO,); electrode showed
a low capacity of 53 mA h ¢~ and poor rate performance.

As an easy-to-handle technology, carbon coating or carbon
composites shows great advantages in enhancing the electronic
conductivity of anode materials. Recently, Li et al. synthesized

KTi,(PO,);/C nanoparticles that showed rapid delivery of K*.%*

This journal is © The Royal Society of Chemistry 2022

A full cell with KTi,(PO,);/C anode, iron hexacyanoferrate
(K FeFe(CN)s) cathode, and 21 M KCF3;SO; WISE electrolyte
was constructed. The full cell achieved a discharging capacity of
73 mA h g ! (based on KTi,(PO,);/C anode) and an average
discharge potential of 1.5 V. Even at 5 A g~ ', the AKIB full cell
exhibited little capacity loss of 3.3% after 30 000 cycles (Fig. 9d).
Besides, the KTi,(PO,);/C showed fast reaction kinetics and
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maintained near-zero strain during K' storage, thus achieving
excellent performance.

To further enhance the electrochemical performance of
KTi,(PO,);@C, electrolyte additives are adopted. A hybrid
electrolyte based on KFSI was designed by Li et al.®® DMF was
introduced into the KFSI dilute electrolyte, which not only
broadened the ESW of the electrolyte, but also modified the
cycling stability of the electrode. Using 2 M KFSI DMF/H,0
electrolyte, the KTi,(PO,);@C anode exhibited distinct redox
peaks in the CV curves, while almost no peaks were observed
when using 2 M KFSI aqueous electrolyte (Fig. 9¢). Therefore,
the hybrid electrolyte stimulated the electrochemical activity of
the KTi,(PO,);@C due to the presence of DMF. Moreover, after
200 cycles, the KTi,(PO,4);@C anode showed a high capacity of
76 mA h g™, indicating its good cycling stability.

In summary, titanium phosphate is still an ideal anode for
AKIBs due to its small volume change during K' storage,
relatively good cycling stability, and nontoxicity. Note that the
main drawbacks of titanium phosphate as anode for AKIBs are
unsatisfactory discharge capacity and rate capability. Therefore,
further improvements in capacity, cyclability, and rate perfor-
mance are urgently needed. The optimization strategies, such
as carbon coating, hybrid composites, and electrolyte engineer-
ing, are promising for the high performance of AKIBs.

View Article Online

Review

2.2.2 Metal oxides/sulfides. Conversion anodes have been
widely used in organic battery systems thanks to their high
capacity, environmental friendliness, and low cost.”%* The
latest reported conversion anodes for AKIBs are transition
metal oxides and dichalcogenides.

Since Dahn et al. first used VO, as an anode for aqueous
LIBs in 1994, other vanadium-based electrode materials have
been developed as anodes for AKIBs.® Jiang et al. designed
amorphous/crystalline K, ,5V,05:nH,0/0-V,05 dual phases (ac-
K,V,0s5) anode for aqueous K' micro-batteries (AKMBs).”®
Amorphous K, ,5V,05-nH,0 acted as a molecular pillar between
layers, which not only enabled ac-K,V,Os to possess new
accommodation sites and ion diffusion paths, but also maintained
the larger interfacial spacing of crystalline V,0s bilayers (Fig. 10a).
Such nanostructure was beneficial for the hydrated K' inter-
calation/de-intercalation in ac-K,V,Os, whereas the K'-free
ac-V,05 was unfavorable for K' storage, due to narrow interlayer
spacing, sluggish diffusion kinetics, and drastic volume
changes. Compared to ¢-K,V,0s5 and a-K,V,0s, the capacity of
ac-K,V,0; was significantly improved due to its biphasic nano-
structure, which provided more space for hydrated K' and
promoted K' diffusion kinetics between layers (Fig. 10b).
When coupled with the ¢-K,MnO, cathode, the full microcells
possessed a wide working voltage window of 1.6 V.
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(a) Crystal structure of ac-K,V,Os. (b) CV curves of a-K,V,0s, ac-K,V,0s, and c-K,V,0s. Reproduced with permission from ref. 90. Copyright

XRD patterns of a-MoOz samples with and without coating after cycles.

Reproduced with permission from ref. 89. Copyright 2016, Elsevier Inc. (e) SEM image of MoS,-s/CNT-chl. (f) Rate performance of CNT and Mo-based

samples. Reproduced with permission from ref. 91. Copyright 2021, Elsevier

Inc. (g) Crystal structure and (h) cycling performance with different cations at

0.5 A g7t of Ko 35(H20)0.82M0S,. Reproduced with permission from ref. 88. Copyright 2020, The Royal Society of Chemistry. (i) Crystal structure, (j) GCD
profiles at different current densities, and (k) ex situ XRD patterns of Kq 36(H.O),WS,. Reproduced with permission from ref. 87. Copyright 2019, The Royal

Society of Chemistry.
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Stable cyclability with ~80% capacity retention over 10000
cycles was maintained at 500 mV s~ . Besides, the volumetric energy
density (~103 mW h cm ) and power density (~600 W cm ) of
AKMB far exceeded most reported aqueous systems at that time.

