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Safety concerns and costs of present-day lithium-ion batteries (LIBs) are prompting the development of alternate battery
technologies with different types of electrolytes (e.g., solid-state, gel-polymer, aqueous, etc.); notably, systems based on
aqueous electrolytes have emerged as a promising alternative, especially for grid storage applications. The last decade has

witnessed a considerable spike in the research carried out on aqueous batteries. However, the narrow operating voltage

window of aqueous electrolytes and the structural instability of materials in agueous media demand a proper selection of

cathode materials to achieve desirable energy density. Polyanionic materials can be an ideal choice as they are structurally
more stable and exhibit tunable redox potentials. This class of materials is considered as a storehouse in which many

materials can be realized by substituting different polyanionic subunits. This review highlights some of the recent advances

made in the polyanionic class of cathode materials for rechargeable aqueous batteries (Li-, Na- and Zn-ion batteries). The
challenges facing the field, possible remedies to overcome them and future perspectives are also presented.

1. Introduction

The massive surge in energy demand of the growing
population and dependence on non-renewable energy sources have
led to critical environmental issues, especially greenhouse gas
emissions. The transition from non-renewable to renewable energy
sources, such as wind, tidal, hydro, and solar energies, requires
efficient energy storage devices due to their intermittent nature.
Hence, to enable renewable energy sources to supplant fossil fuels,
developing safe and high energy density based rechargeable
batteries is of the utmost importance. In this pursuit, lithium-ion
batteries (LIBs) have dominated portable electronic devices and
electric vehicles.'=3 High cost and limited global lithium reserves have
further led to the development of several alternative battery
chemistries, such as sodium-ion and potassium-ion batteries
involving, respectively, monovalent Na* and K* cations, as well as
with,
respectively, multivalent Mg?*, Al*, and Zn?* cations.*® A brief

magnesium-ion, aluminum-ion, and zinc-ion batteries
comparison of the physical and electrochemical properties of these
working ions is summarized in Table 1. Among all the chemistries
(SIBs)

tremendous potential to replace the existing LIBs for grid storage.

mentioned above, sodium-ion batteries have shown
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Sodium is uniformly distributed in the earth’s crust; hence, it is
economical. Of late, the research on multivalent ion batteries has
also intensified due to their high specific capacity and energy density,
owing to the involvement of multiple electrons per ion in the redox
reactions. However, there still exist roadblocks in developing safe
electrolytes and finding suitable insertion-host materials.

The commercial lithium-ion batteries consist of oxide
cathodes originated from Goodenough’s group (e.g., LiCoO, etc.),
owing to their high specific capacity. However, these materials
consist of expensive elements like cobalt. In this pursuit, various
other materials have been investigated in past three decades,
especially polyanionic class of materials.? The presence of a
polyanionic subunit imparts thermal and structural stability as the
oxygen atom is tightly bound to the central ion (P, S, Si, B, etc.).
Hence, they are safer compared to oxide cathodes.1® However, the
specific capacity of polyanionic materials is low compared to oxides
due to the presence of electrochemically inactive and bulky
polyanionic subunits (PO43-, BOs3, SO4% etc.). Yet, the inductive effect
of the central metal ion of the polyanionic subunit increases the ionic
character of the M-0 bonds (M = Fe, Co, Ni etc.) and hence results in
an increase in the redox potential. Therefore, the energy densities of
polyanionic materials are increased, approaching that of oxide
cathodes.

Apart from cost, safety is another major challenge for the
existing battery technologies as the organic electrolytes used are
flammable and toxic. The flammable nature of organic electrolytes
coupled with the thermal runaway caused by electrode-electrolyte
reactions poses a significant safety concern for the batteries.1!
Moreover, the assembly of batteries based on organic electrolytes
requires strict oxygen and humidity-controlled chamber to avoid
oxidation of the anode and avoid impurities in the electrolyte, which
in turn adds up to the cost. These issues have intensified research in
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Table 1. Comparison of the physical and electrochemical properties of various working ions for aqueous batteries.

Working ion  lonic radii Electrode potential Specific gravimetric capacity Specific volumetric
(A) vs. SHE (mAhg?) capacity
(V) (mA hcm3)
Li* 0.76 -3.04 3862 2066
Na* 1.02 -2.71 1166 1129
K* 1.38 -2.93 685 586
Mg2 0.72 -2.37 2205 3832
Zn%* 0.74 -0.76 820 5855
A3+ 0.535 -1.66 2980 8046

finding a more suitable electrolyte, and different types of

electrolytes have been reported.12

A possible way to circumvent the safety issue of organic
electrolytes
electrolytes not only impart inherent safety to the battery system but
also are environmentally benign and offer two orders of magnitude

is the use of aqueous electrolytes.!l Aqueous

higher ionic conductivity as compared to non-aqueous electrolytes,
resulting in an enhanced round-trip efficiency. The use of these
electrolytes does not demand any special environmental conditions,
making aqueous batteries less expensive than non-aqueous
batteries. Aqueous electrolytes have also seen applications in
hybrid/aqueous metal-air batteries (Li or Na), which have emerged
as an attractive energy storage systems owing to their high
theoretical energy densities (3500 - 3800 W h kg?).13-17 The
discharge products in hybrid air batteries are soluble in the aqueous
electrolyte and hence assists in better cycling performance and lower
overpotential. Some of the major milestones in the field of aqueous
batteries are shown in Fig. 1a. The concept of aqueous LIBs (ALIB)
was first introduced by Dahn et al. in 1994 using a LiMn,04 cathode
and a B-VO; anode.8 With 5 M LiNOs as an aqueous electrolyte, they
obtained an average operating voltage of 1.5 V and an energy density
of 55 W h kg1, much higher than that of lead-acid batteries (30 W h
kg1). Since then, the field has witnessed a significant research being
carried out on monovalent-ion (Li* and Na*) and multivalent ion (Zn?*,
Mg?* and Al3*) aqueous batteries.1-25 Moreover, the development of
(WISE) (WIBSE) high
concentrated electrolytes in 2015 have further addressed some of

“water-in-salt” and “water-in-bisalt”
the critical problems like material dissolution, low operating voltage
window etc., further revolutionizing the field of aqueous batteries as
indicated by the increase in the number of research articles
published on aqueous metal-ion batteries each year since 2015 (Fig.
1b).26-28 Polyanionic cathode materials have been explored in detail
with organic electrolytes for Li, Na, and Zn insertion. The tunable
redox potentials of polyanionic cathodes have made them attractive
candidates for aqueous batteries as well, and several reports in the
literature.?® Compared to oxide cathodes, polyanions are much more
structurally stable in water due to their robust framework. This
review displays some recent developments in polyanionic materials
for aqueous rechargeable batteries, specifically Li-, Na-, and Zn- ion
It will

batteries. briefly discuss the challenges that existing

This journal is © The Royal Society of Chemistry 20xx

polyanionic cathode materials face and strategies to overcome them,
along with possible future directions.

2. Origin of polyanionic cathode materials

A typical lithium-ion battery consists of three major
components, ie., a cathode and an anode separated by an
electrolyte. During charge, lithium is extracted from the cathode and
is inserted into the anode, while the opposite happens during
discharge. Since lithium inventory originates from cathode, it limits
the energy density of the battery. Schauffautl first showed the
concept of intercalation in 1841 when he demonstrated intercalation
of sulfate ions into graphite. Later, Whittingham reported chemical
intercalation reactions in metal disulfides and reported the first
rechargeable lithium battery at Exxon Corporation with TiS; cathode
and lithium-metal anode.3° However, the cell voltage was < 2.5V,
which limited the energy density and dendrite growth on lithium
metal posed safety hazards. In order to enhance the cell voltage,
Goodenough’s group started exploring oxides in the 1980s. To have
a high cell voltage, the redox energy of cathode should lie as low as
possible and redox energy of anode should be as high as possible.3!
Utilizing the fundamental understanding of oxides, Goodenough’s
group at the University of Oxford and at the University of Texas at
Austin identified three classes of oxide cathodes (layered, spinel, and
polyanion) in the 1980s.10

The layered oxide cathode LiCoO; led to a significant
increase in cell voltage to ~ 4 V as compared to ~ 2.5 V for the sulfide
cathode TiS;.32 In pursuit of reducing the cost, Goodenough’s group
reported LiMn,O, cathode with the three-dimensional spinel
structure and ~ 4 V.33 To reduce the cost further, Manthiram and
Goodenough explored a series of Fe-containing polyanion hosts
Fe,(X04)3 (X = Mo, W, and S).3435 They found a significant increase in
cell voltage on replacing the oxide anion with a polyanion XOs:
Fez(Mo04); (3.0 V), Fea(W04)3 (3.0 V), and Fe,(S04)3 (3.6 V) compared
to < 2.5 V for Fe;0s. They attributed the increase in cell voltage to
the inductive effect of the polyanion XO4 that decreases the Fe-O
bond covalence and thereby lowers the Fe2*/3* redox energy and
increases the cell voltage. Utilizing this concept, Goodenough’s group
reported LiFePO,4 cathode with a cell voltage of ~3.5V in 1997, which
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Fig. 1 (a) Timeline depicting some major developments in the field of aqueous batteries. (b) Number of research articles published in the
field of aqueous metal-ion batteries (M = Li, Na, and Zn) since 2010. The data were collected from Web of Science on 16 December 2021 by

using batteries as the topic filter and aqueous and the corresponding metal-ion as title filter. Inset: Schematic representation of
electrochemical operating voltage window of pure water (1.23 V) and different aqueous electrolytes reported in the literature.

was later commercialized.3¢ This further fuelled the research on
polyanionic materials, and many different classes of polyanionic
materials have been explored in the past two decades.?37.38
Materials, such as LiVPO4F, LiV2(PO4)s, NaszV2(PO4)s, NasVa(PO4)sFs,
etc., were found to exhibit excellent electrochemical properties for
lithium and sodium insertion.3®

3. Polyanionic cathode materials for aqueous
lithium-ion batteries (ALIB)

The concept of lithium intercalation in agueous media was
first reported by Dhan et al. in 1994, which opened the floodgate to
numerous reports on oxides and polyanionic-based materials both as
cathodes and anodes (Fig. 2a).1® Among the polyanionic materials,
many olivine- and NASICON-based materials have been reported in
the literature. This section summarizes the developments made in
this field in detail.

