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1. Introduction

Inorganic materials form an emerging class of water-soluble binders for

battery applications. Their favourable physicochemical properties, such as
intrinsic ionic conductivity, high thermal stability (>1000 °C), and
compatibility to coat a diverse range of electrode materials make them useful
binders for lithium-ion and sodium-ion batteries. Li and Na containing
phosphates and silicates are attractive choices as multifunctional inorganic
aqueous binders (IABs). This review discusses these binders’ structural,
thermal, and ionic properties, followed by exploiting their ionically conducting
nature for all-solid-state batteries. Subsequently, the application of these
compounds as binders and surface coating agents for different anodes and
cathodes in lithium-ion and sodium-ion batteries is discussed. Eventually, a
first evaluation of their environmental impacts and economic aspects is

presented as well.
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Batteries have revolutionized our life by
enabling the use of portable electronic
devices (e.g., laptops, smartphones,
and power tools) and eco-friendlier
transportation in the form of electric
vehicles. As such they are considered
a key element for the transition to a
carbon-free and sustainable economy
and a reduced dependence on fossil
fuels. Lithium-ion batteries (LIBs) have
proven to be the benchmark for elec-
trochemical energy storage in the past
three decades, but they commonly em-
ploy several critical and expensive raw
materials such as cobalt and lithium.['=3
Owing to the high abundance, wider
geographical distribution, and low
cost of sodium precursors, sodium-ion
batteries (SIBs) have recently emerged
as the next high-performance battery technology.**] They benefit
from an analogous overall charge storage mechanism and the ex-
tensive knowledge gained on LIBs. Given the general differences
in energy and power density, operational temperature range, and
potential cost, these two battery technologies are considered com-
plementary to each other.l}! For both, various electrode materials
and electrolytes have been explored with the aim of improving
their performance.l>'’] However, the role of the binder is fre-
quently underestimated, as it accounts only for a rather small
fraction of electrode composition and cell and, hence, the over-
all cost of the final battery cells. Nonetheless, the binder has an
important impact beyond its primary role of holding together
the electrode components, i.e., the active material particles, the
conducting additive, and the current collector (Figure 1a) while
ensuring suitable mechanical properties of the electrodes. The
choice of the binder also affects the formation and composi-
tion of the solid electrolyte interface (SEI), the charge transfer
within the electrode and across the electrode-electrolyte inter-
face, the wetting behavior of the electrodes, as well as the sus-
tainability and cost of the final battery cell.l'¥-23] Polyvinylidene
difluoride (PVAF) for instance, as the state-of-the-art binder for
lithium-ion and sodium-ion cathodes shows very good binding
properties for a wide range of materials combined with high
chemical resistance and electrochemical stability.[2*2°] Moreover
it absorbs liquid electrolytes (LEs), which enables a high ionic
transport within the electrode.!'*2628] Despite these favorable fea-
tures, however, it also faces challenges.[?] First and foremost it
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Figure 1. a) Schematic of a Li-ion/Na-ion battery with a focus on the electrode composition, including the active material, conductive carbon, and the

binder. b) Classification of inorganic aqueous binders (IABs),

exemplary application of sodium silicate in buildings (inspired by ref. [40]).

necessitates the usage of N-methyl pyrrolidone (NMP) as a pro-
cessing solvent, which is rather expensive, harmful, and raises se-
vere environmental concerns, thus requiring stringent protocols
for working with it and the eventual disposal and recycling.3%3!]
Additionally, PVAF is characterized by a highly insulating nature,
which further worsens the occurrence of improperly dispersed
conductive carbon. The ionically insulating nature of binders
such as PVAF is also a serious bottleneck in the case of all-
solid-state batteries (ASSBs) that suffer from high interfacial
resistance.3233]

To mitigate these issues, (fluorine-free) water-soluble (aque-
ous) binders have been intensively investigated in recent
years—not least triggered by the great success of lithium-
ion anodes.33*35] This would eliminate the need for harm-
ful NMP, and allow for substantial advantages in terms of
sustainability and cost owing to the potential reduction of
the drying time. In particular, organic aqueous binders such
as carboxymethyl cellulose (CMC), styrene-butadiene rubber
(SBR), polyacrylic acid (PAA), polyvinyl alcohol (PVA), and al-
ginate (ALG) have attracted great attention for both anodes
and cathodes. Accordingly, several review articles have summa-
rized the properties and electrochemical performance of these
binders.[1831,34-39]

In contrast, inorganic aqueous binders (IABs) have attracted
significantly less attention so far despite potential advantages,
as summarized and highlighted in the following sections of
this—to the best of our knowledge—first review article on
IABs.
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c) General applications of sodium phosphates in everyday life items. d) Photograph of an

2. Inorganic Aqueous Binders

Inorganic binders are an emerging class of aqueous binders
and have only been sparsely investigated until now. Nonethe-
less, their commonly higher thermal stability, potential flame-
retardant properties, and the possibility to use abundant ele-
ments warrant increasing efforts to explore their potential use
in rechargeable batteries.[“*] The IABs discussed in this review
comprise sodium- and lithium-containing phosphate and silicate
salts (Figure 1b). In this section, we will briefly reflect on the
background, and summarize the relevant physicochemical and
mechanical properties of these IABs.

2.1. Background

Sodium phosphates are well-known food additives in many coun-
tries of the world, including Canada, Europe, the United States,
and Australia. They are employed in a variety of foods as emul-
sifiers, thickening, and pH control agents, as well as preserva-
tives (Figure 1c).[**’] In addition, they are also used in soaps
and detergents due to their water-solubility and basicity, enabling
the saponification of grease and 0il.l**) Most of these phosphate
monomers are linked with ionic bonds yielding oligomeric or
even polymeric chains. Apart from phosphates, alkali polysil-
icates (also known as “water glass”) for instance sodium sili-
cate have been known to the foundry industry as a sand binder
since 1950 for the production of molding and core sands.[**>"]
Generally, alkali phosphates and silicates are also utilized in
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Figure 2. Properties of IABs: a) Crystal structure of sodium trimetaphosphate (STMP: (NaPO3)3). b) Crystal structure of lithium phosphate (LPO: LiPO;).
c) Crystal structure of sodium metasilicate (SMS: Na,SiO3), produced from Materials Project database. d) XRD patterns of pristine STMP: (NaPOs3)3,
SHMP: (NaPOs)¢, and SPP: (NaPOj),,. e) XRD patterns of STMP, SHMP, and SPP after heating at 600 °C. f) XRD patterns of STMP, SHMP, and SPP
after treating with water followed by drying and heating at 300 °C. a,b,d—f) Reproduced with permission.[*}] Copyright 2022, Royal Society of Chemistry.

impermeable paint coatings and refractories (Figure 1d).°!) In
this context, their favorable properties such as water solubility,
high adhesion strength, and thermal stability have been lever-
aged for applications such as refractory adhesives, paints, and
cement additives.[**52-54]

To the best of our knowledge, the first instance of the appli-
cation of silicate-based IABs for battery electrodes was acknowl-
edged in the year 1996.1°%! The inventors utilized lithium polysil-
icate (LPS: Li,Si;O,;) as a binder for graphite anodes and LiCoO,
cathodes for lithium-ion cells, which was also patented by “Mit-
subishi Chemical Corporations, (Japan)” in the year 1999. Later
in 2011, another patent claimed several inorganic compounds
including metal phosphates and silicates as prospective binders
for battery electrodes.*!l The inventors claimed several advan-
tageous properties, including ionic conductivity, and proposed
them as suitable binders for LIBs and SIBs. However, no clear
data were provided neither concerning the given properties nor
their eventual electrochemical performance as battery electrode
binders. Also, no follow-up research was reported for over a
decade and the full potential of these binders was not realized
until recently.[#0:4243.56-58]

2.2. Physicochemical Properties

Sodium phosphate salts consist of Na* cations and PO,>~ anions.
The network is dominated by anionic linkages existing together
as a polymeric network. Sodium phosphate derivatives (NaPO;),:
trimer (sodium trimetaphosphate: STMP, n = 3, Figure 2a), hex-
amer (sodium hexametaphosphate: SHMP n = 6), and polymer
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(sodium polyphosphate: SPP, x = n) along with lithium phos-
phates (LHPO: LiH,PO, and LPO: LiPO,, Figure 2b) were in-
vestigated for their physicochemical properties and as potential
binders with different electrode materials. In addition, sodium
metasilicate (SMS: Na,SiO;, Figure 2¢) and lithium polysilicate
(LPS: 1i,Si;O,,) were also explored.[**]

2.2.1. Structural Properties

Among the three sodium phosphates (STMP, SHMP, and SPP),
only STMP exhibits a crystalline nature (Figure 2d). It is built
with an isolated (P;0,)%~ cluster network connected via NaOs
polyhedra.[*33°] The sodium atoms are fivefold coordinated with
oxygen atoms. It has two different Na atoms: Nal and Na2. Na1Og
and Na20O; polyhedra are connected diagonally to each other
through a common edge, generating a zig-zag pathway for Na*
diffusion. It has distinct inter and intra connections of NalOg
and Na2Os polyhedra, which allow the 3D diffusion of Na*
(Figure 2a). SHMP and SPP are amorphous in nature (Figure 2d).
Upon heating, both SHMP and SPP crystallize into STMP at
600 and 300 °C, respectively (Figure 2e). Both SHMP and SPP
show a chain-like PO, structure. The structure of lithium phos-
phate (LiPO;) is based on LiO, tetrahedra and (PO,), chains
(Figure 2b).