Molybdenum (Mo)-based materials (such as MoO; and
MoS,) have been studied extensively as the intercalation anodes
for LIBs and SIBs.'%*'** Park et al. demonstrated the effect of
material strain on a-MoO; anode for AKIBs with TiO, film
deposited on the surface using the ex situ XRD method.®® The
TiO, layer was 11 nm thick after 10 nm ALD deposition,
confirming the approximate coating thickness applied
(Fig. 10c). The XRD patterns of a-MoO; and a-MoO; coated
with 5 nm and 10 nm TiO, after 10 discharge/charge cycles
revealed the improved structure stability with the increase of
TiO, coating thickness (Fig. 10d). As a result, the 10 nm-coated
sample exhibited the highest capacity retention, attributed to
the low strain at the interface of amorphous TiO,/crystalline
a-MoO;. Moreover, Zarbin et al. prepared several Mo-based/
carbon nanotube (CNT) nanocomposites by a simple liquid/
liquid interfacial route (LLIR)-based method.”* It can be
noticed that MoS, and CNT-chl mixed homogeneously
(Fig. 10e). Most of the GCD profiles showed plateaus at 0.1 V,
indicating that K" was intercalated in MoS, bulk. The ultrahigh
specific capacity of 517 mA h g~ ' made it promising for AKIBs
(Fig. 10f). In addition, Huang et al. discovered that the hydrated
Mo-based ternary sulfide K, 33(H20)0.82M0S, reversibly stored a
variety of hydrated cations (K, Li*, Na*, Mg**, AI**, NH,").%®
Similar to 2H MoS,, Ky35(H0)05:M0S, exhibits a typical
layered structure, but the intercalation of hydrated K' increases
the interlayer spacing from 6.2 A to 9.3 A (Fig. 10g). The higher
electrical conductivity of K, 35(H,0)0.6:M0S, is due to the
presence of twisted [MoS] octahedra in the [Mo-S] layer. The
redox peaks of CV curves were mainly located between —0.4 and
0.4 V. Interestingly, Ko 35(H20)0.s2M0S, possessed a discharge
capacity of ~68 mA h g~ for K* storage, which exceeded other
guest ions (Fig. 10h). Based on the results of ex situ XRD and
XPS characterizations, a typical two-phase reaction mechanism
was revealed, with the first phase transition between
Ko.38(H20)0.5:M0S, and 1T’ MoS,, followed by the reversible
intercalation and deintercalation between 1T’ MoS, and
A(H,0),M0S,.

Tungsten disulfide (WS,) has also been regarded as a
promising electrode material due to the large lattice spacing
of 6.2 A and the weak van der Waals interactions.**® Recently,
Huang et al. synthesized K, 36(H,O),WS, layered compound as a
novel anode material for AKIBs.?” The structure of Ko.36(H20),WS,
consisted of WS, layers and interlayer hydrated K*, where the WS,
layers were connected by shared twisted [WSe] octahedra (Fig. 10i).
This electrode exhibited large interlayer spacing of 9.258 A and
high conductivity of 35.8 S m~". When used as anode for AKIBs,
two obvious plateaus at ~—0.15 V in the discharge profile
and ~0.05 V in the charge profile were observed, corresponding
to the K" intercalation/deintercalation process (Fig. 10j). The
Ko.36(H,0),WS, obtained a high capacity of 43.3 mA h g™ ' at
0.2 A g ' within —0.8 to 0.4 V vs. Ag/AgCl. The good rate
performance of Ko 36(H,O),WS, was ascribed to the high ionic

This journal is © The Royal Society of Chemistry 2022
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conductivity and large interlayer spacing. Based on ex situ XRD
results, the highly reversible storage mechanism of hydrated K" in
Ko.36(H>O),WS, electrode was revealed (Fig. 10Kk).

Note that metal oxides/sulfides are mainly divided into two
categories: intercalation mechanism and conversion mechanism.
Most of the intercalated anodes exhibit stable electrochemical
performance. However, these materials show low specific
capacities and high operating voltages, resulting in low energy
densities. For conversion materials, large volume changes
caused by conversion reaction will lead to pulverization of the
active material, resulting in capacity decay. In addition, large
voltage hysteresis and poor first Coulombic efficiency (CE) lead
to capacity loss. Therefore, despite the promise of high capacity
for this class of materials, these major issues cannot be
ignored. Metal oxides/sulfides are still in the primary stages
of development as AKIB anode materials, so advanced
structural design (nanoengineering or coating) and tuning of
electrode/electrolyte interfaces are efficient strategies to achieve
highly stable oxides/sulfides anodes.

2.2.3. Alloy. Many elements (such as P, Ge, Sn, Sb, Bi, etc.)
can undergo alloying reactions with K metal in organic KIBs to
achieve efficient K storage.'*®™"'° These elements have attracted
widespread attention for their low operating voltages and high
capacities. However, it is rarely reported in AKIBs. Recently,
Zheng et al. revealed the K storage mechanism of Bi anode in
AKIBs.””> Bi metal exhibited a typical layered structure and
possessed a wide interlayer distance of 3.95 A (Fig. 11a). When
used as an AKIB anode, a discharge voltage plateau at ~—0.67 V
vs. SCE and a charge voltage plateau at ~—0.64 V vs. SCE were
recorded, indicating the alloying/dealloying reactions with K.
The Bi anode displayed superior K' storage capability, including
a high discharge capacity of 181.2 mA h g ' at 0.548 Ag !, a
good rate performance, and a long cycle life of over 1600 cycles.
Such excellent cyclability was attributed to the highly stable
properties of nanorods. Based on ex situ XPS characterizations,
the process of the alloying reaction (Bi < Bi (K) < BiKj;) was
confirmed (Fig. 11b and c). Besides, the full cell consisted of Bi
anode and Co(OH), cathode was designed. This Bi-Co full cell
achieved a high capacity of 157.57 mA h cm™> at 0.5 mA cm >
within a stable operating voltage of 1.6 V. Besides, a high
capacity of 127.92 mA h cm™* was maintained after 2500 cycles,
demonstrating considerable stability.