3.1 Olivine-structured phosphates

Olivine-based LiFePO, (LFP) is touted as the best
polyanionic cathode for commercial applications with organic
electrolyte.3® The material crystallizes in an orthorhombic structure

(space group: Pnma), with the LiOg octahedra forming linear chains

This journal is © The Royal Society of Chemistry 20xx

along the b-axis. The redox potential of LFP lies well within the range
of stable operating potential The first
electrochemical report of LFP in aqueous media came in 2006 by
Minakshi et al. using saturated aqueous lithium hydroxide (LiOH) as
an electrolyte.*® With cyclic voltammetry, they showed one peak
during oxidation while two peaks were recorded during reduction
(Fig. 2b). During oxidation, like that in a non-aqueous electrolyte,
formation of FePO,; was observed, confirmed by X-ray diffraction
(XRD) patterns recorded after oxidation. However, the XRD patterns
obtained after reduction showed the presence of FesO4 species,

window for ALIBs.

indicating that the lithium (de)intercalation process is not fully
reversible. This was further confirmed by secondary ion mass
spectrometry (SIMS), where the Li/Fe ratio was seen to be decreasing
during oxidation and increasing during reduction. They observed a
specific capacity of 70 mA h g1 with a cathode utilization of 70% in
the first cycle. This dropped to 50 mA h g1 (30%) in the second cycle
and 40 mA h g1 (20%) in the fifth cycle.

Mi et al. tested the electrochemical performance of LFP
and Nb-doped LFP in Li,SO4 electrolyte with cyclic voltammetry.*! In
the case of LFP, the redox peaks corresponding to the FeZ*/Fe3* redox
couple appeared at low and medium scan rates while in the case of
Nb-doped LFP, the electrochemical behavior was found to be
dependent on the scan rate, indicating a phase transformation in the
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minute. (a, c) Reproduced with permission from ref 45. Copyright 2010 Nature. (b) Reproduced with permission from ref 40. Copyright 2006
Elsevier. (d, e) Reproduced with permission from ref 47. Copyright 2013 Elsevier. (f) Reproduced with permission from ref 49. Copyright 2020

The Royal Society of Chemistry.

material. He et al. tried to understand the intercalation behavior of
lithium ion in LFP in both aqueous and non-aqueous media.*? They
observed that the rate capability was much better in aqueous media
owing to fast lithium-ion charge transfer at the interface, resulting in
a high diffusion coefficient of 2.05 x 1020 cm? st in a 1 M Li;SO4
electrolyte, compared to 4.06 x 1011 cm? s in a 1 M LiPFs in
propylene carbonate (PC) non-aqueous electrolyte. Using a 0.5 M
Li,SO4 electrolyte, they obtained a discharge capacity of 141 mA h g
1 at 1C rate. The polarization was lower in aqueous electrolyte,
implying a low charge-transfer resistance, which was confirmed by
electrochemical impedance spectroscopy. A low charge-transfer
resistance at the interface and low cell resistance was observed by
Tarascon’s group while working on carbon-free LFP thin films.43
Okada’s group studied the electrochemical performance of Ni and
Mn-doped LFP, i.e., LiMngosNioosFeosPOs cathode coupled with
LiTi2(PO4)s (LTP) anode in saturated Li,SO4 electrolyte.** In the
potential window of 0.6 - 1.2 V, the cell delivered a discharge capacity
of 104 mA h g1 at 0.2 mA cm-2 with good rate capability.

Even though aqueous batteries are safer and non-toxic,
they suffer from poor cyclability issues. In 2010, Xia’s group came up
with a solution to improve the performance by removing oxygen
from the electrolyte, using carbon-coated materials and properly
adjusting the pH of the electrolyte.*> They reported that most of the
anodes in the discharged state react with oxygen present in the

This journal is © The Royal Society of Chemistry 20xx

electrolyte. Utilizing LTP as a model, it was demonstrated that the
coulombic efficiency is much better in an oxygen-free atmosphere.
They also fabricated an LFP | Li;SO4 | LTP cell, and it exhibited
improved cyclability in a sealed oxygen-free atmosphere. The cell
delivered a discharge capacity of 55 mA h g1 and an energy density
of 50 W h kg at 1C rate when cycled in the potential range of 0- 1.4
Vin 1 M Li;SO4 with a pH of 13 (Fig. 2c). The cell also showed excellent
cyclability with only 10% capacity loss after 6,000 cycles at 6C rate.

LFP suffers from poor electronic and ionic conductivity,
resulting in poor electrochemical performance. Many groups have
tried to improve the conductivity by carbon coating, doping, and
morphology control. Liu et al. reported CeO, modified LFP with
better ionic conductivity and a high lithium-diffusion coefficient as
observed with cyclic voltammetry.#¢ Zhao et al. reported an aqueous
lithium-ion battery assembled with an LFP/C composite as the
cathode and LiV30s as an anode in 9 M LiNOs electrolyte.4” The cell
delivered an initial discharge capacity of 110 mA h g at 1C rate with
no dissolved oxygen in the electrolyte. 99% of this capacity was
retained after 100 cycles. They also studied the effect of dissolved
oxygen in the electrolyte on electrochemical performance (Fig. 2d).
In the presence of oxygen, the cell delivered an initial discharge
capacity of only 100 mA h g1, which came down to 70 mA h g1 after
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100 cycles at 1C rate. Even at 50C rate, the cell showed a capacity of
61 mA h g1 after 200 cycles (Fig. 2e).

Hou et al. reported the stable nature of gel polymer and
LISICON-coated lithium-metal anode in aqueous media.*8 They used
this anode to fabricate an aqueous battery with macroporous LFP as
the cathode and 0.5 M Li,SO4 as the electrolyte. The 3-dimensional
macroporous nature of the LFP with a pore size of 200 nm assisted
the penetration of electrolyte and enhanced the surface area of the
electrode-electrolyte interface. The cell delivered a capacity of 105
mA h g1 at a current density of 500 mA g with an output voltage of
3.32 V vs. Li*/Li. Recently, Song et al. reported LFP covered with
flocculent carbon layers wrapped within CNT as a cathode for ALIB.4?
Using 1 M ZnSO, + saturated LiNO3 as an electrolyte, the material
delivered a discharge capacity of 158 mA h g1 at 1C rate with 100 %
retention after 75 cycles. At 50C rate, a discharge capacity of 80 mA
h g1 was obtained with 138 % capacity retention after 250 cycles.
The presence of carbon layers and CNTs helped in buffering the
volume expansion of LFP during lithium (de)intercalation. CNTs also
imparted some amorphous nature to the surface and reduced the
contact resistance at the electrode-electrolyte interface. The
practical application of the battery was demonstrated by lighting
four LEDs for more than one minute (Fig. 2f). Among other Fe-based
cathodes, Minakshi reported trigonal FePO4 with an amorphous
nature showing lithium intercalation properties in LiOH electrolyte
with a discharge capacity of 65 mA h g'1.50

Apart from LFP, other olivine-structured materials have
also been reported for ALIB applications. Minakshi et al. reported
LiMnPO,4 (LMP) for the first time in 2006 using saturated LiOH + 1 M
ZnSO, as an electrolyte.5! Using CV in saturated LiOH electrolyte,
they observed one peak during both anodic and cathodic scans but
gap, that the
(de)intercalation process was slow in this electrolyte. In the potential
window of 0.0 - 1.9V, the Zn | LiOH + ZnSO4 | LiMnPO4 cell showed
a cathode material utilization of 44 %, which dropped to 15 % after

with a large potential indicating lithium

20 cycles. XRD showed the formation of MnPO4 upon oxidation and
LiMnPO4 upon reduction, indicating reversible lithium intercalation
and structural behavior. The behavior is different from LFP, where a
mixture of Fe;03 and LiFePO4 were formed after lithium insertion.
The same group reported the electrochemical performance of TiS;
modified LMP as well.>2 They observed that TiS; not only reduces
polarization but also enhances the discharge capacity. The discharge
capacity for 0% and 3% TiS,-added LMP was found to be,
respectively, 70 and 90 mA h g1 when cycled at a current density of
0.5 mA cm=2 in LiIOH + ZnSO, electrolyte. Generally, additives in
olivine-based LMP materials help in mitigating the Jahn-Teller lattice
distortion, but in this system, this was not the case. Rather, TiS;
assisted in suppressing proton insertion in the material. Using CV,

This journal is © The Royal Society of Chemistry 20xx
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Manjunatha et al. showed that proton insertion is the dominant
process at lower lithium concentrations in the electrolyte.>3
However, using saturated or highly concentrated electrolytes,
lithium-ion insertion becomes dominant along with some amount of
proton insertion. They assembled an LTP | 5 M LiNO3; | LMP cell,
which delivered a discharge capacity of 84 mA h gt at C/5 rate with
good cyclability until 50 cycles.

Zhao et al
distorted crystal structure compared to pristine LMP in saturated
LiNO3 electrolyte.>* The LiFegsMnosPO4//LiV30s cell delivered an
initial discharge capacity of 107 mA h g1 at C/10 rate (Fig. 3a). The
discharge curves exhibited two plateaus corresponding to FeZ*/Fe3*
and MnZ*/Mn3* redox. However, using energy-dispersive X-ray
(EDS),
Interestingly, the cell exhibited poor cyclability at lower C-rates,
while the capacity retention was much better at higher C-rates (Fig.

reported LiFegsMngsPOs with a slightly

spectroscopy manganese dissolution was observed.

3b). Even at 50C rate, the cell delivered a discharge capacity of 67 mA
h g. Zhao et al. reported olivine-based LiMn;4FexP0O4/C (x = 0.5, 0.4,
0.3, 0.2) with a similar morphology as a cathode in an LiNOs aqueous
electrolyte.>> They observed that the electrochemical performance
of the material was much better in electrolytes with no dissolved
oxygen, as reported by other groups for LFP cathodes. This was
attributed to low charge-transfer resistance and enhanced lithium
diffusion coefficients. Among the four materials, at C/10 rate,
LiMng gFeo4PO4 delivered the maximum discharge capacity of 111
mA h g1in an electrolyte with oxygen which increased to 112 mA h
glin an electrolyte with no dissolved oxygen. The effect of oxygen
on electrochemical performance was much more pronounced in
other materials.