When getting in contact with water, chain-type phosphates
(SHMP and SPP) rapidly hydrolyze resulting in the formation
of hydrolyzed products of the respective compounds and crystal-
lize into STMP on thermal treatment at 300 °C (Figure 2f).[%]
Sodium metasilicate (SMS: Na,SiO;) is polymeric in nature,
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[24,43,45,61,87,88]

Binder Nature of binder Thermal stability Adhesion strength lonic conductivity [S cm™']
Melting point Stable up to 60 °C 200 °C
STMP Inorganic 600 °C >1000 °C 62N 6.1x 107" 1.2x 1077
4.7x10710 5.0x 107°
SHMP Inorganic 628 °C >1000 °C 6.3 N - -
SPP Inorganic 555 °C >1000 °C 6.6N 42x10710 2.4x107°
SMS Inorganic 1088 °C >1000 °C 9N 53 % 10710 1.5 x 1077
LHPO Inorganic - 200 °C 1.6 x 1078 2x107°
LPO Inorganic 656 °C >1000 °C 3.7x 10710 4x107°
LPS Inorganic >1000 °C 2.9x 10710 1x 1077 (160 °C)
PVDF Organic 160-180 °C 400 °C 16N - -
cmc Organic 220 °C 260 °C 42N 1.1x 10710 (100 °C) 1.4 %1078
PAA Organic 116 °C 400 °C 8.7x 10710 2.5x 107°

consisting of corner-shared SiO, tetrahedra, which are intercon-
nected three-dimensionally by NaO, tetrahedra. It crystallizes in
the orthorhombic system. Further details on the structural and
mechanical properties are reported in the literature."-%3] Both
STMP and SMS possess 3D diffusion pathways for Na* favor-
ing an efficient ion transport when used as electrode binder. The
elaborate structural analysis of these compounds has been inves-
tigated by us previously.[**]

2.2.2. Thermal Properties

The thermal stability of binders is one of the most important
parameters for the operational safety of batteries. Conventional
PVdF binder has a low melting point of ~160 °C.**l Therefore,
the films coated with PVAF are dried below this temperature. Nev-
ertheless, even drying below its melting point can alter its phys-
ical and chemical properties. PVAF has four different phases (a,
B, Y, and §), which transform into one another depending on
the processing temperature.[?*] In principle, drying at less than
100 °C, leads to a mixture of the a and g phase, while the forma-
tion of the Y phase is observed at temperatures beyond 155 °C.
These phases are also influenced by active materials and conduc-
tive additives. The characteristics of binders are also influenced
by their molecular weight. In short, it is very challenging to opti-
mize and control the temperature-dependent phases of PVdF to
achieve an enhanced electrochemical performance.

An additional issue when using PVAF originates from the
temperature-induced decomposition in the case of a thermal
breakdown of the SEI which starts at #100-140 °C, followed by a
reaction between the (partially) lithiated graphite (Li,C;) and the
electrolyte resulting in a further temperature increase to ~210-
230 °C.[%*%] This is seen as an exothermic reaction via differ-
ential scanning calorimetry (DSC) and a small mass loss as ob-
served in thermogravimetric analysis (TGA).[®] Above 300 °C,
eventually, the PVdF binder undergoes an exothermal defluori-
nation reaction in contact with the lithiated graphite (Li,C;) and
metallic lithium resulting in the formation of H, and LiF.[6>%®] n
fact, even at much lower temperatures, PVAF loses its mechani-
cal properties, leading to a degradation of the original electrode
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structure. The summary of the binders’ properties is given in
Table 1.

Batteries should be able to withstand a wide range of tem-
peratures (—20 to +60 °C) for commercial applications.[”] High
temperatures (=50 °C) and high current rates can significantly
degrade the battery performance and also promote thermal run-
away reactions leading to disastrous effects.[®®%] To address this
issue, the introduction of binders with a higher thermal stability
appears as a suitable approach. Efforts have been made to utilize
thermally stable binders to fabricate safe batteries.

Park and co-workers, for instance, showed that PAA-based
graphite electrodes exhibited a reduced heat evolution compared
to CMC-SBR and PVdF-based electrodes.l”?] The highest heat
evolution was observed in the case of PVAF binder due to its
lower thermal stability, weak adhesion, and swelling in LEs.[7273]
In contrast, PAA binder acts as a protective film inhibiting direct
contact between graphite and LE, consequently suppressing the
delithiation at high temperatures.”*] Nevertheless, such organic
binders still decompose at temperatures of 2400 °C,”°! leaving
space for further improvement—especially when it comes to el-
evated temperatures of over 600 °C in the case of thermal run-
away. Therefore, binders with a further increased thermal stabil-
ity would be beneficial for safety reasons and IABs appear par-
ticularly suitable in this regard owing to their excellent thermal
stability.

Zhou and co-workers for instance studied ammonium
polyphosphate (APP: (NH,.PO;), ) as a binder for sulfur cathode
in Li-S batteries.[**] APP is known to be an effective flame retar-
dant. Therefore, to test its effectiveness in capping the flamma-
bility of sulfur electrodes, PVAF and APP-based sulfur electrodes
were exposed to direct flame until ignition. The specific burning
time was calculated to be 519 sg™" with PVAF binder. This was sig-
nificantly reduced to 289 sg~! in the case of APP. APP melts and
converts to a highly cross-linked polyphosphoric acid at 300 °C.
This acts as a physical barrier to heat and it remains stable until
550 °C, before dehydrating to P,0;,.7677]

Further improvement was realized by introducing IAB for
Na,,Mn,,Mg,,0, (NMO) cathodes and graphite anodes for
SIBs and LIBs respectively.}] IABs possess a very high ther-
mal stability up to 1000 °C with weight loss of <2% in sodium
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Figure 3. Thermal properties: a) TGA of sodium phosphates (STMP: (NaPOs)3;, SHMP(NaPOs)e, and SPP: (NaPO3),)) and sodium meta silicate
(SMS: Na,SiO;) binders. b) DSC of desodiated Nag;MnggMgj 10, (NMO) electrode with PVdF, STMP, SPP, and SMS as binders. a,b) Reproduced
with permission.[*3] Copyright 2022, Royal Society of Chemistry. c) DSC of desodiated bare and NaPO;-coated Nay3.5(Niy;3Mny3)O, (6 = 2/3) cath-
ode. Reproduced with permission.[’] Copyright 2018, Wiley-VCH. d) DSC of the bare and SMS-coated P2-Nag ¢;FeysMngsO, (NFMO) cathode in a

desodiated state. Reproduced with permission.I”! Copyright 2021, Elsevier.

phosphate binders and <4% in the case of SMS owing to the
loss of surface groups (Figure 3a). NMO-IAB electrodes exhib-
ited significantly lower heat release in charged (de-sodiated) state
as compared to PVdF-based electrode (Figure 3b). Similar ef-
fects were also observed in the case of discharged (lithiated)
graphite anode.l*}] Moreover, the NMO-STMP electrodes did not
lose adhesion and maintained physical integrity even after ther-
mal treatment at 600 °C owing to the high thermal stability of
IAB. In another report by Jo et al.,’’l NaPO, coating on P2-
Na, 3(Ni;;3Mn,;)O, cathode delayed the formation of Mn,O,
and oxygen evolution from the lattice leading to improved ther-
mal stability of the material as compared to bare electrode in
the desodiated state (Figure 3c). Similar study with SMS-coated
P2-Na, ¢, Fe,sMn, 0, (NFMO) cathode showed ~2.5 times less
heat evolution as compared to bare sample in desodiated state
(Figure 3d)."!]