In order to deepen the understanding of the energy storage
mechanism of Bi anode, Zheng et al. carried out a systematic
work about Bi storage of different alkali metal ions (Li", Na,
and K").”® The overpotential and voltage polarization in Li*
electrolyte were the largest, followed by K' electrolyte, and the
smallest in Na' electrolyte. This means that the dealloying
reaction of Bi with Li" was the most difficult during the entire
discharge process, while Na" was the easiest. As a result, the
Bi anode exhibited the highest capacity and the best rate
performance for Na* storage, followed by K' storage, while it
exhibited the lowest capacity and the fastest decay in terms of Li"
storage (Fig. 11d). Based on the charge density difference, the
adsorption energy of Li" in Bi layers was highest, manifesting the
strongest interaction between Li" and Bi (Fig. 11e). In addition,
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8 Li and 8 Na atoms transferred charges to Bi, which were two
atoms more than that of K, probably due to the large radius of
K'. Larger volume expansion would cause the capacity of K
storage to decline more seriously than that of Na" storage.

In summary, alloy material exhibits good electrochemical
performance in AKIBs. However, the research on the emerging
alloy anode materials for AKIBs is still in its infancy. The main
disadvantages of these materials are large volume expansion,
various side reactions, and high voltage hysteresis, resulting in
poor cycling performance and CEs. With the further development
of electrode structure design, as well as in-depth insights into the
K" storage mechanism and advanced electrolytes, alloy anodes are
promising to become one of the stable and high-capacity anodes
for AKIBs.

2.2.4. Organic compounds. Unlike the traditional inorganic
materials, organic materials show various advantages in the
rechargeable battery field, such as diverse chemical structures,
good electrochemical stability, low cost, environmental friendliness,
and recyclability.""'™'® In general, organic materials show
satisfactory specific capacity and rate performance, since large
K’ can be easily de-intercalated into these organic frameworks
due to weak intermolecular interactions. Typically, quinones as
stable anodes for aqueous batteries were explored by Yao
et al.’® The prepared quinones were capable of storing K" and
other charge-carrying species (such as H', Li*, Na*, Mg®") at
different pH values, temperatures, and atmospheres. Through
the design of quinone molecular structure, three major systems,
namely PbO, (acidic), LiMn,0, (neutral), and Ni(OH), (alkaline),
were developed. Among these organic molecules, poly(anthra-
quinonyl sulfide) (PAQS) was especially outstanding as an anode
for AKIBs in alkaline electrolytes (pH > 14). PAQS-Ni(OH), cell
showed a high capacity of 200 mA h g " in 10 M KOH and good
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stability of 88% capacity retention after 1350 cycles (Fig. 12a and b).
Besides, PAQS exhibited high rate capability at a wide temperature
range (25 to —25 °C) due to its lower charge-transfer resistance.
Hu et al. proposed 3,4,9,10-perylenetetracarboxylic diimide
(PTCDI) as an anode for aqueous K storage."* PTCDI anode
showed two couples of redox voltage plateaus at —0.45/—0.77 V
and —1.05/0.13 V (vs. Ag/AgCl) and achieved a discharging
capacity of 125 mA h g~ ' at 0.5C (Fig. 12c). Superior rate
performance (110 mA h g~ at 20C) and good cyclability (77%
capacity retention over 1000 cycles) were also obtained. The
common dissolution of PTCDI anode during the discharge/
charge cycle was suppressed when using the concentrated
electrolyte. When assembled with the KFeMnHCF cathode,
the AKIB full cell possessed a discharge voltage of 1.27 V and
remarkable cycling stability. Soon after, Wang et al. utilized
concentrated electrolyte to suppress the HER of B-perylene-
3,4,9,10-tetracarboxylic dianhydride (B-PTCDA) during the dis-
charge/charge process.”® The redox peaks associated with
reversible potassiation/de-potassiation with the carbonyl
groups occurred within —1.1 to 0.1 V (vs. Hg/Hg,Cl,)
(Fig. 12d), which may be ascribed to the reversible transition
reaction between the C-O-K and C=—O bonds. B-PTCDA
possessed an initial capacity of 145 mAh g ' at 0.2 Ag ' and
subsequently a stable capacity of 130 mA h g™', which were
induced by the two-electron reaction from f-PTCDA to
K,PTCDA. Besides, Li and co-workers reported another redox-
active polyimide, namely, 1,4,5,8-naphthalenetetracarboxylic
dianhydride-derived polyimide (PNTCDA).”> PNTCDA anode
exhibited high reversibility with a discharge capacity of
135 mA h g~ ' at 2C within —1 to —0.2 V (vs. SCE) in KNO,
electrolyte (Fig. 12e). Compared with the K,SO, electrolyte,
PNTCDA showed higher rate performance in the KNO; electrolyte.

This journal is © The Royal Society of Chemistry 2022
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Copyright 2017, Springer Nature. (c) GCD profiles of PTCDI at different rates. Reproduced with permission from ref. 44. Copyright 2019, Springer Nature.
(d) CV curves of B-PTCDA at 10 mV s~*. Reproduced with permission from ref. 94. Copyright 2020, The Royal Society of Chemistry. (e) GCD profiles
of PNTCDA. (f) Schematic illustration of the electrochemical mechanism of PNTCDA. Reproduced with permission from ref. 95. Copyright 2020,

Elsevier Inc.