Minakshi et al. reported LiCoPO, with an aqueous LiOH
electrolyte and tin-metal (Sn) anode.>® The material delivered a
discharge capacity of 82 mA h g1 at a current density of 0.5 mA cm,
with a high polarization potential of 0.5 V (Fig. 3c). The ex-situ XRD at
the fully charged state indicated both LiCoPO4 and CoPO4 species,
unlike that with LFP and LMP, where FePO; and MnPO, were
obtained. This implies partial delithiation during charging; however,
the peaks corresponding to CoPO, completely disappeared upon
discharge and the pristine phase was recovered. Minakshi et al. also
reported LiNiPO; as a cathode using similar electrochemical
of LiCoPO4.>” This
electrochemical activity with very high polarization and only 45%

conditions to those material showed
coulombic efficiency, but with decent capacity retention (Fig. 3d).
Upon charging, formation of amorphous delithiated NiPO4 and a
small amount of B-NiOOH was observed. Reversible lithium transfer
between LiCogsNigsPO, (isostructural to LiCoPO,4 and LiNiPO4) and

LiOH was also demonstrated by Minakshi et al.58

J. Name., 2013, 00, 1-3 | 5



ournal of-Materials Chemistry A

Journal Name

L
910 8600 v ootss v (3)
¢ 0.8
E 0.6
T
$ 04 03182V __
o :gis?:rt?:rge
a0.2
S

0-00"20 20 60 80 100120 140160

Specific capacity (mAh.g™")

c 2.0 (©)
n
'g' 1.5 Charge
> J
21 o
©
3 ] Discharge
= 0.57
)
O

0.0 v T T T

0 20 40 60 80 100

Cell Capacity / mAh.g™'!

ARTICLE
2140 =0.05C (b)
£120 29Le
-.l v2C
5100 " 45C
2
5 80
§ 60t
=
S 20t
gl
0 20 40 60 80 100
Cycle number
2.0
UCJ | Charge (d)
g15-ﬁ
>
o 1.01
@
= L
2 0.57 Discharge
S
0057250 “40 60 80 100

Cell Capacity / mAh.g™'

Fig. 3 (a) (Dis)charge profile of a LiFegsMnosPO4/C| | LiV3Os cell at C/10 rate. (b) Cyclability of a LiFeqsMnosPO4/C| | LiV3Os cell at different C-
rates for 100 cycles. (c) First (dis)charge profile of a LiCoPO4 cell with LiOH aqueous electrolyte at a current density of 0.5 mA cm-2. (d) First
(dis)charge profile of a LiNiPO4 cell with LiOH aqueous electrolyte at a current density of 0.5 mA cm-2. (a, b) Reproduced with permission
from ref 54. Copyright 2012 Elsevier. (c) Reproduced with permission from ref 56. Copyright 2011 American Chemical Society. (d) Reproduced

with permission from ref 57. Copyright 2011 Elsevier.

3.2 Vanadium-based materials

Apart from olivine-based materials, monoclinic LizV,(PO4)3
(LVP) has also been reported as a cathode for ALIB. The material
crystallizes in a monoclinic structure (space group: P21/n), in which
each VOg octahedron is surrounded by six PO, tetrahedra and each
PO, tetrahedron is surrounded by four VOg octahedra. The first
report came in 2013 when Jiang et al. reported lithium (de)insertion
in the material in 2 M Li,SO4 as an electrolyte in the potential range
of -0.2 to 0.8 V vs. SCE.>® They fabricated an activated carbon
(AC)//LVP asymmetric hybrid capacitor. When cycled in the potential
range of 0.0 — 1.7 V, sloping (dis)charge profiles were observed and
90 % of the capacity was retained after 1,000 cycles at a current
density of 250 mA g1. An energy density of 35 W h kg! was obtained
at a power density of 102 W kg. The report was mainly focused on
capacitor fabrication. The initial electrochemical report of LVP was
reported by Lin et al. in a saturated LiNO; electrolyte.®® In the
potential window of 0.25 — 1.35 V vs. SHE, the material delivered a
discharge capacity of 100 mA h g at 5C rate. The discharge profiles
exhibited three voltage plateaus corresponding to a single-phase

This journal is © The Royal Society of Chemistry 20xx

transition among Liz«V2(PO4)s with x = 0, 0.5, 1, and 2 (Fig. 4a). The
effect of pH on the electrolyte was also studied. In neutral and basic
electrolytes, capacity fading was observed, while capacity retention
was better in a slightly acidic electrolyte (pH = 5) (Fig. 4b).

The capacity fading was further investigated by Wang et
al., and LVP dissolution and structural deterioration were found to
be the main reasons for the fading.6? This was improved by
employing WISE, and they fabricated a LVP//LTP cell with 21 m LiTFSI
electrolyte. The cyclability of the cell assembled in the mass ratio of
2 : 1 (LVP : LTP) delivered a much better capacity compared to that
of a cell assembled with the ratio of 1 : 1 (Fig. 4c). The cell delivered
a specific capacity of 123 mA h g at C/10 rate and 113 mA h g! at
1C rate. Even at -20°C, the cell delivered a capacity of 111 mA h g! at
C/5 rate and 60% capacity was retained at 6C rate.

The electrochemical stability window of water is ~ 1.23 V,
which corresponds to a cathodic and anodic limit of, respectively,
2.62 V and 3.85V vs. Liat a pH of 7, implying that various chemistries
like graphite (0.10 V), LiMnO; (4.10 V), and LiNi1;3Mn1/3C01/30, (4.20
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full cells assembled in a mass ratio of 1: 1 and 2 : 1 while cycled at 1C rate with 21 M LiTFSI electrolyte. (a, b) Reproduced with permission
from ref 60. Copyright 2014 The Electrochemical Society. (c) Reproduced with permission from ref 61. Copyright 2018 Elsevier.

V), etc. are out of scope of these limits. However, with WISE both
anodic and cathodic limits are extended. In such high concentrated
electrolytes, the water molecules have asymmetrical rearrangement
at the inner-Helmholtz layer of the electrode when potential is
applied. Using molecular dynamics calculations, it was observed that
at 2.5V, the salts dominate the inner-Helmholtz layer with negligible
contact of water with the graphite surface.®? This favours the
formation of SEI. However, on further reducing the anodic limit to
0.5V, the salts experience repulsion and more water molecules are
exposed to the surface, leading to onset of hydrogen evolution,
which makes it difficult to use anodes like graphite, silicon or lithium
metal. However, Wang and co-workers found a strategy to utilize
graphite or lithium-metal anode by using an immiscible hydrophobic
additive as a thin gel coating on the surface of anode. This additive
decomposes into LiF and C-F species upon lithiation of anode,
assisting in reversible cycling in aqueous electrolytes. They used a
highly fluorinated 1,1,2,2-Tetrafluoroethyl-2,2,2-trifluoroethyl ether
(HFE) as an additive and formed a gel by mixing it with 0.5 M LiTFSI.
The CV of the gel-coated graphite showed a peak in the first cathodic
scan, which was associated with interphase formation. This peak was
not observed in subsequent cycles indicating the irreversible process
of interphase formation. A 4.0 V, the ALIB was reported by coupling
the anode with LiVPO4F cathode with a first discharge capacity of >
275 mA h gt at 0.3C rate. The cyclability of the cell was checked up
to 50 cycles and a discharge capacity of > 240 mA h g'! was obtained
at the end of 50t cycle. Even though vanadium-based materials are
generally associated with toxicity and low structural stability in

This journal is © The Royal Society of Chemistry 20xx

aqueous electrolytes, the reports mentioned above showcase the
potential use of these materials, especially LVP, for grid storage
applications.

3.3 Other polyanionic materials

Recently, tavorite-structured LiFePO4OH has been
reported as an anode for ALIB.53 The hydrothermally synthesized
material delivered a discharge capacity of 140 mA h g1 when cycled
in the potential window from 2.2 to 4.2 V vs Li*/Li at a current density
of 1.0 mA cm2 in 1 M LiPFg in ethylene carbonate (EC)/dimethyl
carbonate (DMC) organic electrolyte. 99% of the initial discharge
capacity was retained after 60 cycles. For the aqueous battery
measurements, a three-electrode set up was used with Zn-metal as
the counter electrode, Ag-AgCl/saturated KCl as the reference
electrode and LFPOH as the working electrode. In a concentrated 21
m LiTFSI + 7 m LiOTf electrolyte, a discharge capacity of 153 mA h g
was obtained at a potential of -0.3 to -0.4 vs. Ag/AgCl. 81% of the
capacity was retained after 50 cycles with the discharge profiles
similar to that in organic electrolytes. The operating voltage was lying
in the anodic range of ALIB, and a full-cell was assembled with LFP,
which delivered a discharge capacity of 121 mA h g1 at 0.8 V with an
energy density of 97 W h kg*. The electrochemical performances of
the polyanionic cathode materials for ALIB applications are
summarized in Table 2.
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Table 2. Overview of the electrochemical performances of polyanionic cathode materials for aqueous lithium-ion batteries.
Material/System Electrolyte Capacity/ % Capacity Voltage Ref
mAhgt retention (cycle (Energy density)
(C-rate) number)
LiFePO4 0.5 M Li;SO4 141 = 0.16 V vs. SCE 42
(1C)
LTP//LiMno osNio.0sFeo sPO4 sat. LixSO4 87 ~63 (50) - 44
(0.2 mA cm?2) @0.2 mAcm?2?
LiTiz(PO4)s//LiFePO, 1 M Li;SO4 55 90 (1000) 0.9V 45
(1C) @6 C (50 W h kg?)
LiV30s//LiFeP04/C 9 M LiNO3 110 99 (100) - 47
(1¢) @10C
Macroporous LiFePO4 0.5 M Li;SOq4 106 ~99 (50) 3.32 V vs. Li*/Li 48
(100 mA g1) @100 mA g (342 W h kg?)
Zn//LiFePO,4/C/CNTs 1 M ZnS0O4 + sat. 158 100 (75) 1.23V 49
LiNO3 (1) @1C (194 W h kg)
Zn//FePOy4 5 M LiOH 65 - - 50
(0.5 mA cm?)
Zn//TiS; modified LiMnPO,4 aq. LiOH 90 80 (20) - 52
(0.5 mA cm?) @0.5 mA cm??
LiV30s//LiFeo sMng sP04/C sat. LiINO3 123.09 56 (100) - 54
(0.05 C) @5 C
Sn//LiCoPO, aq. LiOH 82 85 (25) - 56
(0.5 mA cm2) @0.5 mA cm?
Li3V,(PO4)3/C 2 M Li;SO4 68.2 - - 59
(100 mA g?)
LisV2(P0O4)3/C sat. LiNO3 100 60 (50) - 60
(50 @5C
LTP//Li3V2(PO4)3 21 m LiTFSI 123 65 (1000) 1.25V 61
(0.1 C @ RT) @1C
111
(0.2 C @ -20 °C)
LiFePO,OH 21 m LITFSI+7 m 153 81 (50) -0.3t0-0.4V vs. 63
LiOTf (1.0 mA cm??) @1.0 mA cm™? Ag/AgCl

* LTP = LiTip(PO4)3; Zn = Zinc; Sn = Tin; LiITFSI = LiN(CF3S03),; LIOTf = Li(CF3SOs); ag. = aqueous; sat. = saturated; Ref = Reference

4. Polyanionic cathode materials for aqueous
sodium-ion batteries (ASIB)

Sodium-ion batteries have emerged as the best alternative
in the post-lithium-ion batteries era owing to the low cost, high
abundance, and promising application for grid storage. Along with
organic electrolyte-based batteries, aqueous sodium-ion batteries
(ASIB) have received significant attention in the past decade.
Multiple classes of cathode materials have been explored, such as
manganese-based oxides, Prussian blue analogs, etc.2%22 Of late,
many polyanionic materials have also been explored owing to their
tunable redox potential and high structural stability. This section
provides a detailed review of the different polyanionic classes of
materials reported as cathodes for ASIB.