It is therefore suggested that IAB binders can counter exother-
mic reactions by acting as a heat sink and preventing thermal
runaways in the battery. However, further investigations would
be needed to evaluate the thermal and safety features of these
binders.

2.2.3. Adhesive properties
A high adhesion strength is a fundamental prerequisite to main-

tain suitable mechanical properties and ensure a good electronic
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contact within the electrode. Traditionally, electrode slurries are
processed in a suitable solvent by initially dissolving the binder
and subsequently adding the active material and the conductive
carbon. This composite slurry mixture is coated on a suitable
metallic substrate (commonly, copper or aluminum foils) and
subsequently dried to remove the solvent.

PVAF interacts with the electrode material via weak van der
Waals forces.*] Such relatively weak interaction might cause
contact issues during cycling, especially if the active material par-
ticles undergo pronounced volume changes during cycling. Ad-
ditionally, under alkaline conditions, PVdF tends to form a gel
which potentially affects the uniformity and electrode morphol-
ogy (particularly in the case of alkaline cathodes).l2*78] Other or-
ganic polymers such as CMC, PAA, and PVA possess abundant
carboxyl and hydroxyl functional groups that allow for a stronger
interaction with the electrode material. These functional groups
are able to engage in hydrogen and covalent bonding with sur-
faces, depending on the nature of the active material.l>>7%-82]

Commonly, the binders undergo two steps: initially, it wets the
substrate and the electrode material in the dissolved state, before
it organizes and hardens during drying.**! The eventual distri-
bution of the binder and the overall electrode microstructure de-
pends on the initial mixing and dispersion, the degree of reor-
ganization during drying, the speed of the solvent evaporation,
and the interaction of the binder with the conductive carbon and
the active material particles.!®384 Consequently, these factors also
determine the surface area and porosity of the electrode as well
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Figure 4. Binding mechanisms and mechanical properties of different inorganic aqueous binders (IAB). a) Binding mechanism of IAB on a rough
surface (e.g., steel) by mechanical interlocking. b) Binding mechanism of IAB with hard carbon. c) Binding mechanism of IAB utilizing the phosphate
and silicate groups of surface coatings for adhesion. d) Adhesion strength of different binders as measured by peel tests. Under review.[*’] ) Effect of
electrolyte wetting on the physical properties of SMS binder. Reproduced with permission.[4?] Copyright 2021, Nature. f) Binding strength of ammonium
polyphosphate (APP) and PVdF with various Li-S species. Reproduced with permission.[*4] Copyright 2018, American Chemical Society. g) Molecular
structure of potassium triphosphate (PTP) binder. h) Schematic representation of the lithiation/delithiation process in silicon anodes using a long-

chain polymer and short-chain inorganic oligomer. i) Mechanism of interfacial reactions between PTP and Si particles. Reproduced with permission.

Copyright 2021, American Chemical Society.

as the eventual binding strength. In the presence of chemical
binding sites, bond formation (covalent/ionic/metallic) and elec-
tron exchange may occur. Therefore, the presence of functional
groups in the binding agent may substantially add to achieving
strong adhesion. To enable a strong adhesion with the smooth
current collectors several binder designs have been developed.
Very recently Wang and co-workers developed spider-silk like
flexible binder prepared by cross-linking poly(urethane-urea) to
PAA and utilized it for flexible LIB.®]

Several binding theories and mechanisms have been elabo-
rated in the previous literature.3684]

Nonetheless, the binding mechanism of IABs is still ambigu-
ous and has not been completely understood. Based on the cur-
rent knowledge, mechanical interlocking between substrate, ac-
tive material, and binder could be one binding mechanism.[3!
This is usually prominent in materials with intrinsic surface
roughness (e.g., hard carbons) adhering to rough and irregular
surfaces such as steel (Figure 4a). This mechanical interlock-
ing can be compared to the adhesion of glue on the porous
surface of wood. According to another proposed mechanism,
IABs hydrolyze and develop OH™ groups during aqueous pro-
cessing, which connect to the surface groups of the active ma-
terial via condensation reaction during heating, thus forming
a new bond.[*2#33¢] This adhesion mechanism could be more
prominent in materials with surface functionalities such as hy-
droxyl, and carboxyl groups (Figure 4b). In materials with a few
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or no functional surface groups as for instance, graphite and lay-
ered oxides, the application of IAB surface coatings on these ac-
tive materials does not only help to enhance the adhesion, but
also leads to improved interfacial properties, reducing side reac-
tions, promoting ionic diffusion and stabilizing the SEI. Follow-
ing this strategy, phosphate and silicate functionalities are in gen-
eral helpful for phosphate and silicate-based IABs respectively
(Figure 4c, also discussed in Section 4.1). In a recent report by
Wang et al.,l*! the authors proposed an autohesion mechanism,
where the binder and active material particles get in tight con-
tact, forming strong bonds. They investigated silicon anodes with
a lithium metasilicate (LMS: Li,SiO;) binder and suggested the
formation of covalent and hydrogen bonding between —OH and
SiO, groups on the surface of LMS and silicon. In summary, one
or more binding mechanism could be occurring simultaneously,
calling for more in-depth studies.

An investigation of the binding strength showed that SMS pro-
vides a very high adhesion strength of 9 N as compared to only
1.6 N and 4.2 N with PVAF and CMC, respectively. Sodium phos-
phate binders also exhibited a high adhesion strength of ~6 N
(Figure 4d).[*5] Preferably a binder should remain rigid and not
soften in contact with an electrolyte. Ransil and co-workers used
the nanoindentation technique to evaluate the effect of electrolyte
wetting on the physical properties of binder films.[**) SMS was
found to be two orders of magnitude stiffer than the PVdF. Also,
it does not soften when exposed to LE (Figure 4e), whereas PVdF
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Figure5. a) Schematic of the composite electrode in LIB. Reproduced with permission.[89] Copyright 2016, Nature. b) Arrhenius plots (ionic conductivity)
of sodium phosphate binders. Reproduced with permission.[*3] Copyright 2022, Royal Society of Chemistry. c) Schematic of Type I-11I solid-state battery
(SSB). d) Impedance of Nag ;Mng gMg 1O,-PVdF SSB with and without liquid electrolyte (LE). ) Impedance of inorganic aqueous binder-based SSB at
RT and 80 °C. f) Rate capability of different SSBs. d—f) Reproduced with permission.[**] Copyright, 2022, Royal Society of Chemistry.

softens by an additional order of magnitude.®®) SMS maintains
Young’s modulus of >50 GPa in the presence of electrolyte; a
characteristic that might be beneficial for load-bearing structural
battery electrodes.*”l In another theoretical study, APP was found
to show a strong binding affinity with lithium polysulfides, in-
hibiting the shuttling effect of polysulfide anions.[**! APP can in-
duce binding energies in the range of 2.16-2.30 eV with differ-
ent lithium polysulfides, being much higher than PVdF (0.58—
0.74 eV, Figure 4f). This high binding strength was attributed to
the large polarization strength in the P—O chain. Among the
high energy density electrodes such as silicon, potassium triphos-
phate (PTP: K;O,,P;) based inorganic binders have been uti-
lized for better adhesion and cyclability (Figure 4g).[°®! The abun-
dant P—O~ and P=0 bonds of PTP generate strong ion—dipolar
and dipolar—dipolar forces with —OH groups on the surface of
silicon (Figure 4h,i). The average Young’'s modulus of the Si-
PTP electrode was observed to be 1043 MPa, i.e., much higher
than the values determined for Si-PVAF (811 MPa) and Si-CMC
(571 MPa) electrodes. This helped the Si-PTP electrodes to with-
stand the high stress during volume changes upon electrochem-
ical cycling. The adhesion strength of the electrodes was evalu-
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ated using PeakForce Quantitative NanoMechanics (atomic force
microscope). The average adhesion of the Si-PTP electrode was
found to be 10.2 nN and hence, significantly higher than the val-
ues recorded for Si-PVdF (7.42 nN) and Si-CMC (6.97 nN) elec-
trodes.

2.2.4. lonic Conductivity

The implementation of ionically conductive binders would pro-
vide a big step toward advanced electrodes for higher energy and
power density. lonic conductivity (IC) within the composite elec-
trode is crucial to shuttle ions between the electrode and elec-
trolyte (Figure 5a). Most of the commonly used binders, though
are ionically insulating, the IC in the electrode is ensured by
incorporation of the LE. This is apparently an issue when con-
sidering the preparation of electrodes for all-solid-state batteries
(ASSBs).[3289%] Therefore, binders with intrinsic IC are needed
to bridge this gap. Apart from ASSB, such binders may also
be helpful with LEs-based battery in improving power density
due to increased charge carrier density. Additionally, ionically
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conducting binders can provide ionic transport pathways in case
of thicker electrode designs or in the case of insufficient wetting
(e.g., with viscous electrolytes such as ionic liquids).>!