Besides, an enolization process mainly occurred when combined
with K" insertion/extraction, where charge redistribution in the
conjugated structure promoted the reaction (Fig. 12f).

In a word, the main challenge of organic electrode materials
is the dissolution in electrolytes. This problem could be greatly
reduced with some engineering techniques (high-concentration
electrolytes and additives). However, further in-depth research
is needed to improve the electronic conductivity and energy
density in order to meet the needs of practical applications.
One of the common strategies to improve electrical conductivity
is to incorporate conductive carbon materials when preparing
electrodes, but this method will reduce the tap density of
electrodes to a certain extent.

3. Electrolytes for AKIBs

Electrolytes, as ion transport media between cathode and
anode, are especially critical in battery systems.'”'** The
liquid electrolyte of AKIBs is to dissolve K salt in water in a
certain proportion. The most representative K salts for AKIBs
are listed in Table 3 and their physical and chemical properties

This journal is © The Royal Society of Chemistry 2022

are summarized. Compared to organic solvents, water is an
attractive alternative owing to its fundamental safety, higher
ionic conductivity, and low cost."> The electrolytes used in
AKIBs can be classified into two catalogs, including conven-
tional liquids and hydrogels.

3.1. Aqueous liquid electrolytes

3.1.1. Diluted electrolytes. Water can dissolve most inor-
ganic salts and form solvated structures owing to the coexistence
of Lewis basicity of the oxygen position and Lewis acidity of the
hydrogen position. According to the Pourbaix plot of water, the
stability window shifts to lower voltages as pH increases, allowing
more anode material to work in the stable electrolyte window.
Generally speaking, the use of dilute K-based electrolytes in AKIBs
is as their high ionic conductivity and low cost. The common
dilute electrolytes used for AKIBs include 0.5 M K,SO,4, 1 M KCl,
1 M KNO;3, and 1 M KOH. But the use of dilute electrolytes also
faces some obvious problems. For example, hydrolysis inevitably
occurs during the charging and discharging processes of the
battery, especially under a wide voltage range, causing issues,
such as short circuit or even failure of the battery. This is mainly
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Table 3 The properties of several common K salts for AKIBs. (The main information of relevant K salts is obtained from Chemiday and Sigma-Aldrich

websites)

K Salts  Solubility (g per 100 g H,0) Molality (mol kg™") TIonic Conductivity (maximum value, mS ecm™") Cost ($ per kg) Toxicity  Ref.
K,SO, 12.0 0.7 78.01 (0.48 M) 95.5 Low 125
KCl 35.5 4.8 108.6 (1 M) 132 Nontoxic 125
KNO; 38.3 3.8 74.28 (0.79 M) 122 Low 125
KOH 121 21.6 626.6 (6 M) 62.1 Moderate 126
KPF¢ 9.3 0.5 — 363 Low 89
KFSI 657.7 30 ~120 (~5 M) 323 (100 g) Nontoxic 94
KCF;S0; 414.0 22 ~140 (~6 M) 104 (25 g) Nontoxic 44
HCOOK 331 (18 °C) 39.4 130 (10 M) 104 Nontoxic 85
KAc 269 27.4 ~112 (~5 M) 330 (2.5 kg)  Low 84

attributed to the existence of abundant water molecules in the
dilute electrolyte and the high chemical activity of water. Therefore,
it is necessary to develop electrolytes with wide electrochemical
windows to improve the electrochemical performance of dilute
electrolytes.

3.1.2. Concentrated electrolytes. The narrow electrochemical
window (1.23 V) of aqueous electrolytes not only limits the energy
density of AKIBs, but also limits the choice of electrodes. Also,
the aqueous battery system faced some issues as follows: decom-
position of water, side reactions between electrodes and water,
co-intercalation of protons, and dissolution of electrodes. In order
to solve the above issues to some extent, Wang et al. pioneered the
proposal of an ultra-concentrated electrolyte (21 M LiTFSI) known
as a WISE electrolyte in 2015."*” Since then, concentrated electro-
lytes have been widely used in various aqueous battery systems

and shown good electrochemical performance.'”**° In WiSE
electrolytes, the activity of water is suppressed because the content
of free water is greatly reduced.

WISE electrolytes have been successively used in AKIBs,
including 22 M KCF;S0;, 27.8 M K(PTFSI)g15(TFSI)g o5
(CF3803)0.6-2H,0, 30 M KAc, 30 M KFSI, 40 M HOOCK, and
61.7 M KFSI + KCF;S0,. 4848594131132 Hioh concentration
electrolytes show several advantages as follows: (1) concen-
trated electrolytes can widen the ESW. Ji et al. first investigated
KAc-based WISE electrolytes in AKIBs, and found that the ESW
could be widened to 3.2 V (Fig. 13a).®* Hu et al. reported an
AKIB full cell with KCF;SO;-based WiSE electrolytes.** The
22 M KCF;3S0; electrolyte exhibited a wider ESW (3 V, from
—1.3 to 1.7 V vs. Ag/AgCl), and its redox potential is lower than
that in 1 M KCF3SO; electrolyte. Cheng et al. proposed 40 M
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Fig. 13

(a) Linear sweep voltammetry of KAc-based electrolytes. Reproduced with permission from ref. 84. Copyright 2018, American Chemical Society.