This journal is © The Royal Society of Chemistry 20xx

4.1 Vanadium-based phosphates

NASICON based NasV,(POa.)s (NVP) has been reported to
exhibit the best performance for sodium (de)intercalation in organic
electrolytes.64%> The material crystallizes in an open 3D structure
showing corner-shared PO, tetrahedra and VOg octahedra. The large
tunnels are able to accommodate large Na-ions and enables
perturbation-free diffusion in the structure. The material was first
studied for ASIB applications in 2014 by Song et al. by employing 1 M
Na,SO, electrolyte in a three-electrode system.5® They initially
recorded the CV of the material in neutral 1 M Li,SO4, 1 M Na,SOg,
and 1 M K;SO, electrolyte. Redox peaks were observed in all three
electrolytes, but the peaks were asymmetric in lithium and
potassium-based  electrolytes, indicating irreversible ion
(de)intercalation. The peak separations were 704, 512, and 600 mV,
respectively, in lithium, sodium, and potassium-based electrolytes
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confirming that Na-intercalation in NVP is more facile. A linear
relationship between the square root of scan rate and peak current
The
capacitive properties of NVP were studied by cycling between 0 to
0.9 V vs. SCE, where a capacitance of 209 F g'! was obtained at a

indicated a diffusion-controlled electrochemical behavior.

current density of 1 A g'1. Poor cycling stability was observed due to
cathode dissolution and water oxidation. Zhang et al. studied the sol-
gel synthesized carbon-coated NVP nanocomposite as a cathode in 1
M Na,SO, as an electrolyte.” On cycling at 0 - 0.9 V vs. SCE, the
material delivered an initial discharge capacity of 95 mA h g1 at 10C
rate. The high capacity was attributed to nano-sized grains and
carbon coating. However, they also observed capacity fading due to
cathode dissolution, which was evident by a change in the color of
the electrolyte from colorless to yellow.

Li et al. fabricated NaTiy(PO4)s (NTP)||NVP full-cells in a
mass ratio of 8 : 7 (anode excess) with 1 M Na,SO, electrolyte and
obtained a discharge capacity of 71 mA h g1 at a current density of 2
A g1 when cycled between 0.5 to 1.6 V, albeit poor cycling stability
due to cathode dissolution.®® The cell managed to deliver a capacity
of 58 mA h g1 at a current density of 10 A g't with much better rate
performance. A high energy density of 29 W h kg! at a power density
of 5145 W kg! was obtained. During the same year, Li et al.
fabricated a cell with carbon and reduced graphene oxide (rGO)
incorporated cathode and zinc-metal as an anode with 0.5 M
CH3COONa/Zn(CH3COO0), electrolyte.®® On cycling at 0.8 — 1.7 V vs.
Zn%*/Zn, a discharge capacity of 91 mA h g1 at C/2 rate was obtained
with a stable output voltage of 1.42 V. Even at 20C rate, a discharge
capacity of 60 mA h g was obtained. Although it was a hybrid
battery system, only Na* (de)insertion was observed, which was
further evident by similar (dis)charge plateaus in aqueous and
organic (1 M NaClO4 in PC) electrolytes. The effect of only carbon and
carbon + rGO was also studied. The discharge capacity and capacity
retention of carbon + rGO incorporated material were higher than
that of only carbon incorporated NVP. Electrochemical impedance
spectroscopy analysis showed a lower charge-transfer resistance for
carbon + rGO incorporated NVP along with a lower Warburg
coefficient, indicating better Na* ion kinetics. Recently, a low-cost 17
m NaClO4 + 2 m NaOTF WISE electrolyte was reported, where NaClO4
helped in reducing the water activity and NaOTF assisted in SEI
formation. With X-ray photoelectron spectroscopy (XPS) and time-
of-flight secondary ion mass spectrometry (TOF-SIMS), a NaF-Na,0-
NaOH SEI was observed on the anode. The electrolyte resulted in a
1.75 V symmetric NVP@C| |[NVP@C cell with a high energy density
of 70 W h kg and 87.5% capacity retention after 100 cycles at 1 C
rate.”® A multi-component aqueous electrolyte (MCAE) of NaClOs-
H,0-Urea-DMF was reported for its low cost, non-toxic, and wide-
temperature characteristics.’”! The electrolyte forms a composite
solvent sheath leading to generation of uniform SEI layer, hence
enhancing the electrochemical stability window to 2.8 V. A 1.2 V
NVP/NTP battery was assembled with the electrolyte with 80 %
capacity retention after 2,000 cycles at 2C rate.

This journal is © The Royal Society of Chemistry 20xx
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All reports mentioned above indicate that the structural
instability of NVP in aqueous electrolytes leads to poor cyclability. A
way to circumvent this issue is cationic substitutions. Mason et al.
reported Ti substituted NVP, giving rise to Na,VTi(POg4)s (NVTP),
where half of the vanadium sites are substituted by titanium.”2 Ti** is
insoluble in water as it forms oxides with various levels of hydration.
Hence, in aqueous electrolytes, it passivates itself from the attack by
electrolytes. Cyclic voltammetry confirmed the high structural
stability of NVTP, where even after 100 cycles, the redox peaks were
stable, whereas the redox peaks of NVP disappeared after five cycles
(Fig. 5a,b). When cycled at 0.1 - 0.45 V vs. Ag/AgCl, the material
delivered a discharge capacity of 55 mA h g1 at 2C rate, 98% of which
was retained after 100 cycles in 1 M Na;SO, electrolyte. Pouch cells
were also assembled with two different anodes namely activated
carbon (AC) and NTP. The cell with AC as an anode exhibited hybrid
battery/supercapacitor type behavior. During the first discharge, 8 %
of the first charge capacity was lost, and 84 % was retained after 100
cycles at 1C rate. In contrast, the cell with NTP as an anode exhibited
fast capacity fade, which was attributed to the presence of oxygen in
the electrolyte and hydrogen evolution. Utilizing the V4+/V3* and
Ti**/Ti3* redox couples, there are some reports of symmetric cells
that were fabricated with NVTP as a cathode as well as an anode. The
first report came in 2017 when cross-linked NVTP@C nanofibers
were used as bifunctional electrodes for symmetric ASIB.73 Wang et
al. used NVTP as a cathode utilizing the V4*/V3* redox couple, and a
discharge capacity of 56 mA h g1 was obtained at 1C rate on cycling
at 0.0 - 0.6 V vs. Ag/AgCl (Fig. 5c).”* The XRD pattern was recorded
up to 0.6 V and the peaks shifted to higher 20 values indicating
volume shrinkage due to the extraction of sodium ions. The material
exhibited good cathode performance with a slight capacity decay
after 500 cycles at 5C rate. The anodic performance of the material
was checked by cycling the material from -0.8 to 0.0 V vs. Ag/AgCl,
and it exhibited a discharge capacity of 51 mA h g at 1C rate (Fig.
5d). Negligible capacity loss was observed at 5C rate after 500 cycles.
A symmetric cell was fabricated, and it delivered a discharge capacity
of 50 mA h g1 and an energy density of 30 W h kg at 1C rate when
cycled in the potential window of 0.2 to 1.5 V using 1 M Na,SO4 as an
electrolyte (Fig. 5e). Even at 10C rate, 70% of the capacity was
retained after 1,000 cycles. Passerini’s group also fabricated a
symmetric cell with NVTP material and studied the effect of the
concentration of NaClO, electrolyte and a “water-in-salt” NaOTf
electrolyte on the The
electrochemical performance was better in highly concentrated 8 M

electrochemical  performance.”®
NaClO, electrolyte and 9.2 m NaOTf “water-in-salt” electrolyte. The
better performance was attributed to the formation of a resistive,
but protective interface layer. Excellent cycling stability was seen in
9.2 m NaOTf electrolyte with a minimal capacity loss after 1,000
cycles at 20C rate. Recently, Nakamoto and co-workers reported 26
m sodium trifluoroacetate (NaTFA) concentrated electrolyte with an
electrochemical stability window of 3.1 V and used it to fabricate a
symmetric cell with NVTP.7¢ The performance was compared with 17
m NaClO, electrolyte. Although the half-cells showed identical
behavior in both electrolytes, the voltage profiles were different for
full cells after 50 cycles. While the profiles were unchanged after 50
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Fig. 5 (a) Cyclic voltammogram (CV) of Na3V,(POs)s in 1 M Na,SO,4 electrolyte at a scan rate of 0.5 mV s'1, depicting the disappearance of
redox peaks after five cycles attributed to the structural instability of the material. (b) CV of Na;VTi(PO4)s (NVTP) in 1 M Na,SO, electrolyte
at a scan rate of 0.5 mV s, showing the structural stability of the material even after 100 cycles. (c, d) Electrochemical performance of NVTP
as a cathode and anode, respectively, utilizing V3*/V4* and Ti**/Ti3* redox couples at 1C rate. (e) Electrochemical performance of a symmetric
cell fabricated with NVTP at 1C scan rate. (a, b) Reproduced with permission from ref 72. Copyright 2015 The Electrochemical Society. (c, d,

e) Reproduced with permission from ref 74. Copyright 2018 Springer.

cycles in 26 m NaTFA electrolyte, the higher plateau disappeared
after 50t cycle in 17 m NaClO, electrolyte, leading to capacity fade.
This was attributed to less acidic nature, small mole fraction of water,
and a robust fluoride layer formation at anode due to which the
“water-in-salt” effect was more pronounced.