Several research groups have investigated the ionic properties
of Na/Li phosphates and silicates. Lithium phosphate (Li;PO,),
in fact, has been studied as a promising candidate for solid-
state electrolytes (SSE). The amorphous phase shows higher
IC than its crystalline counterpart (4.2 x 1078 S cm™").9294
Therefore amorphous thin films with an ionic conductivity of
7%x1078 S cm™! (25 °C) have been studied as SSE. Apart from this,
it has extensively been utilized for surface coating a wide range
of cathode materials to leverage several advantages including IC
(detailed in Section 4.3). Despite its ionically conducting nature,
its poor water solubility restricts its usage as an aqueous binder.
Its sodium counterpart, i.e., Na;PO, has also been reported for
surface coating SSE such as Na,,Zr,Si, ,P,,O;, for enhancing
the electrochemical stability.”>) However, its binding abilities are
not known despite being water-soluble. Hooper et al. reported an
IC of 5x107% S cm™! for Na, PO, at 300 °C.[%

Lithium dihydrogen phosphate (LHPO: LiH,PO,) is solu-
ble in water and has also been reported to be a rather good
ionic conductor. However, this conductivity is predominantly due
to the conduction of protons (H*) as confirmed by 'H NMR
investigations.[’] A recent study reported an IC of 2x107° S cm ™!
at200 °C and 1.6 X 10® S cm™" at 60 °C, which was much lower
than previously reported values.[**] This might be attributed to
the fact that the LHPO pellet was first dried at 200 °C before
recording the impedance. The IC of LPO (LiPO,: obtained by de-
hydrating LHPO powder at 400 °C) was at least two orders of
magnitude lower than that of LHPO.[*}] The conduction mecha-
nism of LHPO has been suggested to be interbond proton con-
duction coupled with the rotational motion of the PO, tetrahe-
dral group.[®%°! The OH~ groups in LHPO could be helpful for
suitable binding properties, which resulted in improved electro-
chemical performance as compared to LPO and PVdF.

The IC of sodium phosphates (STMP, SHMP, SPP) was also
evaluated in a similar way. They exhibited an IC in the range from
107° Sem™! at 200 °C to 1071 S cm™! at 60 °C (Figure 5b). The
IC of amorphous STMP ((NaPO,),) was one order of magnitude
higher than the IC of the crystalline phase. This can be attributed
to the change in their local structure. The amorphous phase has
higher defect concentrations which facilitates ionic transport.

Sodium and lithium silicates have also been reported as
ionic conductors. SMS (Na,SiO;) has been reported to possess
a 3D Na* diffusion pathway.’%711%] Hydrated alkali silicates
(water glasses) generally consist of mixtures of polymeric and
oligomeric silicates and are largely protonated due to the weak-
ness of silicic acid. Therefore, the influence of H* conductiv-
ity cannot be ruled out.'!! Molinelli et al.'! found a mixed
cation effect between Na* and H*. They observed that water acts
as a “pseudo alkali” at lower water concentrations by releasing
H* in place of Na*. The presence of H,O in these systems pro-
vides greater free volume, rendering the alkali cation (Na*) mo-
bility more energetically favorable. Therefore the IC of SMS was
recorded after heating it at 1000 °C to completely get rid of any
residual water of crystallization and avoid an overestimation of
its IC. The IC was observed to be in the range of other IABs
(5.3 %107 S cm™! at 60 °C and 1077 S cm™! at 200 °C). Similar
conductivities were observed for lithium polysilicate binder (LPS:
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Li,Si;0,,).1*}] Due to pronounced scattering of the EIS data below
60 °C, the IC of IAB could not be estimated below 60 °C. The IC
of lithium metasilicate (Li,SiO;) has been reported to be reason-
ably high (2.5 x 108 S cm~! at 25 °C), but its poor water solubility
restricts its usage as a binder.['] However, it has been reported
as a surface coating agent for several electrode materials.['*]

3. Solid-State Batteries

All-solid-state batteries (ASSBs) employing inorganic solid elec-
trolytes have attracted tremendous interest in academia and in-
dustry in the past years due to their potentially high energy
density.['%197] These batteries use a solid pellet/disc of an elec-
trolyte instead of a salt-solvent-based electrolyte and separator.
Despite possessing interesting features and prospects, the large-
scale commercialization of ASSBs has been challenging due to
several obstacles. In fact, the SSEs need to provide high room
temperature (RT) IC, mechanical stability, and interfacial stabil-
ity along with sufficiently close contact with the electrode ac-
tive materials—also when the latter change their volume upon
(dis)charge.

Some advanced SSEs such as Li;,GeP, S, (LGPS) provide now
a very high IC of #1072 S cm~1.[1%] Nonetheless, the rate capa-
bility of most ASSBs employing high-voltage cathodes remains
poor. This is mainly attributed to interfacial charge transport limi-
tations between SSE and the electrode owing to a limited effective
contact area, which is a crucial factor for electrochemical perfor-
mance. This is further affected by potentially occurring reactions
at the solid—-solid interface. In the case of unstable interfaces,
high resistances, and undesired side reactions are observed that
adversely affect the rate capability in SSBs.3219%119] [deally, any
kind of interphase (formed in situ or applied artificially) is ide-
ally a good ionic conductor but electronically insulating, as also
summarized and highlighted in several excellent review articles
on this subject.[1%111-115]

Generally, interfacial issues are broadly classified into physical
and chemical aspects.!""!] Poor ionic and electronic contact, den-
drite growth, physical separation or mismatch, grain boundaries,
volume changes, etc. are summarized under physical aspects. On
the other hand, the formation of space charge layers, undesired
reactions, and electrochemical instability are classified as chemi-
cal issues. It is commonly challenging to understand the detailed
reasons behind high interfacial resistances and instability as it
could be due to several reasons.

In addition to these factors, the usage of ionically insulat-
ing binders such as PVAF restricts the movement of ions in
the bulk solid-state electrode in absence of liquid electrolyte
(Figure 5a). In fact, even very small quantities of such binders
(e.g., <3 wt%) contribute to considerably large internal resis-
tances in ASSBs.!116118] The usage of ionically conducting binder
would provide a viable pathway to mitigate high interfacial resis-
tances.

Several reports have claimed to employ ionically conducting
binders for ASSB applications. For instance, a recent study by
Hong et al'"¥l reported an ionomer binder with reasonably
high Li* conductivity (10~ S cm™?) in LiNi,,Co,,Mn,,0, cath-
odes (mass loading: 17 mg c¢m™2) using a dry coating process
on LigPS;Cl (LPSCl) SSE. However, they also added 25 wt.%
of SSE in the cathode. This combination achieved a stable
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electrochemical performance (discharge capacity:180 mAh g-!
at 0.1C, 90% capacity retention after 300 cycles at 0.5C), but
from a compositional perspective, 25 wt.% of SE in the cath-
ode layer only added dead mass to the battery without any di-
rect contribution to the capacity. In another study,!'2"! the authors
fabricated ASSBs (Li//LPSCl//graphite-binder) using Li-CMC as
binder without the use of any SSE or LE. Due to effective Li*
conduction in Li-CMC, the internal resistance of the cell was re-
duced, and the final cell achieved higher areal and volumetric ca-
pacity as compared to Na-CMC and CMC-SBR comprising cells.
The Li* and Na* conductivity in Li-CMC and Na-CMC, respec-
tively were evaluated theoretically. The first principle calculations
revealed that Li* interstitial formation energy in both Li-CMC
and Na-CMC is at least 4.6 times lower than the Li/Na vacancy
formation. This established that Li* interstitial migration is the
dominant phenomenon for both Na-CMC and Li-CMC as poten-
tial alternative to IABs.