(b) lonic conductivity of different concentration LiCF3SOs-, NaCF3SOs- and KCF3SOs-based electrolytes. Reproduced with permission from ref. 44.
Copyright 2019, Springer Nature. (c) UV-vis spectroscopy of the cycled 1 and 22 M KCF3SOz-based electrolytes. Reproduced with permission from ref.
54. Copyright 2021, American Chemical Society. (d) The Raman spectrum of two electrolytes and H,O. Reproduced with permission from ref. 44.
Copyright 2019, Springer Nature. (e) Schematic illustration of the solvation structure in two electrolytes. Reproduced with permission from ref. 54.

Copyright 2021, American Chemical Society.
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HCOOK-based WISE electrolytes, showing a wide ESW up to
4 v.% Wang et al. explored 30 M KFSI-based WiSE electrolyte
with the ESW of 3.97 V.** (2) Concentrated electrolytes can
improve the electronic conductivity. At the same concentration,
the conductivity of KAc-based electrolytes is higher than that of
other reported fluorinated imide salts such as LiTFSL3* The
higher conductivity may be ascribed to the dominance of
acetate salt or the Lewis weak acidity of K'. Compared with
LiCF;S0; and NaCF;SO;, the high concentration of KCF;SO;
exhibited a series of excellent properties, high ionic conductiv-
ity (76 mS cm ™' at room temperature), low viscosity, and wide
voltage window (Fig. 13b).** The conductivity of HOOCK-based
electrolyte reached about 130 mS cm ™' at 10 M and still
maintained 46 mS cm™! even at 40 M, which exceeded other
fluorinated imine-based WiSE electrolytes and previously
reported KAc.®> The electrical conductivity of KFSI-based
electrolytes also surpasses those of LiTFSI-based electrolytes
and KAc-based electrolytes at the same concentrations.’® (3)
Concentrated electrolytes can effectively prohibit the dissolution
of electrode. UV-vis spectra showed the existence of strong
adsorption of V** ions in the cycled 1 M KCF3;SO;-based electro-
lyte, while no adsorption occurred in the 22 M KCF;3SO;-based
electrolyte, indicating that the high concentration electrolyte
inhibited the dissolution of the 3-K, 5V,0s (Fig. 13¢).>* Similarly,
the electrolyte turned pink after 5 cycles for PTCDI anode in 1 M
KCF;SO; electrolyte, while it was still transparent in 22 M
KCF;SO; electrolyte, indicating that the dissolution in the con-
centrated electrolyte was effectively suppressed.** A similar
phenomenon was also observed in 30 M KFSI-based electrolyte,
which ensured the integrity of f-PTCDA and achieved long-term
cycling performance.”

It is worth mentioning that the widened voltage window and
suppressed dissolution properties are associated with the
reduction of free water in concentrated electrolytes. As shown
in Fig. 13d, the water state in 1 M electrolyte was similar to that
of pure water, indicating that a large amount of free molecular
water existed in the electrolyte with low concentration, so that
the V" species could be dissolved in the electrolyte.** In the
22 M electrolyte, weak hydrogen bonds remained and shifted to
the right, while strong hydrogen bonds gradually disappeared,
indicating that the strong K" solvation effect confines water
molecules. The confined free water in WiSE only dissolved the
limited V*', which hindered the dissolution of the active
electrode (Fig. 13e).”*

3.1.3. Electrolyte additives. Although substantial progress
in the area of AKIBs with concentrated electrolytes has been
achieved, they still suffer from the high cost, which hinders the
large-scale application of aqueous energy storage devices.
Clearly, the use of electrolyte additives is considered to be
another economical and efficient way to solve the main problems
of AKIB electrolytes. In fact, electrolyte additives have been widely
used in aqueous and organic batteries to stabilize the electrode/
electrolyte interface, suppress the growth of metal anode den-
drites, improve extreme environmental adaptability, and increase
the flame retardancy of electrolytes, etc."*>™*' The reported addi-
tives for aqueous battery electrolytes are mainly divided into four

This journal is © The Royal Society of Chemistry 2022

View Article Online

Energy & Environmental Science

types, including ionic additives, organic additives, inorganic
additives, and metal additives."* Ionic additives mainly adjust
the electrochemical stability of electrolytes by introducing
ions to change the ionic charge size, bond energy, solvation
structure, interfacial electric double layer structure, etc. in the
electrolytes.'**'** Organic additives, including small molecules,
organic acids, surfactants, and polymers, mainly affect the
performance of anodes.'*'*> For example, surfactant-based
additives tend to adsorb on the interface between the electrolyte
and electrode, and optimize the performance of the anodes by
affecting the interface contact energy barrier, the desolvation
process, and the deposition process of alkali metal ions. In
addition, inorganic and metal additives are mainly utilized to
modify the surface texture of alkali metals for the deposition
control of anodes, and the effective inhibition of dendrite growth
is due to their limited low solubility.'*®'%”

Sugar, as an organic additive, can decrease the content of
free water and change the tetrahedral structure of water. Xue
et al. explored inexpensive, readily available sugar-concentrated
aqueous electrolytes for AKIBs.*' The amount of free water
molecules decreased with the increase of sugar concentration.
The tetrahedral structure of water was destroyed by the super-
concentrated sugar, which broke the hydrogen bonds to reduce
the binding degree of water molecules. These sugar-based
electrolytes exhibited a wide ESW of ~2.812 V, wide operating
temperature range, and good ionic conductivity. Ultra-concentrated
maltose significantly improved the first discharge capacity,
which was increased from 29.2 mA h™" to 69.6 mA h™' after
adding super-concentrated maltose (Fig. 14a and b). Besides, the
capacity retention over 2000 cycles in 1 M KNO;/60.0 wt% maltose
electrolyte was higher than that of in 1 M KNO; electrolyte.