4.2. Fluorophosphate-based materials

Another class of materials that have been explored as
cathodes for ASIB are fluorophosphates. Fluorine is the most
electronegative element in the periodic table, hence, when coupled
with the inductive effect of the POs-group, it imparts a more ionic
nature to the M-O bonds, leading to increased cell voltage.3° The first
report of fluorophosphate cathode for aqueous batteries came in
2014 when NaVPO4F was used to fabricate a full cell with a polyimide
anode.”” The CV of the material in 5 M NaNOs electrolyte displayed
two redox peaks corresponding to two different Na (de)intercalation
processes. The material delivered a discharge capacity of 54 mA h g
1T when cycled at 0.0 - 1.0 V vs. SCE at a current density of 50 mA g1,
The full cell assembled in a mass ratio of polyimide : NaVPOsF=3: 1
delivered an initial discharge capacity of 40 mA h g1 which came
down to 30 mA h g1 after the 20t cycle. The capacity fading of the
full cell was due to NaVPO4F, as it was observed that the capacity
retention of the cathode was poor while the anode exhibited good
capacity retention individually.

This journal is © The Royal Society of Chemistry 20xx

Kumar et al. investigated the electrochemical performance
of Na3V;02«(P04)2F32x/multi-walled carbon nanotube (MWCNT)
cathode in both aqueous and non-agueous electrolytes.”® From
synchrotron X-ray analysis, it was observed that the material
consisted of a mixed phase of both NazV,(PO4):Fs (space group:
P4,/mnm) and Na3V,0,(POa4),F (space group: /4/mmm). Using 3Na
solid-state nuclear magnetic resonance (NMR), they proposed
Na3V200.92(PO4)2F208 as the general formula of the prepared
material. The CV of the material in non-aqueous electrolyte exhibited
two redox peaks corresponding to two-sodium ion (de)intercalation
from the structure (Fig. 6a). In comparison, the CV in 10 M NaClO4
aqueous electrolyte exhibited a single redox peak in the voltage
range of 0.0 to 0.9 V vs. SCE, indicating a single sodium utilization in
the material (Fig. 6b). The voltage window was kept narrow to avoid
water oxidation. The electrochemical performance of the material as
studied in a beaker-type cell and a discharge capacity of 46 mA h gt
was observed at 1C rate operating at a high potential of 0.95 V vs.
SCE. Even at 40C rate, 40% of the discharge capacity at 1C rate was
obtained, and ex-situ scanning electron micrographs confirmed high
structural stability. Two types of full cells were assembled with Zn
and NTP/C as an anode. The former delivered a discharge capacity of
54 mA h g at 1C rate, and 85% was retained after 400 cycles. The
discharge voltage was 1.65 V with an energy density of 84 W h kg™.
In contrast, the full cell with NTP/C anode exhibited a discharge
capacity of 30 mA h g1 after 400 cycles at 10C rate.
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Later they also studied the effect of electrolyte additives
on the electrochemical performance of the same material.”® They
observed that high ionic mobility and low dissolved oxygen are the
reason for good electrochemical performance in 10 M NaClO4
electrolyte. However, a 2 vol.% addition of vinylene carbonate (VC)
further improved the performance as it lowered the pH of the
electrolyte to 1.7, which assisted the formation of a passivation layer
at the interface, avoiding side reactions. The group also reported on
the electrochemical performance of NasV,0,(P0O4),F-MWCNT, which
achieved a discharge capacity of 35 mA h g1 at 1C rate for the half-
cell configuration. In a full cell configuration with NTP-MWCNT
anode, 42 mA h g1 was obtained at the end of 100 cycles (Fig. 6c).8°
Liu et al. reported the electrochemical performance of full cell
assembled with NazVy(PO4)2F3 single-walled carbon nanotube
(SWCNT) cathode and NTP-MWCNT anode in highly concentrated 17
m NaClO, electrolyte.® The cell delivered an energy density of 150
W h kg at a high voltage of 1.92 V with an initial discharge capacity
of 81 mA h gt Recently Sharma et al. investigated the
electrochemical performance of Na,FePO4F cathode in 17 m NaClO,4
aqueous electrolyte.82 A discharge capacity of 84 mA h g1 was
obtained in the half cell configuration when cycled in the potential
window of -0.9 to 0.9 V vs. Ag/AgCl at a current density of 1 mA cm2
with good cycling stability up to 100 cycles. The full-cell assembled
with NTP anode delivered a discharge capacity of 85 mA h gl at an
average cell potential of 0.7 V.

4.3. Other polyanionic materials

Apart from NASICON based vanadium phosphates and

fluorophosphates, other polyanionic and mixed polyanionic
materials have also been explored for ASIB. Jung et al. reported
Na,FeP,0; in 2014 as a cathode for ASIB

application.83 The material crystallizes in a triclinic structure (space

pyrophosphate

group: P-1) with a 3-dimensional framework. When cycled between
-0.21t0 0.7 V vs. SCE, the material delivered a discharge capacity of 65
mA h gt at C/5 rate. 86% of the capacity was retained at the end of
300 cycles at 1C rate. Okada’s group fabricated Na,FeP,07 | | NTP full
cell and examined the effect of different electrolytes on the
electrochemical performance.8* They observed that full-cells with 2
M NaSOs and 4 M NaClO, electrolyte exhibited much better
performance than non-aqueous electrolytes due to their high
relative dielectric constant and lower viscosity of water, while in the
case of 4 M NaNOs, a large irreversible capacity was observed due to
corrosive side reactions and H; gas evolution. Goodenough’s group
reported another NASICON-type NasMnTi(PO4); and fabricated a
symmetric cell with 1 M Na,SO, electrolyte.?> It has a three-
dimensional structure consisting of MnOgand TiOg octahedra sharing
corners with PO, tetrahedra, resulting in two sodium sites. As a
cathode, the material delivered a discharge capacity of 58 mA h g1
at C/2 rate when cycled between 0.0 to 1.0 V vs. Ag/AgCl, utilizing
the Mn2*/Mn3* redox couple (Fig. 6d). Whereas as an anode, a
discharge capacity of 58 mA h g1 was obtained at C/2 rate when

This journal is © The Royal Society of Chemistry 20xx
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cycled at -1.3 to 0.0 V vs. Ag/AgCl by utilizing the Ti**/Ti3* redox
couple (Fig. 6e). The symmetric cell was cycled between 0.4 to 1.8 V
vs. Ag/AgCl, and a discharge capacity of 58 mA h g1 was obtained at
C/2 rate with an energy density of 40 W h kgL. A discharge capacity
of 57 mA h g1 was obtained at a 1C rate, and 98% was retained after
100 cycles.

Another NASICON type NasMnV(PQO4)s-rGO cathode was
reported as a cathode for ASIB in 10 M NaClO4 with 2% VC additive
as an electrolyte.8 The half-cell delivered a discharge capacity of 92
mA h g1 at 1C rate when cycled between 0.0 and 0.82 V vs. Ag/AgCl
with an average potential of 0.66 V vs. Ag/AgCl. Full-cells assembled
with NTP-MWCNT anode delivered a discharge capacity of 97 mA h
g1 at 10C rate when cycled between 0.8 and 1.65 V with an average
cell potential of 1.30 V and an energy density of 130 W h kg
Electrochemical properties of NasMnCO3PO,; carbonophosphate
with the sedorenkite structure (space group: P21/m) in 17 m NaClO4
aqueous electrolyte were first explored by Xie and co-workers.87 A
discharge capacity of 134 mA h g1 was observed at a high current
density of 2 mA cm2, owing to the high ionic conductivity of 17 m
NaClO4 aqueous electrolyte (108 mS cm1) as compared to 1 M NaPFg
in EC:DMC (1:1 v/v) organic electrolyte (6.5 mS cm). Shiprath et al.
also tried to study the electrochemical performance of the material
in 5 M NaNOs electrolyte.88 The full cell assembled with NTP anode
delivered an initial discharge capacity of 77 mA h g1 at C/5 rate, and
89% was retained after 100 cycles (Fig. 6f). The coulombic efficiency
was found to be low for the initial cycle, which was attributed to the
difficulty in the intercalation of Na* ions into the lattice along with
poor electronic conductivity of the material. Lately, the iron-
analogue of the carbonophosphate, i.e., NasFeCO3PO, have also
been explored for ASIB applications.8?%0 Xie and co-workers also
studied the performance of NaszFeCOsPO4//NaTi>(POs); in 17 m
NaClO4 aqueous electrolyte and achieved a high discharge capacity
of 161 mA h g'* at current density of 2 mA cm=2 with 65.6 % retention
after 30 cycles.®? Na;V4(P207)4(PO4) nano-rods with carbon coating
exhibiting a tetragonal structure and high operating potential have
also been explored as a cathode for ASIB.®? With 1 M Na,SO4
electrolyte, the material delivered a discharge capacity of 37 mA h g
1 at a current density of 1,000 mA g. Vanadium dissolution was
observed, resulting in a poor cyclability of the material. Olivine
FePO4/C composite, obtained after delithiating LiFePO4, amounted
to a discharge capacity of 118 mA h g1 at a scan rate of 10 mV sl in
saturated NaNOs solution.?? Using potentiodynamic polarization,
LiFePO4 was transformed entirely to NaFePO,. NaFePO,4 was tested
in 1 M Na,SO, electrolyte, and a capacity of 70 mA h g at C/5 rate
was obtained at room temperature.®® While at 55 °C, the polarization
was reduced to a great extent and a discharge capacity of 110 mA h
g was obtained at C/10 rate. A 0.6 V full cell was assembled with
NTP anode and a discharge capacity of 70 mA h g'1 was obtained with
76% capacity retention after 20 cycles. By employing CV, Minakshi et
reversible sodium maricite

al. showed (de)intercalation in

NaMn1/3Co1/3Ni1/3PO4 in 7 M NaOH solution.?* The electrochemical
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Copyright 2015 The Royal Society of Chemistry. (c) Reproduced with permission from ref 80. Copyright 2016 Elsevier. (d, e) Reproduced with
permission from ref 85. Copyright 2016 Wiley-VCH. (f) Reproduced with permission from ref 88. Copyright 2020 Elsevier.

performances of the polyanionic cathode materials for ASIB
applications are summarized in Table 3.