Binders with intrinsic IC and sufficient adhesion would be
an ideal choice for ASSBs. Recently, we demonstrated a solid-
state battery (SSB) using an IAB and also with organic binders
such as PVdF, Na-CMC, and Na-PAA for comparison.[**! In the
first approach (Type-I SSB), the cathode layer comprising P2-
Na,,Mn, Mg, 0, along with 10 wt.% conducting carbon and
10 wt.% PVdF binder was coated on one side of the sodium beta
alumina SSE pellet (Figure 5¢). The Na metal anode was pressed
on the other side of the pellet. The cells showed negligible ca-
pacity due to high impedance (400 kQ) at RT (Figure 5d). Similar
trends were observed with other organic binders such as Na-CMC
and Na-PAA. However, with the addition of a minuscule amount
of LE on the cathode side (Type-II SSB), the impedance was re-
duced by several orders of magnitude and the cell could be oper-
ated smoothly (Figure 5d, inset). Although these cells functioned
well, they were not true ASSBs as the ionic transport relied on
the IC of the LE. When using an IAB instead (Type-III SSB), i.e.,
sodium phosphate (SHMP), as the binder, the cells showed an
impedance of 80.5 kQ at RT, which decreased to 6.8 kQ at 80 °C
(Figure 5e). The cells showed a discharge capacity of 100 mAh g~!
at 80 °C, which faded to 68 mAh g™' after 10 cycles due to an in-
crease in impedance during cycling (Figure 5f).

ASSB were also fabricated with organic binders such as Na-
CMC and Na-PAA to verify the claims of their Na* conductiv-
ity. The cells showed negligible capacity along with high interfa-
cial resistance similar to the PVdF-based cells owing to the poor
Na* conductivity of such binders. These results proved that IAB
hold the potential to improve the interfacial resistance in ASSBs.
Their ion-conducting nature facilitates the transfer of Na* across
the interfaces and in the electrode bulk, presumably via a “grain-
boundary-type” charge transport. To further improve the cycling
performance of ASSBs and to achieve greater RT stability, how-
ever, the IC of these [ABs needs to be improved. Moreover, fur-
ther optimization of, e.g., the electrode composition, fabrication,
and an advanced interface engineering are needed to improve the
electrochemical performance of IAB-based ASSBs.

4. Liquid-Electrolyte-Based Battery Cells

In this section, the electrochemical performance of anodes and
cathodes in combination with IABs for lithium-ion and sodium-
ion batteries comprising an LE is discussed.
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4.1. Anodes

Carbon-based anodes are widely used in both lithium-ion and
sodium-ion batteries, i.e., graphite in the case of LIBs and hard
carbons in the case of SIBs.[1?17124] Tn both cases, water-soluble
and fluorine-free organic binders such as CMC, PAA, and al-
ginate are commonly used.31:3>37125-127] Besides a substantially
improved sustainability, the use of these binders resulted in an
enhanced initial Coulombic efficiency, rate capability, and overall
cycling performance.

Recently, Wei et al.[*?] reported the use of IABs like LPS, LHPO,
and SPP for graphite and silicon anodes for LIBs. The graphite
slurry comprising IAB settled quickly and spread laterally on
the copper foil. Also, the coatings with 10 wt.% of IAB showed
poor adhesion with the current collector. To improve the coating
quality, the authors attempted to use a very high and impracti-
cal binder content of 20 wt.%. The adhesion issue was mainly at-
tributed to the poor bonding between graphite and the IAB due to
a lack of surface functional groups in graphite. As an alternative,
they recommended to use thickeners such as CMC to make the
slurry more viscous. Very similar results were observed more re-
cently in another study.[**! However, graphite-IAB slurries could
be coated on a steel current collector due to the surface roughness
of the steel (Figure 4a).[*] The electrodes delivered high capaci-
ties at low (dis)charge rates (up to 0.2C), but the capacity faded
at a higher rate of 1C. To improve this, silicon oxide (SiO,) was
coated on graphite using a wet chemical synthesis (Figure 6a).1’]
The silicon oxide polymorphs on coating acted as an intermediate
layer between graphite and the IAB, which significantly improved
the bonding between them. The coated graphite delivered a very
stable cycling performance with silicate-based IAB such as LPS
and SMS. A specific capacity of #315 mAh g~' was achieved at 1C
with a stable capacity retention for over 1000 cycles (Figure 6b).
Even at high rates such as 20C, >90% capacity was retained af-
ter 4000 cycles in the case with SMS binder (Figure 6¢). How-
ever, the silicon oxide-coated graphite was not very compatible
with phosphate-based binders such as LHPO binders due to poor
interaction between the silicon oxide coating and the phosphate
groups of LHPO. Presumably, a phosphate-based coating such
as Li,PO, would be needed to achieve stable cycling with LHPO
binder.

Promising results were also achieved for Li, TisO,, (LTO) an al-
ternative anode material. LTO was tested with two IABs (SHMP
and LPO) along with PVAF.**! Nevertheless, the LTO-IAB elec-
trodes showed lower reversible capacities as compared to LTO-
PVAF (Figure 6d). This was attributed to two main reasons, poor
bonding between LTO and IAB and lithium leaching due to aque-
ous processing.

Some recent studies have also investigated IAB such as PTP,
LPS, SPP, LHPO, and LMS for silicon anodes in LIB.[#2°6:8]
Despite many successful water-soluble binders for Si anodes,
their poor dispersability on the Si active material cannot be ne-
glected. Therefore, IABs with relatively smaller chain lengths
have caught attention in addressing agglomerations issues. Feng
et al.’®! studied PTP in combination with nanosized Si anodes
for LIB. They achieved a charge capacity of 1739 mAh g! and a
capacity retention of ~#99% after 80 cycles (Figure 6e). In compar-
ison, CMC and PVdF comprising electrodes only retained 63%
and 21%, respectively. During the long-term cycling, the Si-PTP
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Figure 6. Electrochemical performance of graphite, Li,TisOq, (LTO), silicon, and hard carbon (HC) anodes with inorganic aqueous binders (IAB) for
LIBs and SIBs: a) Schematic of coated graphite. b) Cycling performance of graphite and silicon oxide coated graphite (GS) with different binders at 1C. c)
Cycling performance of graphite (G) and silicon oxide coated graphite (GS) with different IABs at 20C. a—c) Reproduced with permission.[>’] Copyright
2023, Elsevier. d) Cycling performance of LTO (Li4Ti5O4,) with different binders at 0.1C. e) Cycling performance of Si anode with different binders at a
current density of 800 mA g~'. Reproduced with permission!®8! Copyright 2021, American Chemical Society. f) Rate capability test of hard carbon with
different binders for LIB. g) Discharge—charge profile of hard carbon with different binders for SIB. h) Cycling performance of hard carbon with different
binders at 10 mA g~ for SIB. i) Rate capability of hard carbon along with conducting carbon and SHMP ((NaPOs)¢) and PVdF binder. j) Impedance of
HC:binder//liquid electrolyte//Na half-cell with PVdF, SHMP, and mixed binder. d,f~j) Reproduced with permission.[*] Copyright 2022, Royal Society of

Chemistry.

electrodes achieved a capacity of 1280 mAh g~ after 300 cycles
at 800 mA g1, along with a capacity retention of 73%. The better
performance of the Si-PTP electrodes was assigned to their su-
perior mechanical properties such as better adhesion and higher
Young’s modulus in comparison with the organic binders. The
better adhesion between Si and PTP due to abundant active sites
(P=0, P—O~, —OH) helped to withstand the extensive volume
changes of the nanosized Si anode. In another report, Si-LMS
electrodes provided an average discharge capacity of 663 mAh g~!
at 8.4 A g~! after 100 cycles.[>®l This superior performance was at-
tributed to a favorable interface between LMS and the Si surface
due to silicate-based adhesion and Li* transport channels within
the binder. Notably, they also used citric acid to reduce the basic-
ity of LM, which was later removed by drying the electrodes at
300 °C.

IABs were also investigated as binders for hard carbon (HC)
anodes for LIB and SIB. HC-LHPO electrodes outperformed
other binders including PVdF for LIB (Figure 6f). For SIB, IAB-
based hard carbon electrodes achieved high reversible capacities
as compared to organic binders such as PVdF, Na-CMC, and Na-
ALG. A mixed binder (MB: mixture of STMP and SPP) based
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hard carbon electrode delivered higher capacity as compared to
the individual binders. These electrodes showed a reversible ca-
pacity of 340 mAh g~! as compared to only 243 mAh g~! for
PVdF-containing electrodes at 10 mA g=! (Figure 6g,h). All the
IAB-based electrodes showed higher capacity as compared to or-
ganic binder (PVdF, CMC, ALG) based electrodes Adding con-
ductive carbon improved the rate capability of the IAB-based
electrodes. Also, the reversible capacity was improved by 17% to
360 mA h g~! for the SHMP-based electrode (Figure 6i). This
was attributed to enhanced ionic and electronic conductivity in
hard carbon electrodes. In fact, the IAB-based cells showed lower
impedance due to which the capacity of the plateau region of
hard carbon could be modulated (Figure 6j). Lower overpoten-
tials during discharge resulted in longer discharge plateaus of
the hard carbon active material, which indicated a greater contri-
bution of sodium storage in the nanopores of hard carbon. The
electrochemical performance of carbon-based and silicon anodes
has been summarized in Table 2.