DMF, as another organic additive, can promote the anions
decomposition and promote the formation of robust solid
electrolyte interfaces (SEI). A 2 M KFSI diluted electrolyte using
a mixed solvent of N,N-dimethylformamide/water (DMF/H,0)
was developed by Li et al.®® The addition of DMF enabled the
electrolyte with a window of 2.89 V, which is wider than the
bare water electrolyte (2.66 V), along with low viscosity, high
conductivity, and high safety (Fig. 14c). Also, DMF solvent
showed a lower LUMO energy than that of H,O solvent, which
could facilitate the decomposition of FSI™ to form —-CF, and KF,
generating a robust solid electrolyte interphase (Fig. 14d).

Zn(CF3S03),, as an ionic additive, can change the K storage
mechanism of electrode materials through the liquid phase.
Mai et al found different electrochemical energy storage
mechanisms of K, 55Zn; og[Fe(CN)s],-0.28H,0 (KZnHCF) electrode
material in different electrolytes.*® Both solid solution and two-
phase mechanisms were found in 0.5 M K,SO; and 1.0 M
KCF;S0; electrolytes, while only the solid solution mechanism
was found in 5.0 M KCF;SO; and 3.0 M KCF;SO; + 2.0 M
Zn(CF;S0;), electrolytes (Fig. 14e). Zn>" acted as a replacement
for K" in the electrolyte, resulting in the significantly enhanced
structural stability of KZnHCF during K' insertion/extraction.
This liquid-phase-induced solid-solution-phase ion storage
mechanism enabled stable cycling of the KZnHCF electrode
material for 10 000 cycles.
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Reproduced with permission from ref. 46. Copyright 2021, Springer Nature.

Fe(CF3S03),, as another ionic additive, can inhibit the dis-
solution of the material by surface modification. Lu et al.
developed an in situ electrochemical cation substitution
method by adding a certain amount of iron ions (Fe**) into the
electrolyte.*® The surface of K;gMn[Fe(CN)glo.os-0.47H,0
(KMnF) was modified and converted into a KFe,Mn; _,F electrode
by the electrolyte (Fig. 14f). Although the initial dissolution of
manganese was not suppressed, the introduced Fe*" filled the
vacancies generated by the manganese dissolution during the
discharge process, so that the entire framework of the PB material
was stabilized. The substitution reaction occurred on the
electrode surface, so that a film was formed, which could inhibit
the further dissolution of Mn and absorption of Fe.

3.2. Hydrogel electrolytes

Liquid electrolytes are common in aqueous energy storage
devices due to their high ionic conductivity. However, liquid
electrolyte devices may suffer from electrolyte leakage and
unsatisfactory dislocations when stressed. To avoid these
issues, hydrogel electrolytes are introduced, i.e., some hydrophilic
polymers can be introduced into the K salt aqueous solution.
Hydrogel electrolytes exhibit high physical flexibility and good
electrochemical performance.'*513

Polyvinyl alcohol (PVA) and carboxymethyl cellulose sodium
(CMC) based hydrogel has been used in AKIBs. Ma et al
assembled a flexible solid-state symmetric AKIB with PB elec-
trode and KCI-PVA hydrogel electrolyte (Fig. 15a).** It is worth

3768 | Energy Environ. Sci., 2022,15, 3750-3774

noting that an ESW of ~1.3 V and an ionic conductivity of 3.7 x
107> S em™' could be achieved using PVA-based hydrogel
electrolyte, which provided satisfactory feasibility to fabricate
flexible batteries. The flexible full cell exhibited an average
potential of ~0.6 V with a high capacity of 58 mA h g~ " at 100
mA g~ ' (Fig. 15b). An outstanding capacity retention of 98.5%
at the bending angle of 60° was delivered. However, the follow-
ing capacity decayed during the cycle test may be caused by the
evaporation of water that reduces the ionic conductivity and
increases the interfacial overpotential. Soon after, Jiang et al
assembled an all-solid-state flexible AKMB on a poly(methyl
methacrylate) (PMMA) substrate using KCI-PVA hydrogel electro-
Iyte to meet the specific micropower requirements of wearable
electronic devices (Fig. 15¢).°° The all-solid-state AKMB exhibited
almost no capacity fading when bent to 90° due to its out-
standing mechanical flexibility (Fig. 15d). In addition, AKIB was
assembled with thin-film solar cells into a self-powered system,
powering the LED lights when sunlight was available, showing
potential applications in electronic microdevices (Fig. 15e).
Recently, Varzi et al. developed another hydrogel electrolyte
by adding CMC to a highly concentrated aqueous electrolyte.*”
The instability issue of KMHCF in the alkaline environment
caused by the acetate-based electrolyte was solved. Molecular
dynamics simulation calculations showed that the presence of
CMC lowered the movement of water molecules and acetate
ions by ~2 times, while the movement of K* was 2.2 times
faster when the electrolyte viscosity increased (Fig. 15f). The

This journal is © The Royal Society of Chemistry 2022
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Fig. 15 (a) Schematic illustration of symmetric AKIB with KPB bipolar electrodes and PVA hydrogel electrolyte. (b) GCD profiles of a full cell at 100 mA g~*.
Reproduced with permission from ref. 32. Copyright 2018, The Royal Society of Chemistry. (c) Photograph of flexible AKMBs with PVA hydrogel electrolyte. (d)
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thin-film solar cells. Reproduced with permission from ref. 90. Copyright 2019, Springer Nature. (f) Diffusion coefficient of electrolyte component with and
without CMC. (g) Cycling performance of KMHCF with the liquid and gel electrolytes. Reproduced with permission from ref. 47. Copyright 2020, Elsevier Inc.

hydrogel electrolyte possessed a high ionic conductivity of
22.3 mS em ™" and a wide ESW. As a result, KMHCF with gel
electrolyte showed better cyclability and higher CEs than liquid
electrolyte due to the reduced Fe and Mn dissolution (Fig. 15g).