5. Polyanionic cathode materials for aqueous zinc-
ion batteries (AZIB)

Since the first report on aqueous electrolytes for LIBs by
Dahn et al., many materials have been explored as cathodes, e.g.,
LiCoO;, LiFePQ4, LiMn,04 etc.*>%5%% However, the insufficient
lithium reserves may make it challenging to implement aqueous LIBs
for grid storage technologies. This led to the development of
aqueous SIBs as a low-cost and environmentally benign energy
storage technology where materials like NaMnO,;, NaFeP,0-,
NasV2(POs);, NaFePO, etc. were studied as cathodes.568393,100
However, the energy density delivered by ASIB is less than ALIB
owing to the large ionic radius and high molecular weight of Na* as
compared to Li*. For multivalent-ion insertion, the strong
electrostatic repulsion between the host lattice and multivalent ions
pose some challenges.101.102 |n the case of aqueous magnesium-ion
batteries, the development is hampered due to the lack of suitable
cathodes as the kinetics of Mg2* ions are very sluggish in the bulk host
material.103104 Moreover, the unstable nature of magnesium-metal
in aqueous media due to the formation of a passivation layer further
cripples the kinetics of Mg2* ions.Z> Aluminum-ion batteries exhibit
high volumetric and gravimetric energy densities. However, the rapid
formation of Al,05 protection layer on aluminum-metal in aqueous
media has hampered its promise. Moreover, the lack of suitable

This journal is © The Royal Society of Chemistry 20xx

electrolytes results in a decay of cell efficiency and potential in
magnesium-ion and aluminume-ion batteries. While the development
of aqueous magnesium- and aluminum-ion batteries is plagued by
the unstable nature of the corresponding metal anodes in water, the
same is not true for zinc. Zinc-metal exhibits good electrochemical
stability in aqueous media, owing to the high overpotential of the H,
evolution reaction. It has a high abundance in the earth’s crust, low
redox potential (-0.76 V vs. SHE), and high theoretical capacity.23-25
The high volumetric and gravimetric energy densities of zinc and the
involvement of two electrons per ion in the redox reaction have
made zinc-ion batteries an ideal alternative for grid-storage
applications. Hence, reports on zinc-ion batteries with organic and
aqueous electrolytes have increased drastically in the past few
years. 105,106

Metallic zinc is considered an ideal anode due to its high
abundance, low cost, and long cycle life.197 The use of zinc-metal
anode dates back to 1799, when Volta et al. employed it in a voltaic
cell. Since then, it has been used as an anode in primary and
secondary batteries. Among all of them, alkaline Zn-MnQO, has shown
massive potential as a primary battery and still exists in the
commercial market.1% Many efforts were made to make
rechargeable alkaline Zn-MnO; batteries, but the dendrite formation
at the zinc-metal anode led to poor discharge performance and
cycling life.109110 However, these issues can be circumvented using
neutral pH-based aqueous electrolytes and high concentration
electrolytes.111 Utilizing this concept, Shoji et al. first reported a Zn-
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Table 3. Overview of the electrochemical performances of polyanionic cathode materials for aqueous sodium-ion batteries.

Material/System Electrolyte Capacity/ % Capacity Voltage Ref
mAhg! retention (cycle  (Energy density)
(C-rate) number)
NasV2(PO4)s 1 M NazSO4 52 - - 66
(85C)
NazV2(PO4)s/C 1 M Naz2SO4 94.5 - - 67
(10 C)
NTP//NasV2(PO4)3 1 M Naz2SOs 73 50 (50) 12V 68
BAgYH @10 A gt (36 W hkg?)
Zn//NazV2(POa)s/C 0.5 M CH3COON¥/ 93 77 (200) 142V 69
Zn(CH3C00):2 (0.50C) (050C) (112 W h kg™
Na2VTi(PO4)s@C 1 M NazSOs 55 83 (600) 1.16 V 73
(0.5C) @40and 4 C (34 W h kg?)
NazVTi(PO4)s // NazVTi(POs)s 1 M NazSO4 50 70 (1000) 12V 74
(1C) @10C (30 W h kg%
Na2VTi(POa4)3/C // Na2VTi(PO4)s/C 9.2 m NaCF3SOs 45 99 (1000) 1.2V 75
(0.2C) @20C
Polyimide//NaVPO4F 5 M NaNOs 40 - - 77
(50 mA g?)
Zn /] NasV202x(PO4)2F3.2-MWCNT 10 M NaClOa4 54 85 (400) 17V 78
10 @1C (84 W h kg?)
NTP//NasV202x(POs)2F3-2-MWCNT 10 M NaClO4 39 85 (200) 15V 79
+2V% VC (10 C) @10C
NTP-MWCNT // NazV202(POa)2F- 10 M NaClO4 52.5 80 (100) 15V 80
MWCNT +2Vv% VC (1C) @1cC
NasV2(POs)2F3-SWCNT 17 m NaClO4 81.3 71 (60) - 81
(1C) @1cC
NasMnTi(POa)z// NasMnTi(POu)s 1 M NazSOs 57.9 98 (100) 1.4V 85
(05C) @1cC (40 W h kg't)
NTP-MWCNT // NasMnV(PO4)s-rGO 10 M NaClOg4 97 52 (60) 13V 86
+2V% VC (10 C) @10C (130 W h kgt)
NTP//NasMnCO3PO4 5 M NaNO3 77.09 89 (100) - 88
(CI5) @0.2C
NarV4(P207)4(PO4)/C 1 M NazSOs 51 82 (50) - 91
(80 mA g?) @1000

* NTP = NaTi2(POa)s; Ref = Reference; MWCNT = Multi walled carbon nano tube;SWCNT = single walled carbon nano tube

MnO, aqueous battery using a mild acidic electrolyte, and this report
opened the avenue for the field of aqueous ZIBs.112 However, it is
imperative to understand that in a highly acidic environment,
protons can intercalate into the material instead of Zn?* ions.113 The
aqueous ZIBs suffer due to a lack of proper cathode materials owing
to the strong electrostatic interactions between divalent ZnZ*ion and
the host, resulting in poor cycle life and slow kinetics.?3

There have been many reports on rechargeable binary-ion
batteries during last decade where a lithium insertion host was used
as a cathode, zinc-metal as an anode, and lithium- and zinc-ion based
binary solution was used an electrolyte. However, due to the high
lithium cost, it is difficult for lithium-intercalation compounds to be
used for AZIB applications.23 Hence, sodium-based cathodes were
explored. However, the quest for finding a suitable low-cost insertion

This journal is © The Royal Society of Chemistry 20xx

material is still on, and few polyanionic materials have been
reported. NASICON-type MsV,(PO,); (M = Na, Li) have gained most
of the attraction for multivalent-ion insertion due to their
thermodynamically stable structural framework. It has been
observed that vanadium phosphate materials degrade in most of the
aqueous electrolytes after a few cycles, but ion substitution can
suppress cathode dissolution. The electrochemical performance of
titanium substituted NasV,(POa4); was studied in 1 M Zn(NOs),, and a
discharge capacity of more than 50 mA h g with ~ 93% capacity
retention after ten cycles was reported at 2C rate (Fig. 7a).”2

Li et al. reported graphene-like carbon wrapped
Na3V,(PO4)3 as a cathode for AZIB with 0.5 M Zn(CH3COO),
electrolyte.1'* During the first charge, they deintercalated two Na-
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ions from NasV,(PO,)s. During subsequent discharge, Zn2* ions were
intercalated into the structure, which was confirmed by the
significant potential difference between the first and second
discharge plateaus (Fig. 7b). This was attributed to the chemical
potential difference between Na3V,(PO4)s and ZnyNaV,(POs)s, which
also meant that the redox potential of the zinc intercalated phase is
lower than the pristine phase. When cycled between a potential
window of 0.8 to 1.7 V vs. Zn/Zn?*, the material delivered a discharge
capacity of 97 mA h g? at C/2 rate and 74% of the capacity was
retained after 100 cycles (Fig. 7c). From ex-situ XRD, they found that
the Zn-intercalated phase also adopts the NASICON-type structure,
and an ion occupancy variation mechanism was proposed. At the
completely charged state, the peaks were attributed to desodiated
NaV3(PO4); phase while during discharge, an emergence of second
phase at the expense of NaV,(PO4); was observed. The phase
obtained at end of discharge was neither NasV,(PO4); nor
NaV3(PO4);, but the peaks belonged to the NASICON structure.
However, the same group tested this material in a binary electrolyte
where they used 0.5 M CH3COONa/Zn(CH3COO); and observed only
Na-ion (de)intercalation.®® In binary electrolytes, Li* or Na*
suppresses the intercalation of ZnZ* ions. The underlying reasons
behind this suppression are still unknown. However, Hu et al. first
demonstrated Zn?*/Na* co-insertion into rGO coated NasV,(PO4)s in
2 M Zn(CF3S03), electrolyte.!?5 It delivered a discharge capacity of
114 mA h g at a current density of 50 mA g with good long-term

This journal is © The Royal Society of Chemistry 20xx

cyclability and rate capability (Fig. 7d). Wang’s group made an effort
to understand the role of water in improving the kinetics of bivalent
ion diffusion (especially Zn?* ion diffusion) by using layered VOPO4
and its hydrates as a model cathode material.11® They observed that
the presence of water molecules at the electrode/electrolyte
interface assists in Zn2*ions diffusion while the structural water helps
alter the working potential. They found that during (dis)charge, a
dynamic equilibrium between the electrode and bulk electrolyte is
established, which plays a vital role in the electrochemical
performance.

Li et al first reported a fluorophosphate-based
Na3V,(PO4),F; cathode.1l” To minimize dendrite formation, they used
a carbon film-coated zinc-metal anode. They obtained a 1.62 V cell
with an energy density of 98 W h kg1. On a bare zinc-metal anode,
the dendrite growth occurred vertically, resulting in poor
electrochemical performance. In a carbon film-coated zinc-metal
anode, the dendrite growth occurred horizontally and, hence,
produced better performance. In the voltage window of 0.8 to 1.9 V
vs. Zn/Zn?*, the material delivered a discharge capacity of 65 mA h g-
1, corresponding to 0.5 Zn-insertion at a current density of 0.08 A g1
(Fig. 8a). At 1 A g1, the material delivered a discharge capacity of 46
mA h g1, 95% of which was retained after 4,000 cycles (Fig. 8b). Our
group recently studied the storage mechanism inside NazV;(PO4)2F3
in both aqueous and non-aqueous electrolytes.118 In the case of
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aqueous electrolytes, at 1C rate, the cell delivered a discharge
capacity of 61 mA h g1 with good cycling stability for ten cycles (Fig.
8c). However, in the case of non-aqueous electrolytes, even at a C/3
rate, a discharge capacity of 49 mA h g1 was obtained, which faded
to 11 mA h g1 after ten cycles (Fig. 8d). The ex-situ XRD and energy
dispersive X-ray spectroscopy (EDX) analysis showed that in non-
aqueous electrolyte, after the removal of Na-ions from the host
lattice during first charge, Zn?* and Na* co-insertion occurred during
the subsequent discharge. Moreover, during the first discharge,
more Na* ions were inserted back into the material. However, with
gradual cycling, it changed to only Zn?* insertion as the electrolyte is
Zn-based, and Na* ions were scattered in the bulk of the electrolyte
after a few cycles. Due to strong electrostatic interactions between
Zn?* and the host, intercalation kinetics was sluggish, hence poor
cyclability was observed. Whereas, in the case of aqueous
electrolyte, the EDX analysis of the discharged sample showed no
peaks for Zn-ions, implying that Zn-ions are not responsible for the
discharge capacity. We inferred that it is proton insertion that is
responsible for the electrochemical activity, although EDX analysis
after ten cycles did show a small amount of Zn?* ions intercalated
into the structure.