Another report by Ransil and co-workers described sodium sil-
icate (Na,O(Si0,),) as an inorganic adhesive capable of binding
with diverse materials.**] They demonstrated excellent cycling

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85UB01 SUOWIWOD SR 3(dedl|dde ayy Aq peusenob afe saoie YO ‘8sn Jo SNl Joj Ariq1T8UlUO 8|1 UO (SUONIPUD-PUE-SWLBIW0D A8 1M Ale.q Ul Uo//:Sdny) SUOIIPUOD pue SWe 1 84} 88S *[7202/T0/0T] Uo ARiqiTauliuo A[IM "4 IMisu| eynsiey Aq 8EEE0EZ0Z WUSe/Z00T OT/I0p/W00 A8 | Ake.d1jpuluo//sdny woiy papeojumod ‘0 ‘0v8arTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

Table 2. Electrochemical performance of carbon-based and silicon anodes. RC, reversible capacity; CR, capacity retention. *Pure silicon anode without

conducting carbon was used.[*?]

Binder Graphite for LIB Hard carbon for SIB

Hard carbon for LIB Si anode for LIB

Capacity at 1C, CR (No. of cycles),
10% binder, and 1-1.5 mg cm=2 of
mass loading.

RC at 10 mAh g~', CR% (No. of
cycles), 10% binder, and
2-3 mg cm™2 of mass loading

RCat 10 mA g~', CR (No. of
cycles), 10% binder, and
2-3 mg cm~2 of mass loading

Capacity in mAh g=1, CR% (No. of cycles),
and mass loading (mg cm~2)

Organic binders Pristine graphite, Ref. [57] Ref. [43]

Ref. [43] Ref. [42,56,58]

PVdF 158, 47% (400) 243, 60% (70) @10-60 mAg~'; 85 264, 65% (70) @10-60 mAg™' e 31 (100), Ref. [56]
mAhg™! @60 mAg™" with o ~0 mAh g! after first cycle, Ref. [42]
additional 10% carbon. « 449, 21% (80), Ref. [58]
cmc 160, 52% (~400) 265, 95% (30) @10 mAg™" 1139, 63% (80), Ref. [58], 0.5-0.7 mg cm 2,
20% binder
Alginate - 262, 94% (30), @10 mA g~ - 1860 (100), Ref. [56]
PAA - - - #1167, Ref. [42], 80.6% (100), 10% binder,
2mg cm™2
CMC-SBR 270, 92% (400), 64% (500) - - -
Inorganic SiO, coated graphite, 10% binder, Ref. [43] Ref. [43] -
binders Ref. [57]
LPS e 316, 95% (800) - 214, 89% (70) @10-60 mA g~ *1122, Ref. [42], 71.5% (100), 10% binder,
e 276 with 5% binder, 91% (1000) 2mgem™?
SMS 311, 92% (300) 276,97% (30)@10 mAg™" - -
265 with 5% binder, 95% (1000)
LMS 2123 (100) at 0.84 A g~!
663 at 8.4 Ag™!, Ref. [56]
LHPO Phosphate-based surface coating/ - 301, 85% (70), @10-60 mAg™" %1032, Ref. [42]
functionalization could be helpful. 82.5% (100), 10% binder, 2mgcm=2
SHMP 306, 83% (70), @10-60 mAg='m; 215, 87% (70), @10-60 mAg~' -
220 mAhg™! @60 mAg™" with
additional 10% carbon.
STMP 283, 100% (30), @10 mAg™! - -
SPp 262, 98% (30), @10 mAg™! - #1128, Ref. [42]
81% (100), 10% binder, 2 mg cm—2
PTP - 1739 @ 800 mA g~', 99% (80)

1279 @ 800 mA g1, 72.7% (300)
0.5-0.7 mg cm~2, 20% binder, Ref. [58]

stability of LiFePO, and graphite electrodes with sodium silicate
as the binder. The authors also showcased the electrochemical
performance of a structural battery that was fabricated by pro-
ducing robust and free-standing composite electrodes, exploiting
the suitable ionic transport properties and high thermal stability
of this binder. The resulting structural battery exhibited a spe-
cific energy of 93.9 Wh kg~! along with a high tensile modulus
of 1.4 GPa.

4.2, Cathodes

The aqueous processing of oxide-type cathode materials is still
a challenge owing to their high reactivity with water.[3>128.129]
For instance, when lithium or sodium transition metal oxides
are exposed to water, it results in the formation of carbonate
and hydroxide species, lithium or sodium leaching, and a very
basic slurry with a pH higher than 8. This causes the alu-
minum current collector to corrode, which eventually causes
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cracks and voids in the dry electrodes.[13*-133] Additionally, pro-
ton exchange with cathode materials results in capacity loss and
adverse reactions.[3>128129]

We recently investigated the potential of IABs to overcome
the limitations of conventional organic aqueous binders. The
electrodes made of these binders exhibited excellent electro-
chemical performance. When tested with a Na,,Mn,,Mg,,0,
(NMO) cathode active material, the SHMP binder-based elec-
trodes showed 28% higher capacity retention after 150 cy-
cles as compared to the PVdF-based electrode (Figure 7a,b).
With the Na,V,(PO,); (NVP) cathode (Figure 7c,d), all elec-
trodes retained 94% of their capacity after 150 cycles. How-
ever, at all rates studied, the NVP-STMP and NVP-MB elec-
trodes completely outperformed PVdF-based electrodes.*3! In an-
other study, P2-Na, (,Mn, ,Ni, ;;0, (NMNO) electrodes with an
STMP binder have been reported to exhibit a high capacity re-
tention of 65% after 200 cycles, which was higher than elec-
trodes based on CMC (61%) and PVdF (21%) (Figure 7e,f).[34
The electrochemical performance is summarized in Table 3.
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Figure 7. Electrochemical performance and characterization of different cathode materials with inorganic aqueous binders (IAB) and organic binders for
SIB and LIB. a) Second charge—discharge profile of Nag ;Mngy gMg, 10, (NMO)cathodes. b) Corresponding rate capability of NMO cathode. c) Second
charge-discharge profile of Na;V, (PO,); (NVP) cathode. d) Corresponding rate capability of NVP cathode. a-d) Reproduced with permission.[43] Copy-
right 2022, Royal Society of Chemistry. ) Second charge—discharge profile of Nag ¢;Mng ¢7Nij 330, (NMNO) cathode. f) Corresponding cycling perfor-
mance of NMNO cathode. e,f) Reproduced with permission.['**] (under review). g) Second charge-discharge profile of Nag ¢;Mny 55 Nig 55 Feq 1 Tig 1O,
(NMFT) cathode. h) Corresponding cycling performance of NMFT cathode. i) XPS of pristine and cycled electrodes of NMFT-PVdF. j) XPS of pristine and
cycled electrodes of NMFT-SMS. g—j) Reproduced with permission.[*] (under review). k) Cycling performance of NVP with PVdF and STMP ((NaPO;);)
binders at 40 °C. I) Cycling performance of LiMn,0O, (LMO) cathode with SHMP ((NaPOj3)¢), LPO (LiPO3), and PVdF binders for LIB. k,I) Reproduced

with permission.[*3] Copyright 2022, Royal Society of Chemistry.

In another recent report, multifunctionalities of SMS binder
with P2-Na,;Mn, ssNij,sFey;Tiy; 0, (NMNFT) were investi-
gated (Figure 7g,h).[**] There were no discernible differences ob-
served in the charge-discharge profiles of the aqueous binder-
based electrodes compared to the PVAF, except that all aque-
ous binder electrodes exhibited slightly lower reversible capaci-
ties compared to the PVdF-based electrodes. This was attributed
to the loss of Na* and/or the Na*/H™" exchange during aqueous
processing. The NMNFT-SMS electrodes delivered a reversible
capacity of 161 mAh g~! and retained 83% of the initial capacity
after 200 cycles at a rate of 1 C, whereas the PVdF and CMC-based
electrodes retained only 66% and 55%, respectively (Figure 7h).
Furthermore, decreased cell impedance and faster Na* diffusion
have been reported for the NMNFT-SMS electrodes, resulting
in better rate performance. XPS (Figure 7i,j) and TEM analy-
sis confirmed that the SMS binder created a homogeneous and
stable nanoscale layer over the cathode particle surface, protect-
ing the particle from exfoliation/cracking caused by electrolyte
attack and/or volume variations caused by repetitive charge—
discharge cycling. Because of its great binding ability and surface
coverage, such passivating layers also aid cathode materials in
avoiding transition metal dissolution/degradation, which further
helped in suppressing/delaying the P2’ phase transition during
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cycling as confirmed by the operando XRD study. High temper-
ature (40 °C) measurements with NVP-IAB maintained a stable
capacity of 80 mAh g=! even after 400 cycles at C/2 (Figure 7k).[*]
LiMn, O, (LMO) cathode was also tested against SHMP and LPO
binders and compared with PVAF for LIB. All these systems
showed capacity fading possibly due to Li* exchange during aque-
ous processing.