In conclusion, the electrochemical performance of a battery
is closely associated with electrolytes. In different electrolyte
systems, electrode materials exhibit completely different elec-
trochemical behaviors. Despite these advances, hydrogel elec-
trolytes still lack some properties suitable for commercial
applications, such as lower ionic conductivity, poor electrode/
electrolyte interface, and higher overpotentials compared with
liquid electrolytes. Therefore, further research is needed in the
field of electrolytes to match the cathode and anode to make
this potential system useful for practical applications.

4. Full cells for AKIBs

The significant challenges that AKIB still faces are not limited
to improving the operating voltage and capacity of half-cells.
More importantly, the cathode and anode materials can be

This journal is © The Royal Society of Chemistry 2022

combined to work together to ensure that the full cells meet the
energy density requirements. Ensuring the economic sustainability
of AKIB full cells has significant implications for large-scale energy
storage needs. AKIB full cells consist of cathodes, anodes, separa-
tors, and electrolytes, and these components can be used to design
full-cells in different configurations as needed. In the laboratory,
components for full-cell designs are typically assembled in coin
cell-type devices (CR2016, CR2025, or CR2032). Currently com-
monly used cathode materials for AKIB full cells include PBA,
layered vanadium oxide, and hydroxide. The anode materials
matched with them include organics, KTiy(PO,);, alloy materials,
and Zn flakes. It is worth noting most of the cathodes and anodes
of full cells usually require an activation process, ie., pre-
potassiation, in the half-cell to eliminate the detrimental effects
during initial cycling. In addition, before full-cell assembly, it is
often necessary to control the mass ratio of anode and cathode to
optimize their charge balance.

Fig. 16 shows the electrochemical performance of represen-
tative AKIB full cells. PBAs and organic materials were the most
frequently used cathode and anode materials, respectively.
KZnHCF//Zn and KMnF//PTCDI exhibited the highest voltage
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Fig. 16
selected AKIB full cells reported in the literature.

output (~1.87 V) and the highest specific capacity (75 mA h g™ "),
respectively, however, these two satisfactory combinations still
need further improvement (Fig. 16a).***® As shown in Fig. 16b,
some systems, such as K-FeHCF//KTi,(PO,);/C and 8-K 55V,0s//
PTCDI, still displayed considerable capacity retention even
after tens of thousands of cycles.>*®® The energy densities of
most systems were less than 100 W h kg™ ", indicating that the
cyclability and power output may be sufficient, while the energy
densities were still lower than aqueous batteries using other
metal carriers (Fig. 16c¢). It is noteworthy that most AKIB
full-cell systems (K-FeHCF//KTi,(PO,);/C, KFHCF//B-PTCDA,
8-K.5V,05//PTCDI, and KFeMnHCF//PTCDI) were assembled
based on high-concentration electrolytes, which would increase
the cost and reduce the energy density of the battery.**>*8394
In addition, pouch cells (KFeMnHCF//PTCDI, KMnF//PTCDI,
and 3-K, »5V,05//PTCDI) exhibited excellent wide temperature
performance, showing application potential under extreme
conditions.**%>*

To sum up, the operating voltage, cycle performance, and
cost of the cathode are the bottlenecks restricting its further
practical application. The electrochemical behavior of cathodes
and anodes of AKIBs, such as capacity utilization, balance, and
electrolyte compatibility, requires in-depth study. In particular,
electrolyte compatibility between electrode and electrolyte
or between cathode and anode electrodes is an important
factor.

5. Summary and perspectives

AKIBs have received increasing attention in the field of large-
scale ESSs thanks to their low price, high power density,
environmental friendliness, and high safety. This review sys-
tematically overviewed the recent advances in AKIB research
and discussed strategies for improving electrochemical perfor-
mance, including cathodes, electrolytes, and anodes. Although
some remarkable advances have been achieved in AKIBs,
further research is needed to fulfill the requirements of
practical applications of high-performance AKIBs. This section
will evaluate the current key electrode materials, characteriza-
tion techniques, theoretical calculations, and applications
(Fig. 17).
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5.1 Key materials

Designing high-performance electrode materials for AKIBs is
more challenging than ALIBs and ASIBs, because K' is much
larger than Na' and Li'. Current cathode materials for AKIBs
still exhibit limited weight/volume energy capacity. PB and
PBAs show superior cycling stability and high voltage platform,
which are common cathode materials for AKIBs. However, the
capacities of PB and PBAs need to be further boosted before
successful commercialization. Vanadium-based oxides are
important electrodes due to their reversibility, but the output
voltage is slightly inferior to PB. Polyanionic compounds and
MXenes as K' storage cathode materials exhibit high working
voltage, but low capacity.