Wang's group reported LiV,(PO,); as a high power density
(8,000 W kg) and high energy density (218 W h kg!) cathode for
aqueous ZIBs with 4 m zinc trifluoromethanesulfonate (Zn(OTf),) as
an electrolyte.!’® The host for Zn-ion insertion was obtained
electrochemically by removing two lithium ions from LisV2(PO4)s. The

This journal is © The Royal Society of Chemistry 20xx

electronic structure of LiV,(PO4); obtained by the density of states
(DOS) showed p-d hybridization of V-d and O-p bands. This meant
that the electrons introduced upon Zn-intercalation
accommodated nicely by both V and O sites, which resulted in much
better kinetics of Zn?* ions inside the host lattice. On cycling between
0.2 - 1.9 V vs. Zn/Zn?, a discharge capacity of 141 mA h g was
obtained at 2C rate with an average discharge potential of 1.3 V. The
material exhibited excellent cycling stability with capacity decay
rates of 0.028 % and 0.0053 %, respectively, at 2C rate for 500 cycles
and 10C rate for 4,000 cycles (Fig. 8e). From in-operando XRD
analysis, they reported the presence of both solid-solution and two-

are

phase transition during cycling. The fast kinetics of Zn?* ions were
even maintained at a low temperature of -20 °C, where 75.8% of the
room temperature capacity was retained at 2C rate.

Wan et al. utilized oxygen anionic redox to enhance the
energy density of VOPO, || Zn based battery by employing a highly
concentrated 21 m LiN(CF3S0,),+ 1 m Zn(CF3SOs); electrolyte.’20 The
average voltage was enhanced to 1.56 V, and after 1,000 cycles, a
capacity of 74 mA h g1 was obtained at 1 A g, corresponding to 93%
retention. Sun et al. reported VOPO4.xH,0 as a cathode, and they
observed that the material decomposed into VO in conventional
Zn(OTf), electrolyte, hence, leading to poor cyclability.?2! They also
observed the formation of a phosphate-based impurity upon
decomposition. They used a highly concentrated electrolyte (13 m
ZnCl,) with a phosphate-based additive (0.8 m H3PO,) to circumvent
this issue. By using the additive, the equilibrium was shifted toward
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Table 4. Overview of the electrochemical performances of polyanionic cathode materials for aqueous zinc-ion batteries.
Material/System Electrolyte Capacity/ % Capacity Voltage Ref
mAhg! retention (cycle (Energy density)
(C-rate) number)
NasV2(POu4)s 1 M Zn(NOs), >50 = = 72
(20
NasV2(PO4)s/C 0.5 M Zn(CHsCOO0), 97 74 (100) ~1.1V 114
(0.50) @0.5C
NasV,(PO4);@rGO 2 M Zn(CFsS0s), 114 75 (200) ~1.23V 115
(50 mA g1) @500 mA gt
NasV5(POus)2Fs 2 M Zn(CFsS0s), 64.7 95 (4000) 1.62V 117
(0.08 Ag?) @1Ag! (97.5 W h kg1)
NasV2(POs)Fs/C 3 M Zn(CF3S0s), 61 = = 118
(10
LiVa(PO4)s@C 4 m Zn(OTH), 141 86 (500) 1.3V 119
(20) @2C (183 W h kg'1)
VOPO4 21 m LiTFSI 139 93 (1000) 1.56 V 120
+1 m Zn(OTf), (0.05 A g?) @1Ag! (217 W h kg?)
VOPO4.xH,0 13 m ZnCl, 170 - 135V 121
+0.8 m H3PO, (0.1A g (230 W h kg'1)
NazV3(P0O4)2016F1.4 25 m ZnCl, 155 74 (7000) 1.46V 122
+5 m NH4CI (50 mA g1) @2Ag!
VPO4F 1 M ZnS0O4 ~120 - ~15V 123
(C/20)
Mng.25(V0)0.75P04.2.25H,0 3 M Zn(CF3S03); 208 88 (700) 0.95V 139
(0.1AgY) @5Agt (198 W h kg%)

* LiITFSI = LiN(CF3S03)2; Zn(OTf), = Zn(CF3S03),; Ref = Reference

the back direction and, hence, minimized the decomposition. They
reported a discharge capacity of 170 mA h g with good capacity
retention after 500 cycles. Recently, Ni et al. employed a neutral
water-in-bisalt based electrolyte comprising 25 m ZnCl; + 5 m NH,4CI
and reported a rGO wrapped NasV,(P0,),01 6F1.4 as a cathode.’?2 The
material delivered a high specific capacity of 155 mA h g atacurrent
of 50 mA g. It exhibited a high working potential of 1.46 V when
cycled in the potential window of 0.4 to 2.1 V vs. Zn/Zn?*. They
initially tested the material in 30 m ZnCl, electrolyte but observed a
severe capacity fading, which was improved when they adopted a
water-in-bisalt type electrolyte configuration. This was attributed to
the pH-neutral electrolyte, which is less corrosive, assisting in
enhancing the battery performance. At a high current rate of 2 A g%
the cell delivered a capacity of 83 mA h g1, 73.5% of which was
retained after 7,000 cycles. This is the best performance reported to
date among polyanionic cathode materials for AZIB. They tried to
understand further the structural evolution with ex-situ X-ray
diffraction. They reported structural reversibility during (dis)charge
and observed minor proton insertion electrochemically with ex-situ
XRD. Our group did subsequent research on multivalent-ion
batteries, especially AZIB. In 2020, we reported delithiated tavorite-
based VPO4F as a cathode for both aqueous and non-aqueous ZIBs.123
We also observed that proton insertion leads to structural instability
and that zinc insertion is not favorable even when a highly

This journal is © The Royal Society of Chemistry 20xx

concentrated electrolyte is used. With a considerable amount of
work done on polyanionic hosts for aqueous ZIBs in the last decade,
they exhibit a bright future for energy storage. However, careful
analysis must be carried out both electrochemically and structurally
to understand the insertion mechanisms. The electrochemical
performances of the polyanionic cathode materials for AZIB
applications are summarized in Table 4.

6. Challenges and outlook

Aqueous batteries have emerged as an attractive domain
from a sustainability and safety points of view. Moreover, shifting to
aqueous electrolytes imparts a positive impact on the environment
and reduces the overall cost of batteries. However, there remains
many challenges for the practical application of these batteries,
especially for grid-storage applications.12* Some of these challenges
are listed below:

1. Narrow-voltage window: While the operating mechanism of
aqueous electrolytes is similar to that of non-aqueous electrolytes,
they exhibit a narrower operating potential window of < 2 V much
less than that of organic electrolytes stemming from the inherent
thermodynamic potential of water. This is a major challenge, which
restricts the full utilization of the cathode material, resulting in lower
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energy density than organic electrolytes. Cycling beyond this voltage
window range will result in H,/O; evolution via two half-reactions,
viz., the oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER). The mechanism of OER and HER involve, respectively,
four and two electron transfer and the overall chemical reactions are
represented by equations (1-4).

OER: 2H,0 = 0O, + 4H* + 4e" (in acidic conditions) (1)
OER: 40H = 03 + 2H,0 + 4e (in alkaline conditions) (2)
HER: 2H* + 2e” = H> (in acidic conditions) (3)
HER: 2H,0 + 2e- 2 H, + 20H- (in alkaline conditions) (4)

These reactions are sensitive to pH and the surface of the
material. Moreover, side reactions like proton consumption due to
HER/OER can also occur during long-term cycling. Many high-voltage
cathode materials exhibit (de)intercalation potentials, which lie
outside the stable voltage window of aqueous electrolytes. This
demands either a careful selection of cathode materials or a
widening of the potential window. Moreover, the cathodes should
not exhibit any electrocatalytic properties, e.g., LiMnP,07, which is
reported as a water oxidation catalysts.12>

2. Cathode dissolution: Many materials, especially vanadium-based,
are unstable in aqueous electrolytes. Vanadium dissolution is
favored in mildly acidic electrolytes and results in a decay of
electrochemical performance. This dissolution results in a loss of
active material, which tends to deposit on the anode leading to the
formation of a passivation layer. This is commonly observed in
aqueous zinc-ion batteries.?* In them, it has been observed that the
vanadium-dissolution rate is high at slower C-rates and low at higher
C-rates. It is one of the reasons for poor long-term cyclability. There
is currently no effective way to completely prevent vanadium
dissolution, but it can be lessened by using materials that exhibit
more stable V-O bonds. This can be achieved by either doping or by
anion substitution. Titanium doped Na3V,(POy)s is a classic example
of high structural stability in aqueous electrolyte compared to the
undoped material.”2 The pH of the electrolyte also results in material
dissolution, e.g., LiFePOs decomposing into FesO,; under alkaline
conditions.*? Hence, effect of pH on structural stability must be
studied carefully before testing the electrochemical performance.
The use of surface coatings or surface stabilizers is a possible way to
circumvent cathode dissolution.

3. Electrostatic interactions: Aqueous zinc-ion batteries do offer a
possibility of achieving high energy density owing to two-electron
transfer due to divalent ZnZ* ions. However, the high charge density
leads to high electrostatic interactions between the intercalated ion
and the host. This results in structural expansion of the lattice,
triggering a possible structural distortion/collapse during continuous
cycling. These electrostatic interactions also result in slow kinetics of
Zn?* jons inside the host and/or low electrochemical utilization and
reversible capacity. Phase transitions (e.g., Zn3V,07(0OH)2.2H;0) can

This journal is © The Royal Society of Chemistry 20xx
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also occur at a critical amount of zinc, which can have a detrimental
effect on the electrochemical performance.12¢ This issue can be
circumvented by selecting materials with high structural stability and
flexible ion diffusion channels. The diffusion pathways can be
broadened by either doping or by taking materials with crystal water.