Overall, the improved electrochemical performance of IABs
is attributed to their high binding strength, uniform distribu-
tion/coverage of the binder on the active material/carbon parti-
cles, and improved kinetics due to their intrinsic IC. To further
improve their performance and deter the leaching of metal ions
during aqueous processing, suitable surface coatings and single
crystalline cathode morphology could be helpful.

4.3. Surface Coatings

Due to relatively large surface tension (water: 72.8 mN m™', NMP:
40.8 mN m™! at 20 °C), water-based slurries are difficult to coat on
the current collector such as aluminum or copper foil.['3>-137] Tt
is therefore much easier for the electrode to be detached caus-
ing decay in the capacity. Apart from this, electrode materials
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Table 3. Comparison of the electrochemical performance of different cathode materials with different aqueous binders.

Cathode Binder Reversible capacity [mAh g™}, Capacity retention (cycles) @ Reference
voltage window C-rate
P2-Nay ;Mng Mg, 0, (NMO), Mass NMO: C: binder (8:1:1) @0.1C, 4.5-15V 0.1-5C (150 cycles) [43]
loading: 2-3 mg cm=? SHMP 137 37%
STMP 152 61%
SPP 126 66%
SMS 142 74%
Mixed binder, STMP: SPP 136 69%
(1)
PVdF 159 59%
Nag¢,Mnge; Nigs3 O, (NMNO), Mass NMNO: C: binder (8:1:1)  @0.1C, 4.2-1.5V Under review! 34
loading: ~5 mg cm™ STMP 208 65% (200)
PVdF 212 27% (175) @1C
21% (200)
CcMC 228 61% (200)
Nag ¢z Mng 55 Nig 5 Feg 1 Tig 10, NMFT:C:binder (8:1:1) @0.1C, 4.2-1.5V Under reviewl*’]
SMS 162 87% (100) @0.2C
(NMNFT), Mass loading: ~#4 mg cm~2 83% (200) @1C
PVdF 168 80% (100) @0.2C
66% (200) @ 1C
cMC 152 89%(100) @ 0.2C
56% (200) @ 1C
CMC/1% PA 159 88% (100) @ 0.2C
81% (175)@1C
LiFePO, (LFP) SMS, 1.6 mg cm~2 ~90 @1C, stable for >700 Energy density of 93.9 Wh kg~! [40]

cycles. Better performance as

in structural battery at 0.2C

compared to PVDF at higher

mass loading.

particularly cathodes in SIBs and LIBs suffer from several other
challenges such as high-temperature and/or high-voltage capac-
ity fading, triggered by unfavorable side reactions. Apart from
this, issues such as transition metal dissolution lead to the dete-
rioration of the cathode structure. To counter these challenges,
the application of suitable surface coatings appears as a suit-
able approach, as it allows to stabilize and reduce undesired
reactions.['*®139) Out of the numerous surface coating materials
investigated to date, Na and Li phosphates and silicates will be
discussed here; i.e., those materials that have also been investi-
gated as IABs already.

4.3.1. Phosphate-Based Coatings

Phosphates in general have optimum ionic conductivity as well
as thermal stability.['¥140] Sodium and lithium phosphates have
been utilized for coating various electrode materials with the aim
of improving their electrochemical and thermal properties. They
are of interest also due to their low cost and easy processability.
Metal phosphate-based coatings barely diffuse into the bulk, even
if sintered at high temperatures due to the strong bonding energy
of the PO,* anion.™ In this regard, several metal phosphate
coatings such as AIPO,, Co,(PO,),, Ni;(PO,),, and FePO, have
been employed with various cathodes in SIBs and LIBs.[138142]
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NaPO, coatings on cathode materials have been reported to
perform multiple functions such as facilitating ionic transport
and scavenging HF and H, O from the electrolyte, thus avoiding
HF attack.['*®] Tt has been investigated with manganese-based
sodium layered oxides as a surface coating agent for improved
electrochemical performance. Jo et al.’%! for instance coated
10 nm thin layers of NaPO; on P2-type Na, ;(Na; ;Mn,;)O, via
the melt impregnation method by mixing the active material with
ammonium phosphate (NH,H,PO,) followed by a heat treat-
ment at 300 °C (Figure 8a). The sodium residues at the surface
react with ammonium phosphate to form a thin NaPOj; layer
(Figure 8b). This NaPOs-coated cathode exhibited significantly
improved electrochemical performance due to the suppression
of undesired side reactions arising from the decomposition of
the electrolytic salt, which was confirmed by various characteri-
zation techniques (Figure 8c). The NaPO, layers scavenged HF
and H,O from the electrolyte and delayed the decomposition to
Mn,O,, thereby suppressing oxygen release in the highly desodi-
ated state. In another report by Li et al.,['*}] NaPO, coating on P2-
Na, ;MnO, ;s was carried out via a similar approach. The coated
cathode showed superior rate capability and cycling performance
for both solid-state and LE-comprising battery cells. These coat-
ings have also been explored for O3-type sodium layered oxides
via a solution-based method.'**] 1 wt.% of the coating showed
improved cycle life and improved air stability. Higher coating
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Figure 8. Surface coating: a) Schematic representation of by-products on the surface of bare and NaPOj; coated Nay 3 (Na; 3Mn;;3)O, . b) Low and high
magnification TEM images of NaPO; coated and uncoated Nay 3 (Na; 3Mn;;3)O, cathode after cycling. c) Rate capability of coated and bare samples.
a—c) Reproduced with permission.[’%] Copyright 2018, Wiley-VCH. d) Schematic of Na,SiO; (SMS) coated Nay ¢;FeqsMnysO, (NFMO) cathode. e)
Cycling performance of pristine and SMS-coated NFMO cathode. e,f) Reproduced with permission.l”"l Copyright, 2021, Elsevier.

concentrations led to sodium leaching from the bulk, resulting
in the formation of metal oxides and metal phosphates (reaction
of TM with phosphate groups), thereby increasing the polariza-
tion and reducing the reversible capacity.

Similarly, lithium phosphate coatings have been applied to LIB
cathodes to pursue an improvement in electrochemical perfor-
mance. Li,PO, surface coatings have been applied to almost all
classes of LIB cathodes due to their ionically conducting, chem-
ically and electrochemically inert, and thermally stable nature.
Tang et al.['"*!] realized a Li; PO, coating on LiNi 4,5 Coq 15Al 4350,
(NCA) material by coating ammonium phosphate on the sur-
face of the hydroxide precursor before mixing it with Li, CO;, fol-
lowed by a sintering step at 750 °C. The ammonium phosphate
also helped to remove the lithium residues (LiOH, Li,CO;) from
the NCA surface. An improved electrochemical performance was
achieved for samples with reasonably thick coatings at RT and
55 °C. The coated samples also exhibited 30% less heat evo-
lution as compared to the bare sample. Another report by Su
et al.'®] presented uniformly coated Li,PO, on the surface of
Li, ,Niy,Mn, O, cathode using a wet chemical method. The cy-
cling stability of the coated sample was improved from 65% to
76% after 100 cycles. Disordered Li,PO, films on LiCoO, in-
creased the power density by 50% by reducing the polarization
at the interface.[**¢) Similarly, Li; PO, coatings have been investi-
gated on several other cathode materials.[*+7-10]

4.3.2. Silicate-Based Coatings

Silicates of lithium and sodium have been proven to be promis-
ing surface coating materials due to their ionically conducting