For the anode materials for AKIBs, the current research is
still mainly focused on organic materials and polyanionic
compounds, and attempts to use metal compounds/sulfides
and alloy-based materials, etc. Although the developed organic
electrode materials exhibit excellent K storage ability, most of
them benefit from the concentrated electrolytes, and the issue
of easy dissolution requires extra strategies to improve.
NASICON-type KTi,(PO,); shows relatively low potential but
good cycling stability, and their low capacity limits their
practical applications. Despite the high capacity and energy
density of metal oxide/sulfide and alloyed anodes, the active

Cathode
Anode

Electrolyte
Separator

In-situ XRD, Raman,
TEM, XPS, FTIR, NMR,
and cryo-electron
[TRIP L) microscopy, etc.
Techniques

Key
Materials

Application

Large-scale ESSs
Watches
Sensors
Wearable electronics

Fig. 17 The opportunities and future directions for achieving high-
performance AKIBs.
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anode particles experience large volume changes, resulting in
poor cycling stability with further pulverization and aggregation.
Thus, to facilitate the commercial viability of AKIBs by matching
with cathode materials, fundamental breakthroughs of anode
materials with high performance must be achieved.

The current situation is that the choice of cathode and
anode materials is limited. Strategies adopted to modify the
electrochemical properties of cathode and anode materials for
AKIBs are far from adequate compared to the organic systems.
Generally speaking, the ideal electrode material needs to meet
the following requirements: (1) suitable redox potential (high
redox potential for the cathode, low redox potential for the
anode), (2) high specific K" storage capacity, (3) good compat-
ibility with electrolyte, (4) high electronic and ionic conductivity,
(5) excellent structural stability, (6), high thermal and chemical
stability, (7) environmentally friendly, and (8) low cost. To realize
high-performance AKIBs, it is urgently needed to continuously
discover and develop novel cathode and anode materials with
the above properties. More strategies to improve the electro-
chemical performance of AKIB electrode materials are needed,
including composites with highly conductive materials, mor-
phology design, surface modification, element doping, and
electrolyte optimization.

AKIB electrolytes, especially the traditional liquid electro-
lytes, have taken a leap forward in recent years. One type of
aqueous electrolytes is the diluted electrolyte, which can be
easily prepared by using K,SO,, KCl, KNO;, and KOH salts.
In recent years, other concentrated aqueous electrolytes based
on KAc, KCF;3S0;, HOOCK, and KFSI have been developed, and
the voltage range could be greatly extended to 3-4 V, which is a
significant research direction for AKIBs. In addition, a certain
amount of additives in the electrolyte could stabilize the
electrode material by utilizing the common ion effect. Hydrogel
electrolytes are obtained by adding polymers such as PVA and
CMC to the conventional aqueous electrolytes, which may
advance the application of flexible K" storage devices. In gen-
eral, an ideal electrolyte should demonstrate the following
major properties: (1) high ionic conductivity for fast K' trans-
port, (2) stable and wide electrochemical window with no
parasitic side reactions (HER, OER, or electrode dissolution,
etc.), (3) good wettability, (4) excellent wide temperature appli-
cation capability, (5) environmental friendliness, and (6) low
cost. In order to achieve the above goals of high-performance
electrolytes, strategies such as adding additives, adjusting
concentrations, and using gel electrolytes may be expected to
be realized. In addition, the investigation on AKIB separators is
lacking.

5.2 Advanced characterization techniques

During the electrochemical process of an alkali metal ion
battery, all components (cathode, anode, and electrolyte) are
relatively dynamic. The electrochemical stability of the battery
is closely associated with these changes in the internal structure
or composition. Therefore, there is an increasing need to apply
in situ characterization techniques to collect electrochemical
information in real time, especially for those transient processes

This journal is © The Royal Society of Chemistry 2022
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that generate unstable phases. In situ characterization has been
widely used in LIB research, but its application in AKIB research
is still lacking. Advanced in situ characterization techniques
(such as XRD, XPS, cryo-electron microscopy, TEM, STEM,
Raman spectroscopy, and Fourier transform infrared micro-
scopy) can help analyze the K' insertion/extraction process,
interfacial reaction, the transport of K' ions, and gain more
details about the side reactions. In addition, the combined
technology of in situ characterization system is the trend of
future development, such as spectroscopy-electrical in situ char-
acterization system.

5.3 Theoretical calculations

Combined with advanced characterization techniques, theoretical
calculations, and machine learning can be used as auxiliary tools
to deepen the basic understanding of the AKIB mechanism. For
example, molecular dynamic simulations and first-principles
calculations can provide detailed information on the behavior of
redox reactions at the molecular and atomic levels, respectively.
Moreover, according to DFT calculations, the adsorption energies
of intermediates can be calculated and analyzed to reveal the
preferred reaction paths of electrodes in specific electrolytes. In
addition, artificial intelligence and machine learning will play an
equally important role in predicting and optimizing the most
reasonable material combination and battery design.

5.4 Applications

AKIBs are expected to be applied to large-scale ESSs in the
future, including tiny electronic devices, sensor devices, and
flexible wearable electronic devices. The industrialization of
AKIBs will comprehensively consider these key components,
including cathode, anode, electrolyte, separator, current collector,
battery packaging and manufacturing, cost, and performance.
Furthermore, when a relatively expensive and high-concentration
electrolyte is applied to AKIBSs, its cost should be evaluated. Overall,
a timely assessment of the existing problems and solutions in
AKIBs will facilitate the translation of laboratory-based research
battery designs into the industry.
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