4. Dendrite growth: Apart from AZIB, metals cannot be used as anode
in other metal-ion aqueous batteries. Hence, the dendrite issue is
more pronounced in AZIB, stemming from repeated plating and
stripping of zinc. The activity and solubility of zinc is high in alkaline
electrolytes (Zn-air, Zn-Mn, etc.), resulting in a rapid formation of
dendrites as compared to acidic or near neutral electrolytes.
Although the process of zinc plating and stripping is inevitable, it can
be reduced to some extent by using mild pH based aqueous
electrolytes.

5. Byproduct formation and proton co-insertion: Continuous cycling
In AZIB,
Zn4(SO4)(OH)6.nH20 byproduct formation is a commonly observed
phenomenon.'?” There is no known mechanism to explain such

also results in the formation of some byproducts.

byproduct formation, but it can result from side reactions between
dissolved oxygen and the ions present in the electrolyte.?® These
byproducts can accumulate at the interface and can affect the
electrochemical performance by increasing the charge-transfer
resistance. Electrodes with porous morphology can assist in
accommodating the byproducts and providing more reaction sites
for the intercalating ions. Use of suitable additives and removal of
dissolved oxygen from the electrolyte can further reduce side
reactions and enhance the electrochemical performance. Proton co-
insertion isa commonly observed phenomenon in aqueous batteries,
especially in acidic electrolytes. One way to avoid this problem is the
use of alkaline electrolytes, but it is observed that many materials are
not stable in high pH electrolytes. Hence, use of highly concentrated
WISE is preferred.

Although polyanionic materials are touted as one of the
promising candidates for aqueous batteries, there are issues, which
need to be addressed. While the oxide materials exhibit good
electronic conductivity and high densities, which make them
attractive for portable electronic devices and electric vehicles,
polyanionic materials exhibit poor electronic conductivity and
require further materials processing, resulting in additional cost and
low tap density. The electronic conductivity can be improved by
particle nano-sizing and carbon coating. Controlling the morphology
can also help to improve the tap density. The polyanionic subunits
are electrochemically inactive and bulky, so these materials exhibit
low practical capacities. Some polyanionic materials that are studied
extensively in aqueous electrolytes consist of precious and toxic
metals, i.e., vanadium. Hence, there is a need to replace them with
economic and environmentally friendly elements. The redox
potential of polyanionic materials can be tuned by using different
polyanionic subunits. Coupling anions like F- with (PO4)3 can lead to
cell voltages beyond 4.2 V (e.g., Na,CoPO4F). However, application of
such materials is further restricted in aqueous electrolytes due to
their narrow operating voltage window.
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Although commercialization of aqueous batteries faces
some critical challenges, there are some possible future directions,
which could prove vital for the development of the field. The
emphasize a in-depth
understanding of the storage mechanisms in polyanionic host

researchers must fundamental and
materials. Various in-situ characterization techniques, such as X-ray
diffraction, Raman spectroscopy, and X-ray photoelectron
spectroscopy must be implemented to understand precise structural
changes, interface phenomena, and reaction mechanisms. Since the
narrow operating voltage limits aqueous batteries, characterization
techniques are further recommended. The morphological stability of
the electrodes can be studied by scanning electron microscopy to
improve the long-term cycling performance. The experimental
observations must be complemented well by theoretical calculations
like density functional method and molecular dynamics simulation

etc., for further understanding of reaction mechanisms.

Narrow operating voltage window is a major cause for low
energy density and hinder the commercialization of aqueous
batteries. With the inception of highly concentrated WISE and
hydrate-melt electrolytes,26:28 it is feasible to test high-voltage
polyanionic cathode materials for aqueous batteries, as the
operating voltage window can be enhanced to 3-4 V using such
electrolytes. The amount of free water molecules in such high
concentrated electrolytes is lower, which helps in impeding the
electrochemical activity of water. They also help in building a solid-
electrolyte interphase (SEl) layer at the anode by anion reduction.
The first report on WISE utilized 21 m lithium
bis(trifluoromethane)sulfonimide as a salt, but to overcome the
saturation limit of the salt, different salts were reported for “water-
in-bisalt” type electrolytes like lithium trifluoromethanesulfonate
(LiOT#), (LiBETI),
etc.2627.129 Byt the salts generally used in such high-concentrated

lithium  bis(pentafluoroethanesulfonyl)imide
electrolytes are expensive and toxic with high viscosity and weight,
making it challenging to use them at commercial scale. Concentrated
mixed cation acetate WISE (32 m potassium acetate-8 m lithium
acetate) and ‘water-in-ionomer’ gel (50% lithiated polyacrylic acid-
50% H,0) were reported to circumvent some of these issues.130.131
Although the acetate-based electrolytes cannot form fluorinated SEI
on the surface, the gel electrolytes have more water content, which
can lead to a narrow voltage window and hence low energy density.
Recently, by utilizing the concept of molecular crowding in living
cells, a molecular crowding aqueous electrolyte was reported with a
very low concentration of LIiTFSI (2 m LiTFSI) and by utilizing
poly(ethylene glycol) as a water-miscible polymer.132 The electrolyte
exhibited a stable potential window of 3.2 V with excellent HER
stability. There is scope to test different additives and salts for
aqueous electrolytes to make them economical and environmentally
friendly.

It is well reported that O,-free, concentrated, and high pH
electrolytes are good for insertion-based materials. However, the
overpotentials of HER and OER are large in neutral pH. It is necessary
to understand the importance of pH for aqueous batteries. Hence,

This journal is © The Royal Society of Chemistry 20xx

the electrochemical performance of polyanionic materials must be
analysed in neutral electrolytes. pH fluctuations also occur during
cycling, which might deteriorate the electrochemical performance.
Additives like acetic acid has been reported as a buffer additive,
resulting in improved long-term cycling performance.33 Electrode
designs must be optimized by surface coatings through atomic layer
deposition, ion-doping, defects, or cation deficiencies, and artificial
SEl to avoid cathode degradation. These techniques improve the
kinetics of the intercalated species inside the host and enhance the
structural stability of the cathode, resulting in better electrochemical
performance. Capacity balancing is another crucial way to fully utilize
the electrochemical stability window of aqueous electrolytes. Water
decomposition and zinc dendrite growth are major contributors for
poor cycling in AZIB. Electrolyte additives and surface engineering
can help suppressing the dendrite formation and cation dissolution.
Use of dimethyl sulfoxide (DMSO) in dilute aqueous electrolyte has
been shown to suppress water reduction and dendrite growth.
DMSO replaces H,0 in the ZnZ* solvation sheath due to its high
Gutmann donor number, which inhibits the decomposition of
water.134 Moreover, the decomposition of DMSO solvation sphere
led to Zn1(S04);sCl3(OH)15.5H,0, ZnSOs, and ZnS based SEI, which
prevents dendrite growth. In-situ formation of surface shielding layer
has been shown to suppress manganese dissolution in Prussian blue
analogue, leading to 83% retention after 6,500 cycles at a high
current density.135> Use of biphasic materials can also help in
enhancing the performance owing to more active sites. A biphasic
vanadate was reported for AZIB, delivering excellent rate capabilities
owing to the interfacial adsorption-insertion mechanism induces by
phase boundaries.!3¢ There are reports of solid and gel-based
electrolytes for aqueous zinc-ion batteries, imparting flexible and
stretchable characteristics to the battery.2* This gives a new
dimension for researchers to explore in the future, especially for
aqueous lithium-ion batteries.

Fluorophosphate-based cathode materials have shown
excellent structural stability in aqueous electrolytes. Due to toxicity
associated with vanadium-based materials, other 3-d transition
metal (M = Fe, Co, Mn) based fluorophosphates can also be explored
using highly concentrated electrolytes. Fabricating full cells with
fluorophosphates will yield a high operating voltage. Polyanionic
materials is a rich class where many materials can be realized by
substituting different polyanionic subunit and transition metal ions,
i.e., A;MM’(XO4)s (A = Li, Na and Zn; M and M’ = transition- metal ion;
X=Si, S, P, etc.). Among all the polyanionic subunits, (PO4)3- offers the
most variety of M and M’ substitutions. Moreover, as compared to
sulphates, borates, and silicates, synthesis of phosphate-based
materials is straightforward with good vyields. Hence, a lot of
phosphate-based materials have been studied for aqueous battery
applications. There is scope to explore other polyanionic chemistries
for aqueous batteries application, e.g., manganese silicate (Mn;SiO,)
has been studied for AZIB applications.!37.138 Borate subunits are too
bulky due to their high molecular weight and their low redox
potentials make them unattractive for aqueous battery applications.
Sulfate-based materials exhibit poor structural stability in water. But
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with high-concentrated electrolytes having less water content, there
exists an opportunity to test such polyanionic materials. Since
polyanionic materials exhibit a variety of crystal structures, not all
can be studied for aqueous battery applications. It is important to
consider some factors like structural stability in water, high HER/OER
potential, broad ion-diffusion pathways especially for Zn2* migration,
and multiple transition-metal oxidation states to tune the redox
energies.

7. Summary

To summarize, aqueous electrolytes not only impart safety
to the battery system, but they are also touted as the best
alternatives to LIBs for stationary storage applications. The
electrochemical performances of ALIB and ASIB were restricted due
to limited choice of cathode materials and narrow operating
potential window of the electrolytes. Conversely, AZIB based on
near-neutral electrolytes have shown tremendous potential as
indicated by the growing number of reports in the last five years
owing to the efficient reversibility in Zn/Zn?* plating and stripping.
Moreover, the inception of WISE electrolytes in 2015 has augmented
the research resulting in increased energy density and further
fuelling the quest to find a suitable cathode material and in this
pursuit, many oxide-based and polyanion-based materials have been
reported. This review highlights some of the recent developments
made in the field of polyanionic insertion materials for aqueous
lithium, sodium, and zinc ion batteries. Not all polyanionic materials
can be studied in aqueous electrolytes due to the constraint of a
narrow operating potential window and structural stability. Hence,
the number of reported articles in the literature is minimal as
compared to organic electrolytes. However, many issues can be
circumvented by using highly concentrated “water-in-salt”
electrolytes, which enhance the redox potential window and
improve the structural stability of materials in aqueous media. Since
aqueous batteries are potential alternatives for energy storage
technologies, particularly for grid storage, this review will benefit

future and existing researchers working in this field.
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