Adv. Energy Mater. 2023, 2303338 2303338 (14 of 20)

nature, low cost, easy processability, and structural stability in
organic electrolytes. Lithium silicates have also been applied as
solid-state electrolytes.l'>!] Jiao et al.”!l utilized a collaborative
strategy of doping and surface coating to improve the electro-
chemical performance of layered oxide cathodes (Figure 8d.e).
The phase transitions (P2-OP4) in P2-type layered oxides are
accompanied by a large lattice volume change along with the
change of the lattice in the c direction. To address these is-
sues, they coated P2-Na, ¢, Fe,sMn,;O, with sodium metasili-
cate (SMS: Na,SiO;). The cathode particles and tetraethyl or-
thosilicate (TEOS: Si(OC,H;),) were dispersed in deionized wa-
ter followed by a sintering step that resulted in the in-situ for-
mation of Na,SiO; on the cathode surface. During the stirring
step, TEOS undergoes hydrolysis to form SiO, that further re-
acts with surface impurities such as Na, CO; to form SMS during
sintering. The shift of (002) peak shift of 3 wt.% coated sample
toward the lower angle confirmed an increase of interlayer spac-
ing due to the migration and doping with Si**. The synergetic ef-
fect of coating and doping showed improved rate capability and
cycling performance due to enlarged interlayer spacing caused
by Si** doping, avoiding unwanted side reactions and providing
3D diffusion channels provided by SMS coating. Compared to
the bare sample (107 cm?s™'), the 3 wt.% coated sample (1071
cm? s71) showed a one order of magnitude higher diffusion co-
efficient, thereby supporting the efficient intercalation and dein-
tercalation of Na*. Lithium silicate (Li,SiO,, Li,Si,Os) coatings
have been studied with cathode materials such as olivine LiFePO,
and spinel LiNi, ;Mn, O, cathode materials.[**>">* Yang and co-
workers synthesized lithium silicate coatings on LiNi,;Mn, O,
using SMS (Na, SiO;) as a silica precursor.'>*] SMS is hydrolyzed
to form small-sized H,SiO,*~ and H,SiO,~ micelles anchored
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on the surface of the cathode particles. These micelles undergo
a condensation reaction and form an SiO, layer at a favourable
pH value of 10. These coatings were helpful in reducing side re-
actions and facilitating the charge transfer, leading to higher ca-
pacity and cycling stability as compared to the pristine samples
at RT and 55 °C.

5. Environmental Profile and Economic
Implications of Binders

Sustainability assessments have become a common approach
to support technology development and decision-making pro-
cesses. Different tools and methods are available for the eval-
uation of the potential effects of a system on the environment
and society.['>>1>¢] Concerns associated with battery systems such
as resource criticality, safety issues, and toxicity can thus be ad-
dressed via some of these methodologies.[17158] Several life cycle
assessments (LCAs)[15%16%] and toxicity analysis!'®!162] of the bat-
tery production process can be found in the literature but, to the
best of our knowledge—no detailed sustainability analysis of IAB
has been conducted so far. Within these LCAs, the environmen-
tal impacts of a battery system are typically quantified based on
1 kWh of storage capacity. These impacts are associated with the
material and energy flows necessary to manufacture a system ca-
pable of delivering this capacity. At the same time, battery capacity
and mass composition are interrelated via performance param-
eters such as energy density, cycle life, and charge/discharge ef-
ficiency. Because of the great influence of these parameters on
the environmental profile of the battery, detailed analysis is re-
quired to bring into consideration potential changes in technical
performance that may arise when substituting material or com-
ponents such as binders. First observations already suggest that
the substitution of conventional binders (e.g., PVdF) with IAB
could potentially lead to improvements in performance,[**] which
may also improve the environmental profile of such batteries.

Although PVdF can be considered relatively safe for use in
many applications, its use in batteries for electrode slurry prepa-
ration is conditioned by the additional need for NMP as a solvent.
According to the regulation of the European Parliament on clas-
sification, labeling, and packaging,'*! the European Chemicals
Agency—ECHA has classified NMP (CAS number 872-50-4) as
a reproductive toxicant, which may also cause serious skin and
eye irritation and damage to the nervous system among other
effects.l'%*] For this reason, in addition to its high cost, NMP is
usually recovered and reused in battery production. The water-
soluble styrene-butadiene rubber (SBR, CAS number 9003-55-8),
another commonly used binder, has also been classified as car-
cinogenic with the potential to cause germ cell. No hazard state-
ments have been reported for CMC (CAS number 9000-11-7),
which is another frequently used water-soluble binder. Among
the inorganic binders, sodium metasilicate (SMS) is reported as
potentially hazardous to human health, could cause skin corro-
sion and serious eye damage after exposure and, because of its
capacity to make water acidic, it may pose a hazard to aquatic en-
vironments.

Recovery rates of about 99% for NMP reuse in new slurries
have been reported, which prevents further exposure to the bio-
sphere. However, to do so, additional measures such as conden-
sation units and exhaust air treatment systems need to be im-
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plemented to collect and recycle the solvent. Additionally, small
amounts of NMP may still be released into the atmosphere and
the recovery rates can vary according to the production plant size.
Lower recovery rates would lead to higher environmental impacts
from solvent production and atmospheric exposure. This may
accentuate the benefits of using water-soluble IABs in smaller
production plants, as water is more readily available and can be
freely released into the atmosphere. In fact, it has been found
that a twofold reduction in electrode processing costs (which ac-
count for 8-9% of total pack cost), can be expected when using
water-soluble binders instead of PVAF and associated NMP.[16]
These cost reductions stem mainly from a simpler drying pro-
cess and the avoidance of a solvent recovery unit, which also de-
creases energy demand. Additionally, the authors estimate up to
$3—6 M savings in associated plant equipment for a plant produc-
ing ~100 000, 10 kWh packs per year.

It can be expected that a decrease in energy demand during
electrode production, produced by the use of water as solvent in-
stead, will consequently lead to a decrease in the carbon footprint
of the battery as well as to a decrease in other emissions associ-
ated to power generation (which vary according to the electricity
mix being used). The potential impacts from direct emissions of
supply chain and synthesis of IABs need still to be studied in
detail. However, it is worth noting that the synthesis of several
Na-based IABs involves sodium phosphate as a precursor,!166:167]
which at the same time demands for phosphoric acid. The sup-
ply chain of phosphoric acid is associated to a release of hexava-
lent chromium (Chromium VI) into the biosphere (as found in
Ecoinvent 3.8 database (ecoivent.org)), which has been reported
by the US Environmental Protection Agency (EPA) as a geno-
toxic carcinogen. This may translate into a high human toxicity
potential for these binders. Other potential effects of PVAF sub-
stitution, for instance at the End-of-Life of the battery need yet
to be assessed. In particular, there are concerns and ongoing re-
search regarding the toxicity and potentially adverse effects of flu-
oropolymers (PFAS) on humans and the environment, especially
uncertain during the final disposal and end of their life cycle.!'*8]
Given their persistence in the environment and the likelihood of
human exposure, benefits could be expected from a substitution
with IABs.

6. Conclusions and Outlook

The aqueous processing of battery electrodes is an essential step
toward sustainable battery production. IABs as a rather recent
class of binding agents are a potential alternative to common
organic aqueous binders owing to their peculiar characteristics
such as higher thermal stability, increased ionic conductivity, and
potentially easier recycling. Relatively well-investigated classes
of IABs are lithium and sodium phosphates and silicates. In
addition to the aforementioned advantages, these binders are
commonly composed of widely available elements and exhibit
high adhesion strength for a wide range of electrode materials
for SIBs and LIBs. The adhesion—and thus the electrochemi-
cal performance of the electrode—can be further improved by
functionalizing the surface of the electrode material, yielding a
stronger interaction between the active material and the IAB. Sil-
icate and phosphate-based surface coatings, for instance, appear
beneficial when employing silicate and phosphate-based binders
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respectively. Their ionically conducting nature could be specif-
ically beneficial for ASSBs and the realization of thicker elec-
trodes. Nevertheless, it needs to be further improved for oper-
ating the ASSBs at ambient temperatures, which requires an in-
depth understanding of the charge transport processes in such
composites. This is generally also true for the detailed binding
mechanism. In fact, the frequently rigid nature of such binders
might benefit from hybridizing or smartly combining them with
a minor fraction of a very elastic (thermally still very stable)
organic phase to fine-tune the mechanical and electrochemical
properties for a given application.

In fact, given the relatively early development stage of such
binders, there is still plenty of room to explore their complete po-
tential. Moreover, the utilization of IABs is not limited to SIBs
and LIBs but can also be extended to other battery systems such
as potassium-ion or magnesium-ion batteries by utilizing their
water-soluble alkali salts, rendering this research field of great in-
terest for the development of high-performance next-generation
batteries.
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